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20 mexadbps 2017 roma B xome cBoci 72-i ceccun
I'enepampnas accambiiess OOH mpososriacuia 2019
rog MexnyHaponsaeiM rojioM Ileproanyeckoii Tabm-
IIBl XUMHYCCKUX 3JICMEHTOB. PaHee 3Ta mHMITMaTHBa
ObLTa BhIIBUHYTa Poccuiickoit denepanueit B paMkax
IOHECKO u 6nu1a omodpena Ha 39-it ceccuun I'ene-
pajbHO KoH(pepeHmr OpraHu3alym.

Nnero npososriamenus [omga nmomnepxam 6osiee
150 Begymmx MHUpPOBBIX Hay4YHBIX IIEHTPOB, BKJIIOYAs
MexnyHapoIHBI COI03 TEOPETHYECKOH M TMPHKIIa-
HOU xumuu, MeXKTyHapOIHBI COI03 TECOPETHUCCKOU
U TIpuKJIaaHou ¢usuku, EBporeiickas acconuarnus Xu-
MUYCCKIX U MOJICKYJISIPHBIX HayK, MeXTyHapOTHBII
COBET I0 Hayke, MeXIyHapOIHBIH aCTPOHOMUYECKHIA
COI03, OOBCIMHEHHBIN MHCTUTYT SICPHBIX MCCIICIOBA-
muii (OWAN), 1 MexayHapoaHblid COI03 UCTOPUUA U
¢unocopnu Hayku. I[lpoBemenme MexmyHapomHOTO
roja OyaeT KOOpIUHUPOBAThCS MeXTyHapOIHOU TIPO-
rpamvoii IOHECKO mno ¢ynnaMeHTaIbHBIM HayKam
(MII®H) n MexnyHapogHbIM COI030M TEOpeTHYC-
ckoit 1 nmpukitagHoi xumun (MCTIIX) B coTpymande-
CTBE C HAIlMOHAJIbHBIMU, PETUOHAJIbHBIMHU M MEKITyHa-
POTHBIMHI XUMHYECKAMU OOIIECCTBAME U COIO3AMH.

B wectp 150-metus Ilepuommueckoit Tabiuimbl B
Poccum 1 B Mupe mpoiimyT mMacmTaOHBIE MEpOIpHs-
TusA, nocBsAmEHuble Jmurputo Banosuay MeHnnernee-
BY M €0 HAYYHOMY HACJIC/IUIO.

«l'eHHaJIbHBIA XWMUK, TE€PBOKJIACCHBIA (HU3UK,
IUIOOTBOPHBIA HCCJICAOBATEIb B 00JIACTH THUAPO-
JMHAMUKU, METCOPOJIOTHH, T'COJIOTUU, B Pa3IMIHBIX
OT/e/IaX XMMHYECKOW TEXHOJIOTHH U JAPYTUX COIpe-
JCIbHBIX C XUMHEH M (U3UKOU NAUCIMUILUIMHAX, TJIy-
OOKMiI1 3HATOK XHMHUYECKOH MPOMBIIIJICHHOCTH U
MIPOMBINIUICHHOCTH BOOOIIIE, 0COOCHHO PYCCKOH, OpH-
THMHAJIbHBII MBICJIUTESb B 00JIACTH YUYCHHSA O HAPOJ-
HOM XO3fHCTBE, TOCYITapCTBEHHBII YM, KOTOpOMY, K
COKaJICHHIO, HE CYJIE€HO OBLIO CTaTh FOCYIapCTBEH-
HBIM Y€JIOBEKOM, HO KOTOPBIH BHE W MOHUMAJI 3a-
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navd 1 OymaymHoCTh Poccuu stydine npeactaBuTescit
Hamieil opumaabHON BiIacTu». Takylo OIEHKY JaeT
H.1. MeHnpesneeBy U3BECTHBIN PYCCKUI XMMHK U OHO-
xumuk JI.A. Uyraes.

.. Mennenee (1834-1907) ocraBui cBbIIIE
500 mevaTHBIX TPYIOB, ABJIACTCS aBTOPOM (yHIaMEH-
TaJIbHBIX UCCIICTOBAHUN 10 (PU3KKE, METPOJIOTHH, BO3-
AYyXOIUTABaHUIO, METCOPOJIOTHH, CEJIbCKOMY XO3Si-
CTBY, SKOHOMHKE, HapOTHOMY MPOCBEUICHUIO, TECHO
CBSI3aHHBIX C MOTPEOHOCTSAMHI SKOHOMUYECKOTO Pa3BH-
tus Poccun. Opranusarop u nepBbiii aupekrop [imas-
HOW TaJIaThl MEp U BECOB W OJIMH U3 OPraHMW3aTOPOB
Pycckoro xummdeckoro ooiecTsa.

OTtkpriTiie MeH/eneeBbM IEPUOAMICCKOTO 3aKO0-
Ha XUMHYCCKHX 3JIEMECHTOB, OJTHOTO U3 OCHOBHBIX 3a-
KOHOB €CTeCTBO3HaHUA, Jatupyercsa 1 maprta 1869 r.,
KOIZla OH COCTaBUJI TaOJIMITy, o3arjaBicHHYI0 « OmbIT
CHCTEMBI 3JICMCHTOB, OCHOBAHHOW Ha WX aTOMHOM
Bece M XMMHYCCKOM cxopuctBe». OHO SBUIIOCH pe-
3yJIbTaTOM JIOJITOJICTHUX MOUCKOB. OH cOCTaBWJI He-
CKOJIBKO BapUaHTOB MEPUOIUICCKON CUCTEMBI M Ha €&
OCHOBE HCIIPaBUJI aTOMHBIC BeCa HEKOTOPHIX M3BECT-
HBIX 3JICMCHTOB, IpecKas3ayl CyIeCTBOBAaHUE U CBOM-
CTBa €II¢ HEU3BECTHHIX 37IeMeHTOB. Ha mepBhix mopax
cama CHCTeMa, BHCCEHHbBIC MCIIPABJICHHUS M IMPOTHO3BI
MennesneeBa O6bUH BCTpeueHH caeps:kanHo. Ho mociie
OTKPBITHS TPEICKAa3aHHBIX UM 3JIEMEHTOB (TaJUIHi,
repMaHUi, CKaHIUMN ), TICPUOTUICCKUIN 3aKOH CTaJl I10-
JIydaTh npusHaHue. [lepronudeckas cuctema SBUIACh
CBOETO poJia IIyTEBOJHOM KapTOH IIPU U3YUYCHUH HEOP-
TaHUYECKOM XMMHUH U B UCCIICIOBATE/ILCKOU paboTe B
9TOi 00J1aCTH.

MennesieeB, ABJIAIOMUNACA aBTOPOM OoJiee 4eM IIo-
JIyTOpa ThICSY TPYAOB, IMEJI OTPOMHBII Hay YHBII aBTO-
pUTET B MUpE. 3a CBOM 3aCIyTH YUCHBIN OBLT yIOCTOCH
MHOTOYHCJICHHBIX HAayYHbIX 3BaHU, POCCUICKUX U 3a-
PYOCKHBIX Harpajl, ObLT MOYSTHBIM YJICHOM psifia Hayd-
HBIX OOIIECTB HA POJIMHE U 3a TPAHUIICH.
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HMHCTATYT HAHOTEXHOJIOTUI, SJIEKTPOHUKN U TIPUOOPOCTPOCHHUS
®OI'AOY BO "HOxubiit PenepanbHblii YHUBepcuTeT”, Taranpor, 347922, Poccuiickasa denepanust

AHAAUTUYECKMI PACHET HAMPSOKEHUSA MPUTSAXKEHUS
MHTETPAABHOIO SAEKTPOCTATUYECKOTO MOMC-TIEPEKAIOYATEAS
C EMKOCTHbIM NMPUHUMUTITOM KOMMYTALUUN B KOHOUTYPALIMU

C KONAAHAPHOU AMHUEU MEPEAAYM

Ilocmynuna 6 pedakyuro 09.01.2019

Ha ocHose 00HOMEDHOU MoOeau 08UNCEHUSI BbINOAHEH AHAAUMUMECKUL pactem YNpaeasrouux HANPAXNCeHUll paspadomanHou
KOHCMPYKUUU UHMESPAAbHO20 IAeKMPOCMAMU4ecK020 MUKPOINEKMPOMEXAHUMECK020 NePeKAoHamens ¢ eMKOCHHbIM NPUHUUNOM
KoMMymauuu 8 KoHgueypayuu ¢ KonaaHapHou aunuet nepedayu. I1008usicrvim 21eKmpooom nepeKaoHamens AeAsemcsi mpexciouHas
Memaniu4eckas membpana ¢ nepghopayueil, 3aKpenieHHas Ha ONOPHBIX IAEMEHMAX ¢ NOMOWLIO YAPYeUX dAeMeHmoe nodeeca, Gbi-
NOIHEHHbIX 6 8Ude MeaHndpa, 4mo no36o0asem 00CMU4b HUKUX YNPAGAIOUUX HANPANCEHUT U BbICOKOU CKOPOCMU NepeKAOHeHUs.

Karouesvle caosa: mukposneKmpomexanu4eckue CUCmeMbl, NePeKao4amend, 1eKmpocmamu4eckKuil Mexanusm aKmueayuu,
eMKOCMHOU NPUHYUN KOMMYMAUUU, 00HOMEPHAsE MOOeAb OBUNCEHUs., HU3KUE YRPABASIOUWUEe HANPSANCCHUS

Bsenenune

MexaHuueckoe ABMXEHUE TMOABUXKHBIX 4YacTei
nepexJioyaresieil Ha OCHOBE MUKPO3JEKTPOMEXaHU-
yeckux cucteM (MOMC) mocTturaercst myTeM 3JEKT-
POMarHuTHoOro [ 1], MarHuToCTaTUYECKOTO [2], 37EKT-
poctatuueckoro [3], TepmoasnekTpuueckoro [4],
MMbE303JICKTPUYECKOro [5] MexaHU3MOB aKTUBALMMU.
HaubGonbliiee pacnpocTpaHeHWe TOJYYUIU BJEKTPO-
cratnyeckue MOMC-nepekitoyaTesim ¢ eMKOCTHBIM
MIPUHIIMIIOM KOMMYTAIIUM.

OCHOBHBIM HEIOCTaTKOM Takoro Tuna MOMC-ne-
peKiouaTesiell SIBJseTcsl He00XOIUMOCTh MCITOIb30Ba-
HUS BBICOKMX ynpasisiolnx Hanpspkenuit (40...100 B
JUJIs1 HAMpsikeHust putsikeHust u 15...30 B nist Hampsi-
JKeHUs yIepKaHMSI COOTBETCTBEHHO), a TaKXkKe TPUJIv-
MaHKWe TOJBUXHBIX YacTeil KOHCTPYKIIMU K HETIOABIIK -
HbIM, BBI3BAHHOE 3JIEKTPUUYECKUM 3aPSIIOM TUDJIEKTPH -
yeckoro cjosi. Kpome Toro, BO3MOXHBI MPOU3BOJIbHbBIE
cpabaThIBaHUS MepekyoyaTesis B clyyae JelcTBUSI Ha
€ro KOHCTPYKLMIO BHELIHUX YCKOPEHUIl B IOJOXU-
TeJbHOM WJIM OTPHUILIATeJIbHOM HampaBieHUU oceil X,
Y, Z, Bubpauyu uiau rnpu KOMMYTallMM CUTHAJIOB Bbl-
COKOI MOII[HOCTH.

ITocTanoBka 3amaun

JocTuxeHue BBICOKON CKOPOCTM IMepeKIIOUeHMS
MOBMC-nepekioyaTeseil ocraeTcs TJIaBHOK 3a1a-
yeii. Majioe KOJIMYeCTBO HayYHBIX PaOOT ITOCBSIIEHO
PaccCMOTPEHMIO JTaHHOM MPOOIEMBI, KpOME pellIeHUs,
MpeI0XEHHOTO B paboTe [6], — 3TO MUHMATIOpK3a-
LIMS KOHCTPYKIIMM Tiepekitouaress. B padote [7] npo-
JEMOHCTPUPOBAHO BPEeMsl MEPEeKIIOYEHUS Ha YPOBHE
HECKOJIbKMX HAHOCEKYHI, Oyiarogapsi MCIOJIb30Ba-
HUIO IUBJIEKTPUKA B KAYECTBE MaTepuasa MOoABUXKHO-
ro ssiextpona. B padore [8] npoaeMOHCTpUPOBAHO, YTO
HCTIONIb30BAaHNE M3OTHYTHIX (KPUBOJMHEWHBIX) YIIPY-
TUX 2JIEMEHTOB IIOJBeca yBeJIMYMBaeT KO3(pPUIMEHT
JKECTKOCTH KpEeTUJIEeHUs MOIBMXKHOTO 3JIEKTpona, a
9TO BJIEUET 3a COO0OI POCT PE30HAHCHOM YaCTOTHI U,
CJIeI0BaTeIbHO, CHUXKEHUE BPEMEHU MEePEKITIOYEHUS.
OnHako YBeJIMYEHUE XKECTKOCTHU YIIPYTUX 3JIEMEHTOB
nojiBeca Heu30eXXKHO MPUBOIUT K YBEJIMUEHUS yIIpaB-
JISIOIUX HanpskeHui. Takum oOpa3oM, CHUXEHUE
BpPEMEHU TEePEKIIOUEHUSI OTPULIATEILHO BJIUSIET Ha
3HAYEHUE YIPABISIONINX HATIPSKEHUIA.

HaHHOe wuccienoBaHUE IOCBSIICHO YHCIEHHOMY
aHAJIM3Y YIPaBJSIOUIMX HaNpsKeHU Ha OCHOBE OfI-
HOMEpPHOU Mojie i pa3paboTaHHON KOHCTPYKLIMU UH-
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TeTpajJbHOro 3jieKTpocTaTnyeckoro MOMC-niepexito-
yaresisl C EeMKOCTHBIM TPUHIIMIIOM KOMMYTAlllM, B KO-
TOpPOI B KaueCTBE MaTepuayia MOJABUKHOTO 3JIeKTpoaa
HCIIOJIb3YETCS TPEXCIOWHAs MeTaJLIMYeCcKash CTPYKTY-
pa TiN/Al/TiN, no3Bosstioliast 10CTUYb HU3KUX 3HA-
YEHUH YIPaBISIOLINX HANIPSKEHUM, BBICOKOM CKOPO-
CTU MepeKIIIoueHUs1 6e3 CHUKEHUST HAAeXKHOCTU, YTO
OYEHb BAXXHO MpPU MPOEKTUPOBAHMM TAKOTO THUIIA Te-
peKIIoyaresei.

Koncrpykmus uaTerpajgsaoro MOMC-nepekimogarens

PazpaboTtaHHass KOHCTPYKLMSI WHTErpajbHOIO
ajiekTpocTatTnueckoro MOMC-nepekiodaTesisi C eM-
KOCTHBIM TTPUHITAIIOM KOMMYTAILIMU TIpeICTaBIeHa Ha
puc. 1 (CM. TpeThIO CTOPOHY OOJIOXKKU).

Ilepekmouarenb paboTaeT Kak MepPeMEHHBINH yIi-
PaBJISIONINI KOHIAEHCATOP C IBYMS COCTAaBJISIOIIMMU
€MKOCTH, 3aBUCSIINMHU OT TTOJOXEHUs TTOABIKHOTO
aIeKTpoa. B HeiiTpaslbHOM ITOJIOKEHUH EMKOCTh MEXK-
Iy TIONBUKHBIM 3JICKTPOJIOM W IMHUEH Mepenadn He-
BeJIMKa W CUTHAJ OECIpemnsITCTBEHHO TMOCTYITaeT Ha
BBIXOJ JTMHUU mnepeaauu. [Ipu mogaye pa3HOCTH MO-
TEHIIMAJIOB MEXIYy TOIBUKHBIM WM HEITOIBVXHBIM
HIKHUM 3JIEKTPOJaMHU TPOMCXOIUT Tepepacipee-
JIEHWEe 3apsmoB, YTO TPUBOIUT K TOSBICHUIO MEXIY
IJTACTUHAMH BJIEKTPOCTATUYECKUX CUJI, HE 3aBUCSIIINX
OT TIOJIIPHOCTH TIPYIIOKECHHOTO HATIPSLKEHUS. DTU CH-
JIBI 3aCTaBJISTIOT TTOABUXKHBIN 3JIEKTPOII OITyCKAThCI Ha
HETONBUXKHBIA HUKHUN M, MOCKOJbKY IJACTUHA W3-
rubaeTcs, TO B Helf BOSHUKAIOT CUJIBI YIIPYTOCTH, CTPE-
MslIMecsl BEpHYTb ee B McxoaHoe cocTosiHue. Korma
MIPWJIOXKEHHAST Pa3HOCTh MOTEHIIMAIOB JOCTUTAET OII-
penesIieHHOTO MMOPOroBOro 3HAUECHUS, CUJIBI YIIPYTOCTH
TepecTaloT YPaBHOBEIINBATh 3JICKTPOCTATHICCKIE CH-
JIBI, ¥ TIOABVIKHBINM 3JIEKTPOJ pe3KO MamaeT Ha HeIoI-
BWDKHBIN HYDKHUM. B HIDKHEM TTONOXEHWU TTONBITK-
HOTO 3JIEKTPOJa eMKOCTb MEXIY HUM W JIMHUEH TIe-
pelayu pe3Ko BO3pacTaeT, M CUTHaJ, MOCTYMarolui
Ha €€ BXOM, IIYHTHUPYETCS Ha 3a3eMJISIONINE JTMHUU
KOITJITAaHApHOTO BOJTHOBOJA.

Hccnenopanne 3JIeKTPOMEXaHMYECKHX NMapaMeTpPoOB
nepexJIoYaTes

JBUXeHUe TOABMIKHBIX YacTeil KOHCTPYKLIMU Tie-
peKkIItoyaTesisi MOXeT ObITh MPEACTaBICHO C MTOMOIIbBIO
OMHOMEPHOI MOIEIM KOHIEHcaTopa C JABYMs Iapaj-
JIeJIbHBIMM TIJIACTUHAMU, KaK MoKa3aHo Ha puc. 2 (cM.
TPETbIO CTOPOHY OOJIOXKKH).

YpaBHeHnue (1) OamaHca cwi, ACUCTBYIOIIMX Ha
KOHCTPYKIIHMIO NIEPEKTIOYATENISI, UMEET CICAYIOIIMI BULL:

82z
m—3 = ZFn, (1)
ot
rme z — TIlepeMellieHre ITOABUKHOIO 3JIEKTPOa;

= pAt — Macca TIOABUXHOTO 3JIEKTPO/A, ONPENes-
eMasi TUIOTHOCTBIO p, TUIOLIAbI0 A M TOJIILMHOM Tu1ac-
TUHHI #; F,, — cubl.
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Vipasngioniee HaOpsoKeHWe —PUKIIAgbIBacTCs
MEXIy MOABMKHBIM 2JIEKTPOAOM IepeKIrouaTesi, Co-
eIUHEHHBIM C JIMHUSIMM 3a3eMJICHUS KOIIJIAHAPHOTO
BOJIHOBOJIa, U HEMOABUKHBIM HUXXHUM 3JIEKTPOIOM.
B 3TOM cnyyae Ha MOABMXKHBIN 3JEKTPOA MEPEKII0-
yaTesisl JeCTBYeT CHUIa SJIEKTPOCTATUYECKOTO B3aM-
mozeiictBusa F,, KoTopasi ypaBHOBELUIMBAETCA CUIIOI
yrnpyroctu F,., 3aBucdileil o ko3 duumreHTa ympy-
TOCTU K YIIpyrux 3JeMeHTOB nojaBeca. banaHc cui cy-
LIECTBYET 0 TEX MOp, MOKa Cuja YIPYrOCTH, SIBJISIO-
1IasiCsl IMHEMHON (DYHKIMEH, MOXET KOMIIEHCHPOBATh
POCT CHJIBI 3JIEKTPOCTAaTUYECKOIO0 B3aMMOACICTBUS,
U3MEHSIIOLIEHCST O KBaAPaTUYHOMY 3aKOHY. B Heko-
TOPBIA MOMEHT POCT CWJIbI YIIPYTOCTU HE MOXKET CKOM-
MMEHCUPOBATh POCT CUJIbI 3JIEKTPOCTATUYECKOTO B3au-
MOJEUCTBUSI, U MOJABUXHBIN 3JIEKTPOJ MajaceT Ha He-
MHOABVXHbBIA HUXHUIA 3JEKTPO..

Ha nuHaMuky pa®oThl MepekiirovaTes: TakKe BIu-
sleT HaJauuue cpedbl (KakK MpaBujIo, BO3IyXa WIN a30-
Ta MpU repMeTU3alnn), KOTopasi BBOAUT COOCTBEH-
HOE TpeHUe, BbI3bIBas AeMI(pUpPOBAHUE U U3MEHEHHUE
ckopocTtu nepekiaodeHus [9, 10]. CyuiecTBylOT He-
CKOJIbKO MOJeJei, yuuThIBAlOIIMX IMOJOOHBIN 3(-
(exT geMndurpoBaHusI, B TOM YUCJE TPU HATUYUU OT-
BepcTuii B moaBMKHOM a5ekTpone [11, 12]. Kpome To-
ro, JaeMmrpupoBaHue BIUSICT HA U3MEHEHHUE YaCTOThI
COOCTBEHHBIX KOJIeOaHWI TOABIXKHOTO 3JICKTPOIA.

Takum o6paszom, ypaBHeHUe (1) MOXET OBITH Tpe-
00pa3oBaHO B ypaBHEHME CJIEIYIOLIETOo BUIA:

mi =F,+ F.+ F,+ F;+ F, )

rie 7 — yckopenue; F, = % ‘%;Z) V2 — cuma smexT-

pOCTaTMYECKOTO B3aMMOAECHCTBHSI, KaK CJICACTBHE TTPU-
JIOKEHHOM pa3HOCTU ITOTEHIIMAIOB C U3BMEHEHNEM €M~
KOCTHM MEXIY TTOIBVKHBIM M HEMOABMXKHBIM HUKHUM
SJIEKTPOJAMHU BIOJIbL HATIpaBJICHUST OBVKEHUS 7, V —
yIpasjdiollee Hanpsekenue; F,.= k[d — z] — cuna yn-
pyrocty, oOYCJIOBJIEHHAsI XXEeCTKOCThIO YIIPYTUX 3Jie-
MEHTOB MOABECa U IPOTUBOIIOJIOXKHO HaIlpaBJIeHHas
10 OTHOLLIEHUIO K CUJIE 3JIEKTPOCTATUIECKOIO B3aNMO-
aeiicteus F,; d — paccTosgHUE MEXIY 3JEKTPOIAMU;

Fo=kjd— 7]® — cuna HeNMHEIHOTO PacTsKEHHS YII-

pyrux snemeHtoB noaseca [13]; F; = —bz — cuna
neMrupoBaHMsI, KOTOpas 3aBUCUT OT CKOPOCTH JIBU-
JKEHUS TIOABUXKHOTO 2JIEKTPOoJa Z U IapaMeTpa JAeMII-
(bupoBaHus b, 4YTO, B CBOIO OuUepelb, CBSI3aHO C Teo-

METPUYECKUMM MapaMeTpaMy MOIBUKHOTO 3JIEKTPOIa
U BA3KOCTBIO Cpefbl; F, — CHJIbI KOHTAaKTHOIO B3au-

MOIEUCTBUS, KOTOPbIE MOXHO pa3le/iuTh Ha CUJIbI
Ban-nep-Baanbca, aeiicTByolie KaK CUIbI TPUTSIXKE-
HMSI, U TIOBEPXHOCTHBIE CHJIBI, BBICTYNAIOIINE B POJIU
CHJT OTTAJIKWUBaHUS, C BO3MOXHBIM ITOJIOKEHUEM PaB-
HOBECHS Ha 3aJaHHOM PAaCCTOSIHUM OTHOCUTEILHO He-
TTOIBVDKHOTO HIDKHETO 3JICKTPOJA.




Emkocth C nepeMeHHOTro YIIPaBJISIOLIero KOHIeH-
caTtopa B COOTBETCTBUM C pHUC. 2 OMpenessieTcs ¢ mo-
MOIIBIO YPAaBHEHMSI:

_ 80 Ww
C(2) Pt (3)

rae g, — abCoJIOTHAs NU2JIeKTpUYecKas MpOHULAe-
MOCTh BaKyyMa; w — IIMpPHUHA MOIBIKHOTO 3JIEKTPO-
na; W — mmpuHa HEIOABIKHOTO 2JIEKTPOIA.

IMTpousBogHasi C(z) ucnoyib3yeTcsl njisl omnpenese-
HMS CUJIBL 3JIEKTPOCTaTUYECKOTO B3auMoneiicteus F,
1 3a7aeTcs CICOYIOIIUM YpaBHEHUEM:

2C(2) _ ®o Ww @)
0z 2
4

OpmHako Ha TTpakKThKe MpUMeHsIeTCsT PeHOMEHOIIO-
TMYECKUI TIOAX0MA, YUYMTBHIBAIOIIMU BIUSHUE KOHK-
PETHBIX BaXXKHEWIIMX IMapaMeTpOB, HEOOXOMUMBIX IS
OIMMCAHUS TMHAMWYECKNX U BJICKTPUYECKIX XapaKTe-
puctuk. CinegoBaTeJbHO, ypaBHeHUE (2) MOXET OBbITh
npeo0pa3oBaHO B ypaBHEHME CIIEMYIONIETO BUIA:

or

rae k — KoadULUUEHT XEeCTKOCTU YIPYTUX 3JeMeH-
TOB TIOZIBECA.

ITpy HU3KUX NaBIeHUAX CUIOi neMnpuposanus F,
MOXHO IIpeHeOpeub, MOCKOJIbKY B CUCTeME IpeodJia-
naet uHepuwmsi. CiemnoBaTeabHO, ypaBHeHUE (5) TpuU-
MET CIEAYIOIINNA BUL:

2
mdZ + b% + kz=F, (5)

82z
m=— + kz=F, (6)

ot
OnekrpocraTuyeckas cuna F,, neicTByiomias Ha

MOJBUKHbIN 3JIEKTPO MEPEKII0YATENsI, ONpeaessaeTCs
ypaBHEHHEM

2
F,= %sﬂA%. (7)
Z

OnekTpocTaTuyeckas cuia F, ABiIdeTcs HeJlMHel-
HOW (pyHKLMEN, MOCKOIbKY 3aBUCHUT OT 1 /zz, B TO Bpe-
M$ KaK CWJia YIpyroctu F,. JMHeHa OTHOCUTENBHO Z.
PaccTosiHre 7 mpy pa3TMUHBIX 3HAYEHUSX YIIPABISIIO-
IIETO HAMPSKEHUST MOXKET OBITh BHIYMCIIEHO U3 YCIOBUS
Gananca cun F, = F,, NeACTBYIOLIMX HA TOABUXHBIN
BJIEKTPOJ, TIEPEKITIOUATesl, C TIOMOIIBIO YPaBHEHMS

oAV’

2—dP+ s =0 (8)

Pewast aTo ypaBHeHUEe B MHBEPCHOM (hopMe, ITOJy-
YHM ypaBHEHMeE AJIsl OTpeaeSieHus] 3HaueHUsI TOPOroBo-
TO HaNPSKeHUST CMEIIeHNs TTOABMKHOTO 3JIEKTPOIa:

W) = /%zz(dz). ©)

AHanusupys ypaBHeHueE (9), BUIUM, YTO (PYHKLIMS
V(z) nocTuraeT CBOEro MakKCMMaJabHOIO 3HAaYeHMUSI TTPU
z = 2d/3, T. e. ypaBHEHME ISl OIpeAesIeHUs Harps-
JK€HUsI TPUTSDKEHUST TMOJABMXKHOTO 3JeKTpola K He-
MOJIBUKHOMY HUXKHEMY BJIEKTpOAy OydeT UMEThb clie-
IYIOLIWHA BUI:

_ | 8k 3
Vpull—down_ 2780Ad' (10)

HanpsikeHue yaep:aHusl TOABUXKHOIO 3JIEKTpoIa
B HIXKHEM TIOJIOKEHUHU OIpenessseTcsl ypaBHeHUEM

2
t

Vhold—down = %(d Z)[Z + [;iD ) (1)
rie f; — TOJIIMHA JUAJIEKTPUIECKOTrO CIIOsT; €, — OT-
HOCUTC/IbHaA AMUSJICKTPpHUYCCKasd IMPOHMLIAECMOCTb M-
SJICKTpHUYCCKOIro MaTr€puajia, HaHCCECHHOI'O Ha ITOBEPX-

HOCTb HM2KHETO 2JICKTpOda.
HarnpskeHue, Tpyu KOTOPOM TIOABMKHBINA 3JIEKTPOJ
INOAHMUMETCA B MCXOAHOE€ COCTOSAHUE, OIIPCACIISACTCA

ypaBHEHHEM

21kd

v - gge A

return

(12)

KoaduimeHT XKecTKOCTH k YNpYrux 3JIEMEHTOB
ToaBeca OTpenessIeTCs CICAYIOIINM YpaBHEHUEM:

k=k'+ k" (13)
rae k'— a3 deKTUBHBIN KO3(PPULIMEHT XXeCTKOCTH yTI-
pyroro noapeca; k" — Ko3(pPUIIMEHT OCTATOYHBIX Ha-

MPSDKEHUI B YIIPYTOM TIOBECe, ONpeAeIsieMbIil ypaB-
HeHueM clieaytoniero suaa [13]:

k"= 4[86(1 _U)w(-m, (14)

IIe ¢ — TMpeaeN MMPOYHOCTH Ha pacTsKeHne; v — KO-
s duumeHt Ilyaccona; w, [, t — reomeTpuuecKue mna-
paMeTphl YIIPyToro ImoaBeca.

s pacuera 5 GeKTUBHOTO KO3(P(pUIIeHTa XKeCT-
KOCTH k' ympyroro Iojpeca, uMeloniero ¢gopMmy mMeaH-
JIpa, MPUMEHEHHOI0 B KOHCTPYKIIUM NEePEKII0UYaTesI,
HMCIONb3yeTCsl ypaBHEHME ciaeayolero suaa [14]:

v— | [88°a +2np’|
3EI,

n (abN(3b+(2N+ 1)(4N+ 1))a) _
3GJ

2[2Na , 2N+ 1)b7?
Na[E[er ol

2(-E‘l[;+l"-[)

1
2
- (%) | as

HAHO- 1 MUKPOCUCTEMHAS TEXHUKA, Tom 21, Ne 5, 2019 261



rae a, b, t — reoMeTpuYeCcKre Iapa-

=]

MeTpbl MeaHapa; E — monynb FOHra;
G — moaynab casura; [, — MOMEHT

=]

MHEPpUOMMU OTHOCHUTCJIBHO OCHU X, OII-
3

=u)

wt .
12°
J — MOCTOSIHHAsl Kpy4YeHMsI, Ompee-
Jisiemast BeipaxkeHuem J = 0,41 3Ip; Ip —

L

o Z
penessieMblil BRIpaxeHueM [, = pull-down

£

b

MOJISIPHBIIT MOMEHT WMHEPLMU, OIpe-
JeNsIEMBbI BbhIpaxkeHUEM [p =1I + Iz;

N — uucio MeaHApPOB B YIPYrom
MoJiBece.

ITonHast eMKOCTh TTEpEMEHHOTO YII-
PaBJISIOLIETO KOHJAEHCATOpa B HEMT-
pallbHOM TIOJIOKEHUM ITOJBUKHOTO
3JIEKTpPOa C Y4YeToM Iepdopauuu
OTBEPCTUSIMU OIIPENEIISIETCS C IOMOIIBIO CJIEAYIOLIETO
ypaBHeHus [15]:

Ctotal = (a) + (b) + (C)9

Displacement of the movable electrode, m

HCPCMCI]J.CHI!C TOIBHKHOIO JIEKTPOAA, M

gowW
(@)= A +
d+t—d
87'
2 2
+80W1n1+ 21 +2 AN ,
d+ < d+-* ( td]
€ € d+ =
r r gr
2
w
(b) = nym, —Lh_ (16)
d+t—d
81‘
2nn,, g0 Wy, W
(o) 1 ; +
-
8/‘
2
+ In 1+------—2’ + 2 ! + ! 5 ,
Nz
e d+ £ d+ £
1Z 8,, 8,.

rjie w — IIUMpUHA JUHUM nepenadyu; W — mmpuHa
IUIACTUHBI; { — TOJILMHA IUIACTUHBI; #; — YUCIIO OT-
BEPCTHUI IO JUIMHE; A, — YUCJIO OTBEPCTHIA TI0 LIMPHUHE.

s onpenesieHus EMKOCTU B HUXKHEM ITOJIOXKEHUI
MOIBMXHOIO 3JIEKTPOAAa HEOOXOAMMO B ypPaBHEHUM
(16) nmpunsaTs d = 0.

Ha puc. 3 mpexcraBieHa paccyuTaHHass 3aBHCH-
MOCTh TIE€PEMEINEHUST MMOABMXKXHOTO 3JIEKTPOIA Iepe-
KJII0YaTeIsl OT MPUIIOKEHHOTO HATIPSKEHUS CMEILIEHUS.

[Tpy 3HAYEHMM TIPUIIOKEHHOTO HATIPSIKEHUS CMe-
weHust M(z) < Vi gown TOABIXHBIIA SJIEKTPOL TIepe-
KJIF0YaTesisl HaXOAUTCA B CTAOMJILHOM 00sacTi mepe-
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Stable region Mz) 4 :

[

[

Hecrabwinnag o6nacts o |
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Hanpaxenne, B I

Voltage, V [

Puc. 3. Ilepemenienne moJBMKHOTO 3JEKTPOAA MO AEHCTBMEM HANPSKEHUSI CMENIEHUs
Fig. 3. Displacement of the movable electrode under the offset voltage

MelleHus. OgHaKo MpU JOCTUXKEHUU TPUTOXKEHHOTO
HaIpspKeHus cMeleHus V() > Vpu”_ down TTOABVKHBIA
9JIEKTPOA Pe3KO IafaeT BHU3, MEPEBOAs MepeKIoda-
TeJb B BBIKJIFOYEHHOE COCTOSIHME, YTO COOTBETCTBYET
HECTaOMIbHOM 00JacTU IepeMelleHHUs, M300paKeH-
Hoit Ha puc. 3. Ilpu yMeHblIeHUU MOPUIOXKEHHOIO
HaIPsSKeHUST CMEIEHUS TOIBUKHBIN 3JIEKTPOI BO3-
BpalllaeTcsl B UCXOJHOE COCTOSIHWME, YTO COOTBETCT-
BYET Pa3MBIKAHUIO TEPEKII0YaTeNIsI U MEPEBOAY €ro
BO BKJIIOYEHHOE COCTOSIHME, HO 3TO MPOMCXOIUT NPHU
MEHBIIIEM HaIIpsDKeHUM, YeM HaIIpsSoKeHUE TIPUTSIKE-
HUSL V)1 goyns T- €. B CUCTEME MOSIBIISIETCS TUCTEPE3HC.

Kaxk MoxHo 3ameTuth 13 ypaBHeHUs (10), 3Haue-
HY€ HapsLKeHUS TIPUTSDKEHUS Vpull— down MOXET OBITh
YMEHBILIEHO HECKOJbKUMU crocobamu. Bo-mepBbix,
3a CYET YMEHBIIEHUST PACCTOSTHUS MEXTY TTOABVKHBIM
1 HEMOABMXXHBIM BJIEKTpoAaMu nepekioyatens. Of-
HaKO 5TO HETaTUBHO CKa3bIBaeTCs Ha 3HAYECHUU OTHO-
LIIEHUS EMKOCTEH YIIPaBJIAIOLIETO KOHAEHCATOpa, YTo, B
CBOIO ouepe/ib, BAUSET Ha 3HAUYEHUSI BHOCUMBIX TTOTEPh
1 M3OJISILMIO CUTHaja Tepekiaoyartess. Bo-BTOphIX,
3a CUET YBEJIMYEHMUS TUIOIAAN TTOABMXHOTO 3JIEKTPO-
Ja TepeKJIoyaresisi, YTo BiIeYeT 3a CO00i yBeIMYeHHe
COOCTBEHHBIX MOTEPb, a TAKXKE YBEINUEHUE OCTATOYU-
HBIX HaIIPSDKEHMI, TTOCIe YAAJIEHUS XXePTBEHHOTO CIIOS
B TEXHOJOTMYECKOM MPOLIECCE U3TOTOBIEHMUSI.

Takum ob6pa3om, ocTaercsi TpeTUuid BapuaHT, KOTO-
pBIii mpenrosaraeT CHUXeHue KoadduiimeHTa xecT-
KOCTU KperuleHUsl MOABUXKHOTO 3jiekTpona. Kpere-
HUE C TTOMOIIBIO YITPYTUX 2JIEMEHTOB IOJBECa, BBHITTOJ-
HEHHBIX B BUJE MeaHApa, MO3BOJISIET TMOKO pellaTh
3a/1a4y CHIDKEHUS YIIPABJISIONINX HaMPSKEeHWI B pa3-
JIMYHBIX JAMana3oHax 4acTor.

ITo pe3ynabTaTamM aHAJIUTHYECKOTO pacyeTa OCHOB-
Hble 2JIEKTPOMEXaHUUYECKHUE MapaMeTphl MepeKoya-
TEJIST UMEIOT CIIeAyIole 3HaYeHNs:

— KO3(UIMEHT XECTKOCTU YIIPYTUX 3JIEMEHTOB
rmoaseca k = 65,65 H/m;

— HampspKeHUe TPUTSIKEHUS TMOABUXKHOTO 3JIEKT-
pola B HUXHEe MOTOXEHUE Vi joun = 5 B;




— HamnpsKeHUe yaepKaHUs MOJABUXHOIO 3JIEKTPO-
Ja B HIXKHEM NONOXeHuu Vi 0 gown = 3,8 B

— HaIIps2KE€HUE BO3BpALllCHUA ITOABHU2KHOTO 3JICK-

TpoAa B ucxonHoe nonoxenue V... = 0,89 B;

— eMKOCTb TTepEMEHHOTO YIPaBJISIONIETO KOHICH-
caTtopa B MCXOJHOM IOJIOKEHUU TOJBUKHOTO 3JIEKT-
pona Cup = 4,145 - 10713 (O}

— eMKOCTb TTIEpEMEHHOTO YIIPaBJISIONIETO KOHICH-

caTropa B HU2KHEM ITOJIOKEHUU IMOABUKHOTIO 3JIEKTPO-
ma Cyppp = 1,1-10711 @

3akimouyeHue

IpoBeneH aHAIMTUYECKMI pacdeT OCHOBHBIX
3JIEKTPOMEXaHUYECKUX TapaMeTpoB pa3pabOTaHHOM
KOHCTPYKIIMM WHTETPATBHOTO 3JIEKTPOCTATUIECKOTO
MOMC-nepeknoyaTenss ¢ €eMKOCTHBIM MPUHIMIIOM
KOMMYTallM B KOH(UTYpallUM ¢ KOIUTAHAPHOM JIH-
Huel mepenayu. Huszkume 3HAUYeHMS YIPaBISIONINX
HaIpsSDKeHUI JOCTUTAOTCS 32 cUeT Majloro Koagdu-
LIUEHTa XXECTKOCTU YIIPYTUX 3JEMEHTOB KpPeTUICHMUS
noasuxHoro syekrpoga. Cnon TiN obecneymBaloT
BBICOKYIO JKECTKOCTh 1 TBEPIOCTh KOHCTPYKIINH TIOM-
BMDKHOTO 3JIEKTPOJIA /11 TOTO YTOOBI ITPEOI0NETh CUITY
afire3uy TI0CJIe CHSTHS YITPABIISIONIETO HAIIPSKCHUS.

Pezyavmamur uccaedosanus noayueHvl ¢ UCHOAb30-
eanuem obopydosarus CmyodeHuecKk0eo0 KOHCMPYKMOp-
cKoeo Owpo "Daemenmvr u npubOpvl UHEPUUANLHBIX
HABU2AUUOHHBIX cucmem pobomomexnuku" Uncmumyma
HAHOMeXHONO0UU, DAeKMPOHUKU U NPUOOPOCMPOCHUS.
FOoicroeo Dedepanvroeo Yuusepcumema (2. Taeanpoe)
npu @urancosoil noddepiucke "llpoepammel pazeumus
FOscnoeo Dedepanvroeo Yuusepcumema do 2021 2o0a”,
npoekm Bulp-07/2017-10.
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The authors present an analytical calculation of the control voltages of the developed design of the integrated electrostatic mi-
croelectromechanical switch with the capacitive switching principle in configuration with a coplanar transmission line. The calcu-
lation was done on the basis of the one-dimensional model of motion. The movable electrode of the switch is a three-layer metal
membrane with the perforation fixed on the support elements by means of the elastic suspension elements, and made in the form of
a meander, which allows to achieve low control voltages and high switching speed.
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Introduction

Mechanical motion of the movable parts of the
switches based on microelectromechanical systems
(MEMY) is reached due to electromagnetic [1], mag-
netostatic [2], electrostatic [3], thermoelectric [4] and
piezoelectric [5] mechanisms of activation. The most
wide-spread are the electrostatic MEMS switches with
the capacitive principle of switching.

The main drawback of this kind of MEMS switches
is necessity for high control voltages (40—100 V for the
pull-down voltage and 15—30 V for the hold-down
voltage accordingly), and also sticking of the movable
parts of the design to the fixed ones, caused by the elec-
tric charge of the dielectric layer. Besides, random
switching is possible in case of action on its design of
the external accelerations in the positive or negative di-
rection of X, Y, Z axes, vibrations, or during switching
of signals of high power.

Problem statement

The main task is still achievement of a high speed of
switching for the MEMS switches. Few scientific works
are devoted to consideration of this problem, besides
the solution proposed in the work [6] — a miniaturiza-
tion of the switch design. The work [7] demonstrates
switching time at the level of several nanoseconds,
thanks to the use of a dielectric as the material for the
movable electrode. The work [8] demonstrates that the
use of the curved (curvilinear) elastic elements of the
suspension increases the coefficient of stiffness of fas-
tening of the movable electrode, and this involves
growth of the resonant frequency and, therefore, a de-
crease of the time of switching. However, increase of
the stiffness of the elastic elements of the suspension
leads inevitably to an increase of the control voltages.
Thus, a decrease of the switching time has a negative ef-
fect on the value of the control voltages.

This research is devoted to a numerical analysis of
the control voltages on the basis of a one-dimensional
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model of the developed design of an integrated electro-
static MEMS switch with the capacitive principle of
switching, in which the material of the movable elec-
trode is a three-layer metal TiN/Al/TiN structure, al-
lowing to reach low values of the control voltages and
high switching speed without a detriment to its relia-
bility, which is important in designing of this kind of
switches.

Design of the integrated MEMS switch

The developed design of the integrated electrostatic
MEMS switch with the capacitive principle of switch-
ing is presented in fig. 1 (see the 3-rd side of cover).

The switch works as a variable control condenser
with two capacity components depending on the posi-
tion of the movable electrode. In the neutral position
the capacity between the movable electrode and the
transmission line is small, and the signal freely arrives
to the output of the transmission line. When the po-
tential difference is supplied, a redistribution of the
charges occurs between the movable electrode and the
fixed lower electrode, which leads to emergence of the
electrostatic forces between the plates, independent of
the polarity of the applied voltage. These forces make
the movable electrode go down to the fixed lower elec-
trode, and since the plate bends, the elastic forces ap-
pear in it, seeking to return it to the initial state. When
the applied potential difference reaches a certain
threshold value, the elastic forces cease to counterbal-
ance the electrostatic forces, and the movable electrode
sharply falls on the fixed lower electrode. In the lower
position of the movable electrode the capacity between
it and the transmission line increases sharply, and the
signal coming to its input is shunted to the grounding
lines of the coplanar waveguide.

Research of the electromechanical parameters
of the switch

The displacement of the movable parts of the design
of the switch can be presented by means of a one-di-




mensional model of a condenser with two parallel

plates, as shown in fig. 2 (see the 3-rd side of cover).
The equation (1) of the balance of forces operating

on the design of the switch looks like the following:

a2
m%<L =XF (1)
2 n
or

where z — the displacement of the movable electrode;
m = pAt — the mass of the movable electrode deter-
mined by density p, area 4 and thickness of the plate #;
F,, — the forces.

The control voltage is applied between the movable
electrode of the switch connected to the lines of the
grounding coplanar waveguide and the fixed lower elec-
trode. In this case the movable electrode of the switch
is affected by the force of the electrostatic interaction
F,, which is counterbalanced by the elastic force F,., de-
pending on coefficient of stiffness k of the elastic ele-
ments of the suspension. The balance of forces exists
while the elastic force, which is a linear function, can
compensate for the growth of the force of the electro-
static interaction variating in accordance with the
square law. At a certain moment the growth of the elas-
tic force cannot compensate for the growth of the force
of the electrostatic interaction, and the movable elec-
trode falls on the fixed lower electrode.

The dynamics of operation of the switch is also in-
fluenced by the existence of the environment (as a rule,
air or nitrogen during sealing), which introduces its
own friction, causing damping and variation of the
speed of switching [9, 10]. There are several models,
which take into account such a damping effect, includ-
ing in the presence of openings in the movable elec-
trode [11, 12]. Besides, damping influences variation of
the frequency of the own fluctuations of the movable
electrode.

Thus, the equation (1) can be transformed into the
equation of the following kind:

m;=F,+F.+F+F,+F, 2)
where 7 — the acceleration; F, = %ag—(zz) V2 — the
force of the electrostatic interaction, as a result of the
applied potential difference with a change of the ca-
pacity between the movable electrode and the fixed

lower electrode along the direction of movement z; V' —
the control voltage; F,.= k[d — z] — the elastic force de-

termined by the stiffness of the elastic elements of the
suspension, and directed oppositely in relation to the
force of electrostatic interaction F,; d — the distance
between the electrodes; F; = kJld — z]3 — the force of
the nonlinear stretching of the elastic elements of the
suspension [13]; F; = —bz — the damping force, which
depends on the speed of the movement of the movable
electrode z and the parameter of damping b, which in

turn is connected with the geometrical parameters of
the movable electrode and viscosity of the environ-
ment; F, — the forces of contact interaction, which can

be divided into Van der Waals forces operating as the
attraction forces, and the surface forces acting as the
pushing away forces with a possible position of balance
at a set distance in relation to the fixed lower electrode.

According to fig. 2, capacity C of the variable con-
trol condenser is found by means of the following
equation:

_gghw
Uz) = P (3)

where g, — the absolute dielectric permeability of vac-
uum; w — the width of the movable electrode; W — the
width of the fixed electrode.

The derivative C(z) is used for determination of the
force of electrostatic interaction F, and is set by the fol-
lowing equation:

aC(z _ SOWW 4
e = . “)
< z

However, in practice the phenomenological ap-
proach considering the influence of the concrete major
parameters necessary for description of the dynamic
and electric characteristics is applied. Therefore, the
equation (2) can be transformed into the equation of
the following kind:

62z 0z

where k — the coefficient of stiffnes of the elastic ele-
ments of the suspension.

At low pressures the force of damping can be ne-
glected, because inertia prevails in the system. There-
fore, the equation (5) will look the following:

mf"_§ + kz=F, (6)

The electrostatic force F,, operating on the mova-
ble electrode of the switch is defined by the following
equation:

2
F,= %soA L 7)
4

Electrostatic force F, is a nonlinear function, because
it depends on 1 /zz, while the elastic force F, is linear in
relation to z. At various values of the control voltage
distance z can be calculated from the condition of the
balance of forces F, = F,, operating on the movable
electrode of the switch, by means of the following
equation:

2
_ ggAV _
S —dP+ —— =0. (8)
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By solving this equation in an inverse form, will re-
ceive the equation for determination of the value of the
threshold voltage of the movable electrode:

2k 2
M) = [=—7(d-2). 9
(2) /goAz (d-2) 9

When analyzing the equation (9), we see that func-
tion M(z) reaches its maximal value at z = 2d/3, i.e., the
equation for determination of the pull-down voltage of
the movable electrode to the fixed lower electrode will

be following:
— / 8k 3
Vpull—down - 2780Ad . (10)

Hold-down voltage of the movable electrode in the
lower position is determined by the following equation:

2
1
Vhold—down = J%(d_ Z)(Z + (g_djj > (11)

where 7; — the thickness of the dielectric layer; g, — the
relative dielectric permeability of the dielectric material
deposited on the surface of the lower electrode.

The voltage, at which the movable electrode rises to
the initial state, is defined by the following equation:

2
o [rakd 1)
return SOSrA ‘

The coefficient of stiffness k of the elastic elements
of the suspension is defined by the following equation:

k=k'+ k" (13)

where k' — the effective coefficient of stiffness the elas-
tic suspension; k" — the coefficient of the residual
stresses in the elastic suspension determined by the
equation of the following kind [13]:

k"= 4[80(1 —U)w(_m, (14)

where ¢ — the tensile strength; v — the Poisson's co-
efficient; w, [, t — the geometrical parameters of the
elastic suspension.

For calculation of an effective coefficient of stiff-
ness k'of the elastic suspension with the form of a me-
ander applied in the switch design, the equation of the
following kind is used [14]:

o [8N3a3 ¥ 2Nb3] N
3EI,

n (abN(3b+(2N+ 1)(4N + 1))a) _
3GJ
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Nb™( a b
—_|Nb(fa , b
( 2 (GJ Elx)j ] ’ (15)
where a, b, t — the geometrical parameters of the me-
ander; £ — the Young modulus; G — the shear mod-
ulus; /, — the inertia moment in relation to axis x, de-

3
termined by expression /, = WL . J _ the torsion con-

12°
stant determined by expression J = 0,413/ ; Ip — the
polar moment of inertia determined by expression
I, = I, + I; N — the quantity of meanders in the elas-
tic suspension.

The full capacity of the variable control condenser
in the neutral position of the movable electrode taking
into account perforation of holes is determined by
means of the following equation [15]:

Ctotal =(a) + (bt (o),

(a): 80WW n
t
[
87’
2
+280W1 1+ 21 +2 L1 ,
n d lq 2
d+ 4 d+ 4 [d td]
€ € + =
r r gr
2
eEqnWw
(b) = n,-nWO—th, (16)
4
87‘
2nn,E0w), w
(c) = In +
©o e
d+ =
L €,
2
S| IR S | S A
-3 e
e d+=| |d+-=
r g, g,

where w — the width of the transmission line; W — the
plate width; # — the plate thickness; n, — the quantity
of holes along the length; n, — the quantity of holes
along the width.

In order to determine the capacity in the lower po-
sition of the movable electrode it is necessary to assume
in the equation (16) that d = 0.




Fig. 3 presents the calculated dependence of dis-
placement of the movable electrode of the switch on the
applied voltage.

At the value of the applied voltage of (2) < V,,,1_down
the movable electrode of the switch is in the stable area
of displacement. However, when the applied voltage
W2 = Vi down 18 achieved, the movable electrode pull
down sharply, transferring the switch to the switched-
off position, which corresponds to the unstable area of
the movement shown in fig. 3. In case of reduction of
the applied voltage the movable electrode returns to the
original position, which corresponds to the disconnec-
tion of the switch and its transfer to the turned-on state,
but this occurs at a smaller voltage, than the pull-down
voltage V), gown 1. €., hysteresis appears in the system.

As one can see from the equation (10), there are sev-
eral ways to reduce the value of the pull-down voltage
Vouli—down- The first one is to reduce the distance be-
tween the movable and fixed electrodes of the switch.
However, this will have a negative effect on the value
of the relation of the capacities of the control condens-
er, which, in turn, will influence the value of the
brought losses and isolation of the switch signal.

The second one is to increase the area of the mov-
able electrode of the switch, which involves an increase
of its own losses and also increase of the locked-up
stresses, after removal of the sacrificial layer in the tech-
nological production process.

Thus, there is the third option, which envisages a
decrease of the coefficient of stiffness of fastening of the
movable electrode. Fastening by means of the elastic el-
ements of the suspension made in the form of a mean-
der allows to solve flexibly the problem of the decrease
of the control voltages in various ranges of frequencies.

Below presents the results of the analytical calcula-
tion of the key electromechanical parameters of the
switch:

k = 65.65 N/m; Vpu,,_down =5V,
Vhold—down =38 V, v, =0.89 V,

return

C,p=4145-1000F; Cyppp=1.1-10711F.

Conclusion

An analytical calculation was done of the key elec-
tromechanical parameters of the developed design of
the integrated electrostatic MEMS switch with the ca-
pacitive principle of switching in configuration with a
coplanar transmission line. The low values of the con-
trol voltages are reached due to a small coefficient of
stiffness of the elastic elements of fastening of the mov-
able electrode. The TiN layers ensure high stiffness and
hardness of the design of the movable electrode, nec-
essary to overcome the adhesion force after removal of
the control voltage.

The results were obtained using Equipment of the stu-
dent design bureau "Elements and devices of inertial
navigation systems of robotics" of the Institute of Nan-
otechnologies, FElectronics and FElectronic Equipment
Engineering, Southern Federal University (Taganrog,
Russia) with financial support of The Program for De-
velopment of the Southern Federal University up to 2021,
project VuGr-07/2017-10.
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PA3BUTUE MIOHHO-NAA3MEHHbIX TEXHOAOTUI
HA OCHOBE KOPOHYATbIX MOAAOXKOAEPXXATEAEM

ra3oMeTaJUIMYECKOM WJIM Ta30KepaMUYECKON ILTa3Mbl
OJHa M3 HauboJiee MEePCIEKTUBHBLIX M IPOOJIEMHBIX
uHayctpuii. O0e rpaHu B CBOEM IIpelesie XapaKTepu-
3YIOTCSI TOXIIECTBEHHO: YHUKaIbHbIe. Co3naHue Oyly-
IOLIEHA MOHHO-TIJIA3MEHHON TEXHOJOTMYECKON Cpeabl
C NPUHIUINAIBHO HOBBIMM CBOMCTBAMHU T'€HEPUPYET
MHOXKECTBO CJIOXKHBIX 3a7a4, B YACTHOCTH, CBSI3aHHBIX
C opraHuszanueill ee (PYHKLMOHUPOBAHUSI BHYTPU 3a-
KPBITOTO MpOCTpaHCTBA. B TeyeHHe HECKOJbKUX Ya-
COB OHO HEAOCTYITHO BHEIIIHEMY BMelIaTe/IbCTBY. Peun
UIET O BO3MOXKHOCTU BBIITOJHEHUSI COBOKYIMHOCTH
MPUEMOB, CBSI3aHHBIX C MAHUMYJISILIUASIMU ITOITI0XKa-
MU 0€3 OTKJTIOYEHMS YCTAHOBKM: (PMJIMTPAHHO BBITIOJN-
HUTH BCe TPeOOBAHUS IO ITO3ULMOHMPOBAHUIO pa3-
JIMYHBIX TTIOBEPXHOCTEM MOMJIOXKU OTHOCUTEJILHO I10-
TOKOB pacHObLISIEeMOro MaTepuala; yopaTh T'OTOBBIE,
YCTAaHOBUTD CJICAYIOLIME B T€ XK€ — JIy4YlIue MO3ULINH,
onTUMajbHBIe ST (OPMHUPOBAHUS KAa4eCTBEHHOTO
MOKPHITUS; TIEPECTaBUTh IOAJIOXKHN OT OJHOU MMIIIE-
HU K IPYroi, MUHYS HEHYXXHBIE TPAH3UTOM.
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IIpedcmasneno nepcnekmugroe HanpaesaeHue pa3gumus UOHHO-NAAZMEHHBIX MEXHOA02UU HA OCHOBE HOBbIX 8U006 MOOJYAbHbIX
KOHCmMPYKyui nodaodckodepicameneil, OCHAWEHHbIX HOON0NCKOHECYUUMU NOBEPXHOCMAMU ¢ OUHAMUMHbIMU ceoticmeamu. Pac-
Kpbim ps0 meopemueckux noa0NceHul, cmaduu u pesyismamst papabomKy KOHCMPYKYU 00HO- U 08YXUUKAOBbIX KOPOHUAMBIX
noonodxckodepicameneti ¢ KOMRO3UYUOHHbIMU HOCMPOCHUAMU NOOAONCKOHECYWell NOBePXHOCMU 6HYMpPU pado4e2o NPOCMPAHCMEa

pabomaroueli macHempoHHOU ycmanosku. Packpeima mopgosoeus u kunemamuka eapvupyioujeli no gopme u pasmepam noo-
JN0XCKOHecy el N0BePXHOCIU

Karouesnie cao6a: macHempoHHAA PACnbIAUMENbHASA CUCTEMA, NOON0JCKOHECYUas NOGEPXHOCMb, CIMPYKMYPHO-KUHeMamu-
ueckasn gopmyna, KOMOUHAMOPHbIE NOCMPOEHUS NOONOICKOHECYuell NOBEPXHOCU

ITpon3BOACTBO HAHOTIOKPHITUI C UCITOIb30BaHNEM

HAHO- 1 MUKPOCUCTEMHASA TEXHUKA, Tom 21, Ne 5, 2019

Buympennumu onepamopamu opeanu3auuonnozo
pazeumusi UOHHO-NAA3MEHHBIX MEXHOA02UT 004HCHbL
CAYHCUMDb Ynpasisemoie 6 AGMOMAMUHECKOM Pelcume
noodaoxckooepycameau [1].

Ileav pabomobi: noBblllieHUEe 3(HGHEKTUBHOCTA TeX-
HOJIOTMYECKOI Cpelbl MarHEeTPOHHBIX YCTAHOBOK Ha
OCHOBE Pa3pabOTKU KOHCTPYKIMI MOAIOXKOAEPXKA-
TeJiel, OCHAIEHHBIX MOMIOXKOHECYIIUMU TOBEPX-
Hoctsasmu (ITHIT) ¢ amHaMUYHBIMM CBOMCTBAMU

Ilepeuens 3adau

1. PacKkpbBITh BO3MOXHOCTH COBPEMEHHBIX KOHCT-
PYKLMI TIOAJIOKKOAEepXKAaTeNleil 1o oIepaloHaan3a-
LN TTOJI0XKKAMMU.

2. IlpenctaBuTh CTaIUIHOCTh Pa3BUTUSI KOHCTPYK-
L1 TTojyIoXkKoAepkareeit, ocHameHHbx [THIT ¢ nu-
HAMMWYHBIMU CBOMCTBAMMU.

3. PackpbIThb 0COOEHHOCTU KOHCTPYUPOBaHMS TIPU-
3HAKOB IMOUIOKKOIEPXKATEISI ¢ KOMOMHATOPHBIMU T10-
crpoeHussmMu ITHIT BHyTpu paGoyero mpocTpaHCTBa




paboTarolieid MarHeTPOHHOU YCTaHOBKHU (ero Mopgo-
JIOTUIO U KUHEMATHKY).

4. Pa3paboTaTh KOHCTPYKLMHU TTOMIOXKOAEPXKATE-
JIeit ¢ Bapbupymolleil mo ¢opme u pasmepam ITHIT —
KOPOHYAThIX TOIOXKOAEpXKATeJNeil U MmokKaszaTh MX
pabory.

B pelieHun mocTaBIeHHBIX 3amad MCITOJIb30BaHBI
MpeACTaBICHUS] O KWHEMAaTUYECKOM CIocobe 00pazo-
BaHUS TTOBEPXHOCTEM, OCHOBHBIC TTOJIOXEHUS TCOPUU
CTPOEHUSI TPY30HECYIIMX MOBEPXHOCTEM [2].

Bo03MOXHOCTH COBpEMEHHBIX KOHCTPYKIIHIA
NMOJIJI0OKKOAEepKaTe/eil M0 OnepanioHATH3ANNH
NOJIOKKAMH

KoHCTpyKIIMSl MOAJIOXKOAEpKaTeasl B 001leM Ba-
pMaHTe UCTOJHEeHUs BKJouaeT aepxasky, ITHIT c
9JIeMEHTaM1 pa3MellleHUuss U (QuKcaluu MOITOXEK,
MpuBoJ, (MPUBOIBI) TiepeMellieHuii. B coctaB nepeme-
IIEHUM, peau3yeMbIX IMOMJIOXKOAEpXKaTeJIeM, MOTYT
BXOJIUTB:

— TEXHOJOTru4yeckue TMepeMelleHUs] MOMI0XeK
OTHOCHUTEJIBHO aTOMHBIX MOTOKOB, PAaCIbUISIEMBIX C
MUILIEHN MarHeTpOHHOW pacCIbLIUTEbHON CUCTEMbI
(MPC);

— TIepeMelleHus I0 MEXMOIYJbHOW mepenayde
MOJITIOXEK;

— YCTaHOBOYHbIE TIEpeMeEIIEHUsI, CBSI3aHHbIE C TO-
3UIIMOHUPOBAHUEM TOU WJIM WHOUW MOBEPXHOCTU IO -
JIOKKHA OTHOCUTEIBbHO MOTOKA OCaXXKIaeMbIX aTOMOB.

B 10BOJIbHO OOJIBIIOM CEKTOPE YCTAHOBOK JJISI Ha-
HECEHUS MOKPBITUM METOJOM MarHeTPOHHOIO PaCIIbl-
JIEHUS TOJJIOXKOAEpKaTe I peaqnu3yroT TOJbKO TeX-
HOJIOTUYECKUE MEPEMEILCHUS MOMTOXKEK OTHOCUTEb-
Ho MPC. 1151 HaHeceHUsT MMOKPBITUSI TpeOyeTCsl ONUH
YCTaHOB (T€XHOJOrMYeckue 0a3bl MOMAJIOXKMU HE Me-
HSIIOTCST). DTO BO MHOTOM OCBOCHHAsl CTaausl pa3BU-
TUSI C OTPOMHBIM YMCJIOM BapMaHTOB ISl Pa3HbIX, B
TOM 4YHUCJIE€ KPYITHOTaOapUTHBIX KaTeropuil U3Ieaui.
IlepemMelieHus1 MOAJNOXKH, BpallaTeJbHbIE OTHOCH-
TeJbHO CBOEl OCH U (MJIM) OCU MOBOPOTHOM I1aTdop-
MbI, C pa3MelleHHbIMU Ha HEW APYTMMU TTOMIOXKKaAMU,
U (UK) KpyroBble oTHOcUTebHO MPC nnu ocu moa-
JIOXKKOAepXKaTeJis, 1Moo nmocTyrarejbHble Mexkny MPC
win Baoab MPC 1o 3aMKHYTOl TpaeKTOpUM — 3TO
TOJIbKO YacTh YK€ PeaJIM30BAHHOTO MHOXECTBA Bapu-
AHTOB TIEPEMEIIECHUN MOMIOXKEK MO BO3JICUCTBUEM
pacnbuIsieMbIX C MUIIEHEH aTOMHBIX MOTOKOB. B Ka-
YyecTBe NMPUMEPOB MPUBEJEM 3aMaTeHTOBAHHbIE Kapy-
CEJIbHBIE U APYIUe PELICHUS MarHeTPOHHBIX YCTaAHO-
Bok Urtamum [3], Poccum [4—6], Smonun |7, 8].

IlepemMelieHus: Mo MEeXMOAYJIbHOM Tepenaye Moji-
JIOXKEK He BCeraa JOCTYMHas IS TTOII0XKOAepXKaTes
¢byHkumMsi. MHOXECTBO pellleHU Mo ee peaaus3aluu
3a4acTyl0 MOTOJIHSETCS YCTPOMUCTBAMU, KaK MPaBUIIO,
OpPUTMHAJbHBIMU, HO HE CIyTHUKAMU MOMJOXKEK —
MOIJIOXKOIepKaTeIIMU. AMEPUKAHCKOM KOMITaHUeH
Applied Science and Technology nnsi MaHUITYJISIUUU

MOUTOKKAaMH 3allaTeHTOBAH ABYPYKUIL MHOTO3BEHHBIN
po6oT. OH KOMITAKTHO pa3MelleH B TPaHCIOPTHOM
MOIyJIe C BO3MOXHOCTBIO TIOBOPOTA U TIepeMeEIeHUS
MOJJIOXKEK MEXAYy MOMAYJEeM 3arpy3kKd M TeXHOJOIU-
yeckuM Moxayiem [9]. s nepenadyn mMoajioKeK B Ba-
KYYMHYIO KaMepy M BBITPY3KM M3 Hee KOMIaHUeH
Leybold AG pa3paboTaHO YCTPOWCTBO B BUJIE TTOBOPOT-
HOTO CTOJIa C BEPXHUM Y HIKHUM ITHCKOBBIMHU MOMI-
noxkonepxareasimu [10]. Komnanueit Leybold Systems
GmbH (I'epmaHus) MoaydYeH NaTeHT Ha "Bo3nylIHbIi
1LJTI03 JUTS1 BBEACHUS MOMJIOXEK U/ WU UX yaaJIeHUs U3
KaMephbl 00paboTKN" — CTyleHYaTass OTKayka COBME-
L[EHA C KPYrOBBIM Pa3MELIEHUEM TTOLJI0XKEK B LLITIO-
3ax 1o nepudepun yctaHoBouHoro aucka [11]. ITpu-
MEpOM TIOUIOXKOAEPXKATeJIs, PeaM3YIOIero MexX-
MOJIYJILHYIO Tiepefady, sIBJSeTCs pellleHHe STTOHCKUX
usobperateneit, 3asaButenab — Dainippon Printing Co.,
Ltd. [8].

Cpenn akTyaabHBIX (PYHKIIWM Pa3BUTHS TTOIJIOKKO-
nepxaresieii — BBIITOJHEHUE YCTAHOBOUHBIX TepeMe-
IIEHWI B HeJISIX pa3MeIleHUs KaxkIoi n3 00pabaThiBa-
€MBIX TIOBEPXHOCTEH MOUTOKEK B TIO3UIINIO, ONITUMATh-
Hy10 IJ11 OPMUPOBAHUSI KaUE€CTBEHHOIO MOKPHITHUSI,
a IMEHHO — TI0 HOPMaJIM K BEKTOPY ITOTOKA PaCIThI-
JisseMoro matepuaina [12].

BoctpeboBaHHOCT (DyHKIIMU Beauka. B mokasa-
TEJIbHOM YacTU MPUBEIEM IIPUMEPHI PELLICHUI, UMEIO-
IIUX MUPOBYIO HOBU3HY.

1. MaccoBoe MOoTOUYHOE MPOM3BOICTBO XKUJAKOKPUC-
TaJUTMYECKNUX TaHeseir mokoneHus G6 (pasMepoM
1800 x 1500 mm) mist gucruieiiHbIX ycTpoiicTB. [1nas-
MEHHOE MOKPBITUE CaMOU IMPOCTOM 110 opMe MPsSIMO-
YIoJIbHOI MaHeJu TpeOyeT NBa YCTAaHOBOYHBIX NepeMe-
IIEHMS: pa3MelIcHe B BEPTUKAJIBLHOM ITOJIOXCHUU W
pa3MellieHre B TOPU3OHTAILHOM IOJOXEHUU (MCTOY-
HUK IUIa3MbI COOKY ITOJIOXKKH). ¥Y3eJl ITOMIOXKOAEpXKa-
TeJIs1 1 MAarHETPOHHAsA YCTAaHOBKA 3alaTeHTOBaHbI [§].

2. MaccoBoe NOoTOYHOE MPOU3BOACTBO XOA0BOIO TO-
Bapa — €MKOCTe I HalmMTKOB. M3menne HeCKOIbKO
cioxHee. [ToKpbITUE TOJBKO A1 HApY>KHOW MOBEPX-
HOCTH €MKOCTH ¥ TOPJIOBUHBI. TeXHOIOTHEI N3rOTOB-
JIEHUS TTOKPBITUST TTPEAYCMOTPEHO TPU YCTAHOBOUYHBIX
nepeMelleHns (Haa MCTOYHWKOM TUTa3MBI): pa3Me-
IIEHWe B TOPU3OHTAJIBLHOM ITOJIOXEHUM C BO3MOX-
HOCTBIO BpallleHUs OTHOCUTEIHLHO COOCTBEHHON OCH;
pa3MelleHre B BepTUKAJIbHOM ITOJIOXEHUU TOPJIOBU-
HO# BHU3 (K MCTOYHUKY TJ1a3Mbl); U CHOBA pa3Mellle-
HYEe B TOPM3OHTAIBHOM ITOJIOKEHUT C BO3MOKHOCTBIO
BpallleHUs OTHOCUTEJbHO COOCTBEHHOI ocu. Bepcus
MpPOM3BOACTBA 3amareHToBaHa [11].

B obGoux ciyyasix ajis1 ThICSY U3AEANiA pa3paboTaH
OJIMH XECTKMI aJITOPUTM BBIMIOJHEHUST YCTAHOBOYHBIX
nepeMelleHU ToMIoXKOoAepXKaTes.

Ho, maccoBoe mpou3BoactBo — 370 Toiabko 20 %.
OcrtanbHoe — 3T0 HeoauHakoBbie 50...90 Thic. U3me-
JIW, pa3INIHbIC 0 CBOMM KOHCTPYKTMBHO-TEXHOJIO-
TUYECKUM IapaMeTpaM.
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CraamiiHOCTh Pa3BUTHSA KOHCTPYKIIHI
noayIoKKoAepxkaresei, ocHamennbix ITHIT
C JMHAMWYHBIMH CBOWHCTBAMH

Kakum pokeH ObITh MOIJIOXKKOAEPKATENb, YTOOBI
MMETb BO3MOXHOCTh I'MOKO pearupoBaTh Ha YCJIOBUS
CpPeIHEeCePUIMHOr0, MEJIKOCEPUMAHOIO TUIIOB IIPOU3-
BOJCTB, HA MOTPEOHOCTU 3KCHEPHUMEHTAbHBIX J1a0O0-
paropuii?

HccnengoBanusi B JTaHHOM HAaIlpaBICHUU BEAYTCS
cucrteMaruuyecku. B xauwecmee mougnozo pesepea mop-
doobpazosanusn u eudoobpazoeanus KOHCMpYKyuii noo-
A0JCKoOepicameneli caedyem paccmMampueams ezo
0a30606Lli KOMNOHEHM — NOOAONCKOHECYUIYIO NoBepx-
Hocmp. [1loka oH HaxoauTCs B "CHSIIEM" COCTOSTHUU.
B skcrmyatrpyeMBIX KOHCTPYKIIUSIX ITOIUTOKKOIEPKa-
teneit ITHII B BakyyMHOII KaMepe CTaTMYHA: HE Me-
HeT GopMbl, pasMepoB. HampaBieHHOCTh MCCIemO-

BaHUWIl OMNpeAeaus BeKTOp pa3pabOTKU IOII0XKO-
nepxareneit, skiovatomux ITHIT ¢ iuHamMmuyeckumu
cBoiicTBaMM. B mpuBeneHHOI 30eCch TaOIMIe cTaguii-
HOCTb ITpoliecca pacKpbiTa Ha B3aMMOCBSI3aHHbBIX MPU-
Mepax 3arnaTeHTOBAaHHBIX KOHCTPYKLMI TOAJIOXKO-
JiepxKaresei.

Cranus 1. ITHIT pacuneHeHa Ha ceKUMM — Hacal-
ku. OHU pa3MellleHbl Ha ONHON OCH, OIpeAe SOk
ONTUMAJIBHOE PACTIONIOXKEHUE MOIJIOXKEK OTHOCUTEb-
HO BEKTOpa IMOTOKa OCAXIAEMbIX aTOMOB, MPU 3TOM
WMEIOT BO3MOXHOCTb aBTOHOMHOTIO TlepexoJa U3 IMo-
3ULMU OXMAAHUS B pabouyio mosuiuio. Ha kaxmoit
HacaJke peuIaeTcs CBOS TEeXHOJOruveckas 3aaya.
B TexHosOrMuecKy1o cpely MarHeTpOHHOTO pacmblie-
Husl, pa3paboTaHHYIO Ha 0a3e AByX uiau yeTbipex MPC
[16], BBeeH KOMIIOHEHT I'PYIIIIOBOI MapIIPYyTU3ALUK
MOJJIOXKEK C Pa3IMYHbIMU TPEOOBaHUSIMU K HAHOTIOK-

CTa}llfll/l Pa3BuTHA KOHCprKl[l/lﬁ l'lO)J,J'l())KKOI[ep)KaTeJ'leﬁ, ocHamennbix ITHII ¢ nuHaMuyHbIME CBOMCTBAMMA

1

2

HyxHasi monioxka B 3aIaHHbIii MOMEHT BBIXOIWT B MO3UIIUIO
pacnblieHHsT TpeOyeMOro Matepuaia ¢ yCTaHOBJICHHBIM BpeMeHEeM
BbIcTOsI. Ha acKku3e — MomioKoaepxKareib, BHITTOJTHEHHBI MOTYJIb-
HBIM I10 KonmmuecTBy cekuuii / [THII. Cekunu cCMOHTHpPOBaHBI Ha
MOBOPOTHBIX J€PXKaBKaX, CHAOKEHHBIX aBTOHOMHBIMU MPUBOJAMU
noBoporta [12].

[MpennaszHaueH A5l MOMyYeHUs] HAHOTIOKPBITUM Ha U3IENUSIX C OIHO-
CTOpPOHHEU paboyeil MOBEPXHOCTHIO.

TpuHUMOBI TMOKOM MapLIPYTU3alUW PeaM30BaHbl IS OIJI0-
KEK C pa3IMYHbIM KOJIMYECTBOM IMOBEPXHOCTEH MOKphITUsL. Ha
9CKM3€ — POTOPHBIN MOmIoXKKonepxarenb ¢ cekuusimu [ [THIT,
CMOHTMPOBAHHBIMM Ha JIIOUKAX MTOBOPOTHBIMU OTHOCHUTEJILHO
TMOBOPOTHBIX JepKaBokK [13].

3HaueHUs pa3MepHbIX XapakrepucTuk [THIT B mo3unmu o6pabot-
KU ¥ B TMO3ULIMKM OXWAAHUSI OIMHAKOBBI.

3

4

IMoznunonno-tpancopmupyemast [IHIT npu Bexome B pabouyio Imo-
3ULMIO PACKPBIBAETCSI M COBEpILIAET MOBOPOTHI, PU BO3BpaTe B MO3M-
LMIO OXUIAHUST CKIIaJbIBAETCsI, MPeodpasysich B MIOCKYI0 KOHCTPYK-
umio. Pesko cokpaiaetcst nrHa o6oiiMbl | 14]. Ha ackuze — packpbi-
tie I[THIT 1, ocHalieHHOIT MeXaHM3MOM PACKPBITHAS 2 B MOMEHT BbI-
X0Ja U3 HalpapJsiomux J.

CaepTKa OIHOU pa3MepHO XapaKTepUCTUKU MTO3UIIMU OXKUIAHUS.

3amauu cTaguu:

— paspabotka ITHII ¢ Bapeupyromieit opmoii;
— kommnakTuzauust [THIT [15].

[Tpeanoceiiku pa3paboTKu:
PeliieHre aBTOMaTU3MPOBAHHOW CUCTEMbI MHCTPYMEHTAIBHOTO
obecrieueHuss (ACHO), B KOTOPOM TeOMeTpUYECKOe MOCTPOSHUE
CEeKLIMOHHOI rpy3oHecyiieit moepxHoctu (I'PIT) ynauHo couera-
ercs ¢ 93¢ PEKTUBHOI CXeMOI ee KOMITAaKTU3allMK KaK IO BbICOTE,
TaK M B TOPU3OHTaIBHON Ttockoctu. Ha ackuze — T'PIT /
ACHO, BeimosHEHHAsI CEKLIMOHHOM [18].

L 1 ]
1

0

270

HAHO- 1 MUKPOCUCTEMHASA TEXHUKA, Tom 21, Ne 5, 2019




PBITUSM B YCJIOBUSIX OMHOM 3arpy3kum Kamephl. B oc-
HOBE pelleHUs] — MOJAYJIbHAs KOHCTPYKIIMS MOUTOX-
KoIepKaTejisd M pa3MellleHHe MO3UIINU OXHUIAHWS B
HEMOCPEACTBEHHON OJIM30CTHM K paboyeil MO3ULIMU.
HoBast BupoBasi KOHCTPYKILIUSI MOMJIOXKOIEpXKaTes
00beIMHMIIA TIOABMIBI, pPa3IMYalOlINecs KOHCTPYK-
tuBHBIM peweHueM ITHIT: mognoxkonepkarenb po-
TOPHBIM U paMOyYHbI. PelreHue mpegHazHauYeHO IJIS
MOJY4YeHUS MOKPHITUI HA TaKUe U3IEIus, KaK 1ITaM-
ITBI, JTUTeITHBIe (DOPMEI, YeM OITpeaeIeHbl TPAHUIIBI €TO
MpUMEHEHUsI.

Cramua 2. Kaxknast Hacajka Mmojydnia BO3MOKHOCTh
COBepIIIaTh MOBOPOTHI OTHOCUTENIBHO CBOEH (BEpTH-
KajqbHO#) ocu. OObeaIMHEHBI 1BA HEOCIIOPUMBIX Ka-
YecTBa — BBIXOJ HACAAKW M3 MMO3WIINM OXWIAHUS B
pabouyio MO3ULUIO U ONTHUMAJIbHBIN TOCTYI paboueit
cpeibl K OOJIBLIMHCTBY MOBEPXHOCTEN MOATOXKKU. DTO
paHee HEAOCTYITHOE MPEeMMYIIECTBO MarHeTPOHHBIX
cucteM. [To oTHOLIEHUIO K MPOTOTUITY BMECTUMOCTh
HacaaKu-poTopa MoBbiaeTcs g0 2 pa3. ObiacTb npu-
MEHEHMSI paclIupsIeTCs] MHOTOKPAaTHO.

Cranusa 3. IlocrasieH Bonpoc o auddepeHuanuu
pa3MepoB mpocTpaHcTBa, 3aHuMaemoro ITHII B pa-
Ooueli MO3ULMU U TMO3ULMU oXuaaHus. B paboueii
MO3ULMU — MakKcuManbHoe paccpegoroueHue ITHIT
BO U30eXKaHWe MEePEeKPHITUST TOBEPXHOCTEH MOMATOXKEK.
B mosunumn oxupmanug ITHIT pomkna ObITH Makcu-
MalbHO "cXaTa" — 3aHMMaTb MUHUMAaJbHOE IIpO-
cTpaHcTBO. 151 pellieHUsT 3aayu pa3padoTaH HOBBIN
BMJl MOJIYJIbHBIX KOHCTPYKLIMI TOMITOXKOAEPXKATEIS C
no3uMoHHo-TpaHcgopmupyemoit TTHIIT. PackpniBa-
rowasicsa ITHIT 3anumaer 6osiblnoil o0beM, hopMupy-
€T PBIXJIYIO, IPUTOJHYIO JIS1 CBOOOAHOIO MPOHUKHO-
BEHUS aTOMOB cpeny. Kaxmas rmomroxka B 00I11eM T10-
TOKE JBUTaeTcsl TMOO MO CBOEH, HemepeceKalolencs
C IPYTUMU TOMAJIOKKAMU TPaeKTOPUM, JIMOO TTOBTOPSIS
TPAeKTOPUIO TMPEAbIAYIIECH MOMJIOXKHU C OIpeaesieH-
HBbIM MPOMEXYTKOM BpeMeHU. JLJIsi paccpenoToueHUs
MECT pa3MellleHUs MOIJI0XeK pa3paboTaHbl TOYeUHas
U nvHeiHasg cxeMbl [17]. B mo3unum oxumpaHusgs — B
JepKaBKy 00OMMBI HacagKa-paMa OIyCKaeTcsl, TIIaB-
HO CKJIaJbIBASICh, IO BEPTUKATbHBIM HAIPaBJISIOLIUM.
IMpennaraeMast B pelieHUN cXxeMa CBEpPTKU "OOHYIIS-
eT" pasMep OIHOI AMaroHaJM IOIEePEYHOro CeYeHUs
YeThIPpEXTPAaHHOI TPU3MBI, TTpeodpasysl ee B MJIOCKYI0
KOHCTPYKIHIO. DTO TO3BOJISIET PE3KO COKPATUTD I -
HY 00OMMBI C TTOMJIOXKOAECPXKATESISIMMU.

CkianbiBaHUe LIAPHUPHONW KOHCTPYKIIMU B TMOTe-
pPEYHUKE CBSI3aHO C YBEJIMUYCHUEM €€ BBICOTHI Ha BEJIM-
yuHy b = 2¢ — d, tae ¢ — Bbicota rpaHu ITHII, d —
pasMep IMaroHajay TMOMNEPEYHOro CEUYCeHUs IPU3MBI.
DTO HECKOJbKO CHUXKaET 3 GEeKTUBHOCTh CBEPTKU: B
MEHBIIIEN CTETIEHU M3MEHSIETCSI 00beM, 3aHUMaeMBbI
MOUIOXKKOEpKaTeIeM B TO3ULIMM OXUAAHUS.

Cranusa 4. PemeHus nByx 3amau (B rpaHUIAX BO3-
MOXHOTO) HaJ0 OOBbEAUHUTh B OMHOU KOHCTPYKLIUM.
CnoxuTh 1Ba MakcuMyMa, 4yToos! yBuneth ITHII, pac-

KPBIBAIOIIYIOCS B PA3IMYHBIX KOMITO3UIIUSIX TpaHEeW U
BapHaHTaxX UX pasMelleHUsl, U ee CBepTKY, "OOHYIIsI-
omyio" BeicoTy ITHII. TlepBag 3amaua uaeT mo Ju-
HUM UHAUMBUIYaIM3alMU TPEOOBAHUM U, ClieIoBaTeb-
HO, paclIMpeHUs] BO3MOXHOCTe MOIJI0XKOoaepKaTe-
Jisl, BTOpasi — I10 JIMHUM MUHMATIOPU3alUM HOCUTEIISI
GyHKIUM.

ITpeanocbuiku K pa3pabOTKe pelieHUus] UMEITCS.
711 TMOKMX IPOM3BOJACTBEHHBIX CUCTEM MALLIMHOCTPOU-
TEJIbHOTO MPOM3BOJCTBA aBTOpaMu Obljla pa3padboTaHa
aBTOMAaTU3MPOBAaHHAS CHUCTEMa HMHCTPYMEHTAJIbHOTO
oo6ecrnieueHusi (ACHO) [18]. MarasuH UHCTPYMEHTOB
ACHO BbINOJIHEH IMOBOPOTHHIM OTHOCHUTEJILHO Bep-
TuKajapHOU ocu. I'PIl Mara3zmHa BBIIOJIHEHA B BHUIE
KBaJpaTa M pPacrojiokeHa B TOPU3OHTaJbHON TIIOC-
kocTu. [Ipn 3TOM OHa pacujeHeHa Mo OCSIM CUMMET-
pUM Ha CEKLIMU, YCTAaHOBJIEHHBIE Ha OTIOpPaxX C BO3MOX-
HOCTBIO TTIOBOPOTA Ha MPSIMOI YTOJI OTHOCUTEIBHO To-
PU3OHTAIbHBIX ocell KayaHus. CeKLUU B UCXOAHOM
TOJIOXXKEHUH 00pa3yioT OMHY POBHYIO TOPU30HTAIBHYIO
MOBEPXHOCTb, a B paboyeM ITOJOXEHUN — KOpPOHYa-
tyio I'PII. IIpu cBepTKe IO BHICOTE ApPyrue pasmep-
Hble xapakTepuctuku ['PI1 coxpaHsitoT cBoe 3Haue-
Hue. [IpuBoa moBOpoTa CeKUMit OOIIMiA, Tepemelle-
HME CEKIUHA CUHXPOHHOE.

KoncTpynpoBanue npu3HakoB MOMJIO0XKKOAEpKATENS
¢ KoMOnHaTOopHbIM mocTpoennem ITHIT
BHYTPH Pa00vero mpocTpaHCTBA

Cocmae u nepemewjenuss UCNOAHUMEALHBIX MeXaA-
HU3MO06 KOPOHYAMO020 NO0A0NCKOOepHcamens O0ANCHbL
no3604amo c030aeantb nPOCMPAHCMEO C NAOMHOU cem-
KOl 803MOX}CHBIX KOOPOUHAM PACHOAONCEHUSA NOOAOHCEK
6 NO3UYUAX, ONMUMAAILHBIX 047 hopmuposanus Kavec-
meenno020 noKpovimus, — 10 HOPMaJIU K BEKTOPY IO-
TOKa pacrblIsieMOro Matepuana, 6e3 mepekpbITUs Ipy-
TUMU TTOTOKKAMMU.

Bri6op npusHakosB s pa3zpadorku ITHII ¢ Tpedy-
€MbIM COCTAaBOM CBOMCTB, KaK 3TO ClieayeT U3 Tabau-
IIbI, TIPEIOIIPENeINIIO 3allaTCHTOBAHHOE paHee aBTO-
pamu pewenue I'PIT ACHUO [18]. Peiienue orBeyaeT
TpebOBaHUSIM KauecTBAa HAHECEHUS TTOKPBITUS Ha T0-
BEPXHOCTHU JOBOJBHO OOJIBILIOTO MEPEeUHs AeTaleit C
pPA3JIMYHON reOMETPUEH.

Mopdonorua ITHII mpeacraBieHa ¢ mo3ULMA
CTPYKTYPHO-KMHEMaTUYECKOro crocoba obpa3oBa-
Hus noBepxHocTeit [3]. [ToBepXHOCTh paccMaTpyBaeT-
csl KaK TeoMeTpUuYecKuii obpas (cien), MOayYeHHBIN
WHTErpUPYIOLIMMHU TIepeMelleHUsIMU oOpasylollieii B
npocTtpaHcTBe. KopeHb infeger (1aT. — 1esblit) B OI-
pedeneHur nepeMelleHui yKa3blBaeT Ha Mpoliecc, Be-
IVIIUA K COCTOSIHUIO CBSI3aHHOCTHU IO3ULIMIA 00pa3y-
romeit ITHIT B mienoe.

[To Tuny oOpasylollei omnpeaensiercss 0a30BbIi
npusHak "YpoBeHb nHterpaunu [THIT". O6pa3zyomias
MEePBOro YPOBHSI MHTETPALIMM — MECTO pa3MeleHMS U
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¢duKcaury OJHOM IOAI0XKH UM 00bEeMHO-ILUIaHUPO-
BouHbIi semMeHT (OI19). B nensix ynpoliueHust onu-
canus I[THIT OITD npencrasieH B BUe MaTepUalbHOMU
TOuKU. B 3TOM ciiydyae oOpasyiolas BTOPOro YPOBHS
WHTErpaluu — JIMHUS; TPETHETO YPOBHSI MHTETpalluyd —
IJIOCKOCTh; YEeTBEPTOrO YPOBHSI — 00BEM; TISITOTO YPOB-
HSI — COBOKYMHOCTb OOBEMOB U T. 1. AJIbTepHATUB-
HbIe TIPOSIBIIEHUs MpU3HAKa "YpPOBeHb MHTErpaluu
ITHIT" — 5T0 KayecTBEeHHO OTIMYAIOIIMECS APYr OT
JIpyra TUITbI CUCTEM CTPYKTYPOOOpa30BaHUsI, B paMKax
KOTOPBIX (DOPMUPYIOTCSI CBOMCTBA, (DYHKIIMOHAIbHBIC
Bo3moxxHoctu TTHTI.

B npototune I'PII TpeTbero ypoBHSI MHTETpalldn.

B 3aBUCHMOCTH OT BbIOOpa KOHCTPYKIIMM CEKIIUU
ITHII MmoaynbHOro Moaa0XKKoAePpKaTeIsl MOXET IIpe/-
CTaBJISITb COOON pas3IMYHOE IO COCTaBY KOMITOHEH-
TOB CTPYKTYpHO-KMHEMaTHUUeCKoe obpa3oBaHue, Ha-
puMep:

— MEpBOro YpOBHSI MHTerpauuu (Ha KaXXaoM MoO-
IIyJie pa3MeIleHO MECTO ISl OMHOM MOUTOKKH)

(Oyrr = DIEX4];

— BTOPOIO YPOBHSI MHTErpaluu
(Oygrr = I)[Rwy((P)] = (Oygrr= IEXYl;

— TPETLErO YPOBHSA MHTErPALluU

(Oyrr = DIFY] = (Oygs = D[RW,, (9)] -
= (Oygr = nD[EXy].

B xpyribix ckoOKax ykazaHa reoMeTpuuyeckas 4acTh
OIpeAeauTelIsl IIOBEPXHOCTU — obOpasyroiias. B kBa-
paTHBIX CKOOKax yKa3zaHa aJlTOpUTMUYECKasl 4acTb.
OmHa BKJIIOUAET NepeMelleHs 00pa3ylolleii Ha ypOBHE
UHTETpalyHu.

ITpu npeacraBiieHUUM KOMITOHEHTOB, 0Opa3yrolInX
ITHII, BBeneHbI ciaeayoolnne 0003HAYCHUS:

YRI = j — j-i1 ypoBEeHb UHTETPALIUY;

Oypy = i o0pa3syiolasi j-To ypOBHS MHTErpalliu;

Y, Wy — BEKTOpHI IepeMellIeHMsT o0pa3yloleil Ha
YPOBHE WHTErpalliu: MOCTYIATeJIbHOTO B Harmpasfe-
HuM ocu OY ¥ MOBOPOTHOTO OTHOCUTENBHO ocu OY;

F, R, E — 4ucJio TMCKPETHBIX MepeMelleHnii 00-
pasylolleil B BRIOpaHHOM HaIlpaBJICHNH;

X, — aBTOHOMHOE€ pa3MelleHHe OOpasylolMX Ha
BEKTOpE TepemeleHus X.

B IIHII BTOpOro ypoBHSI MHTErpalliM CEKIIMS
npeacrasisier coboit OIID (MmecTto pasmelleHUS U
¢dukcauny ogHOM MoaI0XkKH). Kak mokasaHo B CTpYK-
TypHO-KnHeMaTndeckoii popmyie, OIID coBepiaer
R 111aroB — IUCKPETHBIX MEPEeMEIeHNIT — ITOBOPOTOB
Ha yroJj, paBHblil 90°, Bokpyr ocu OY. ITHII — a310
cien oopasyiomeii. Ilpu R = 4 moaydaeM 4eTBIpeXceK-
muonHyo ITHII.

[Tpu BeIOOpE (pOPMBI U UMCIa CEKLIUI CeAyeT YUu-
ThIBaTh, YTO B cBepHYyTOM coctosiHuu ITHII, npu pa3s-
MELIEHUU CEKIIUIA B ONHOM TOPU3OHTATBHOM IIOCKOC-
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TH TIPU CMBIKAHUW UX BEPIIMH U TIPUJIETAIOIINX K HUM
OOKOBBIX IpaHel AOJKHA MOJYYaThCs IJIOTHASI YKJIa -
ka. Cekluss MOXeET ObITh KBaJpaTHOM, pOMOMYECKOM,
TPEYrOJbHON WJIM MPEACTaBIsATh COOOH CEeKTOp AMCKA.

B TTHIT Ttperbero ypoBHsSI MHTErpalMu CEKLMS
MpeacTaBiisieT co0o0il opM03aaal0IIyI0 KOMIIOHEHTY
C MPOCTON CTPYKTYPOl — yHOpPSIAIOYEHHYIO UHTEIpU-
pytoiium niepemeltieHueM OITD coBOKYMHOCTb He-
CKOJIbKMX MECT pa3MelleHUs U (prKcaluy MOAT0XKeK.
B npencraBieHHOM BapuaHTe yKa3aHO JUMHEHHOE pas-
MellleHUe TTOUI0XEK B HampasieHuu ocu OY. B oboux
BapuaHTax pa3Mep KpyroBoro (IToBOpOTHOTIO) Mepeme-
LLIEHUS Wy obpa3sylolieit oTHocuTeIbHO ocu OY duk-
CUPOBaH 3aJaHHBIM YHCJIOM CEKIIUA.

MHoxutenb R 3agaeT yucio onepaTopoB (CEKIIMiA)
koMmbOuHatopHoro noctpoenus ITHII, obpa3ys MHO-
xxectBo C, TIpU 3TOM TMOBOPOTHOE MepeMelleHUe OT-
HOCUTEJILHO OCU ITOAJIOKKOAEPXKATeNst Wy((p) 3a7aeT
KX PacCTaHOBKY B BaKyyMHOI Kamepe.

Kaxnast cexiiusi ocHallleHa aBTOHOMHBIM TIPUBO-
JIOM TIepeMelleHUs U MepekoyaTesieM nepeMeIieHuit
(MOTOpH30BaHHAs YacThb MOAJIOXKOAEPKATEs ).

MynpTunaukatop £ Ha MHTETpuUpyIOlIeM Mepe-
MeLIeHUN X4y B OOCHX CTPYKTYPHO-KMHEMATHICCKHX
(hopMysax ykasbIBaeT Ha KpaTHOE pa3MmellleHre oopa-
3yIollel BTOPOTO U, COOTBETCTBEHHO, TPETHLETO YPOB-
HSI MHTerpauuu BaAojgb ocu OX. ABTOHOMHOE pa3mMe-
lIeHre O0pa3yIoIIUX X( A) YKasbIBaeT Ha MOJYJIbHOE
noctpoeHue ITHIT u, cooTBeTCTBEHHO, Ha MOAYILHOE
MOCTPOEHNE KOHCTPYKIIMU TTOMIOXKoaepxKaresa. Ero
BO3MOXXHOCTH YBEJIMUMBAIOTCS KPaTHO.

PackpoeM KuHeMaTUKy TMpeacTaBIeHHbIX Bapu-
antoB ITHII — ocHOBy pa3pa®oOTKM KOHCTPYKLUI
MOJJIOXKKOAepKaTeseld, cCaMbIX Pa3IMUHbIX BApUAHTOB
MIPUBOIOB MCTIOJHUTEIBHBIX MEXaHU3MOB. PacKkphiTre
cexuui [THIT HaumHaeTcd ¢ ee LieHTpa MOIHATUEM
BEPLLUUH U IOBOPOTOM CEKLIUI B HAIPABIEHUU OT LIEH-
Tpa K nepudepuu — U3 ropu30HTATBHOIO MOJIOXEHUS
B BEpTUKaJbHOE — B IMO3UI1MI0 00pabOTKH, C BO3MOXK-
HBIM MPOAOIKEHUEM BBIABUKEHUS CEKLIMHI B MO3UIIUU
00paboTKw.

7151 BOBMOXKXHOCTH TTO3UIIMOHUPOBAHUS TTOIJIOXKEK
OTHOCHUTEJIbHO BEKTOpa MOTOKA PAaCIbLIsSIeMOro MaTe-
puana ITHIT MoxeT ObITh yCTaHOBJIEHA B MOAJIOXKO-
Jepxarejie ¢ BOBMOXHOCTbIO COBEPIIEHUST ITMCKPET-
HBIX TMOBOPOTOB OTHOCUTEIBLHO BEPTUKAIBHOW OCHU
MOIOXKKOAEPXKATEISI Y BHICTOS TI0 BPEMEHM pacIiblie-
HUSI MUILIEHU B 3aJaHHBIX NMO3ULUSX (TIepBbIi Bapu-
aHT UCIIOJTHEHYSI) UM C BO3MOXHOCTBIO TTOAbEMA U3
MO3ULIMK OXUIAHUS B MO3ULIMIO 0OpabOTKM, COBEp-
IIEHUST AUCKPETHBIX TIOBOPOTOB OTHOCUTEIHLHO BEPTH-
KaJbHOW OCH MOMIJIOXKOAEPKaTeNsl B pACKPHITOM MU
CBEpHYTOM COCTOSTHUH, BHICTOSI B 3aIaHHBIX TTO3ULIMIX
1 BO3BpaTa B IMO3ULIMIO OXMIAHUS (BTOPOil BapuaHT
WCIIOJIHCHUST).

ITHIT moxeT paboTaTh KaK B YKa3aHHOM peXHMe
COBEpIIEHUSI YCTAHOBOUYHBIX IEpeMEeIeHU CeKLMH,




TaK U B PEXMME HENPEPBIBHBIX KPYTOBBIX TEXHOJOTH -
YEeCKUX TepeMelleHuit oTHocuTeabHo MPC.

Takum obpazoM, Kaxkaass CeKLus B IMOITOXKOIEP-
KaTejie B 3aBUCUMOCTH OT BapUaHTa €ro WCIOJTHEHUS
BBITIOJTHSIET OTPEIEIEHHYIO MOCIeI0BaTeIbHOCTh YC-
TaHOBOYHBIX U TEXHOJOTMYECKHUX MEePEMEIICHUN:

1) nepBblii BapuaHT WMCTIOJIHEHUS (OAHOLIMKIOBas
TEXHOJIOTHS):

= aBTOHOMHBIE, TUCKpeTHBIe — packpbeitue ITHII:

— MOBOPOTHBIE OTHOCUTENBLHO TOPU3OHTATBHOMN
OCU B TIpeJieiaX OT TOPU3OHTAIBHOIO TOJOXEHUS A0
BEPTUKAJIBLHOTO;
— MOCTyMaTelbHble — BbIIBUXXKEHUE CEKIIUA;
= o6wue, ITHII B pacKpbITOM COCTOSTHUM:
— TMOBOPOTHbIE HEMPEPLIBHbIE OTHOCUTEIbHO
BEPTUKAJIBHOU OCH;
— TIOBOPOTHbBIE TUCKPETHBIE OTHOCUTEIBLHO BEp-
TUKAJIbHOM OCH;
= aBTOHOMHbIE, AUCcKpeTHble — cBepTka ITHIT:
— MOBOPOTHbBIE OTHOCUTEIBLHO FTOPU3OHTATBHOMN
OCHU B MpejiesiaXx OT BePTUKAIbHOTO TMOJOXEHUS 10 TO-
PU30HTAILHOIO;
— TocTynarejbHble (BO3BpaT CEKLUUU B UCXO[-
HOE TOJIOKEHUE);

2) BTOpPOW BapuaHT MCIOJHEHUS (IBYXLUMKIOBas
TEXHOJIOTHUSI):

= obuue (ITHIT c pa3MellleHHbIMU Ha HeWl Mof-
JIOXXKaMU B CBEPHYTOM COCTOSIHUM):

— TMOCTyIaTeJibHble U3 MO3ULUU OXUIAHUS B
MO3ULINI0 00pabOTKH;

— TMOBOPOTHbIE HEMPEPLIBHbIE OTHOCUTEIbHO
BEPTUKAJIBLHOU OCH;

— TIOBOPOTHbIE JUCKPETHBbIE OTHOCUTEIbHO
BEPTUKAJILHOU OCH;

= aBTOHOMHbI€, TUCKpeTHble — packpbiTe ITHII:

— MOBOPOTHbBIE OTHOCUTEIBLHO FTOPU3OHTATBLHOMN
OCU B TIpeJieax OT TOPU30HTAIBHOIO TOJOXEHUS A0
BEPTUKAJIBLHOTO;

— TocTynaTejibHble (IUMCKPETHbIE) — BbIIBUXKE-
HMUE CEeKLIUM;

= o6uue, [THIT B packpbITOM COCTOSIHUM:

— TOBOPOTHBIE HETIPEPBIBHBIE OTHOCUTEIBHO
BEPTUKAJIBHOU OCH;

— TIOBOPOTHBIE TUCKPETHBIE OTHOCUTEILHO BEP-
TUKAJIbHOM OCH;

= aBTOHOMHBbIe, AucKpeTHbIe (cBepTka ITHIT):

— MOBOPOTHbIE OTHOCUTEIBLHO TOPU3OHTATBLHOMN
OCHU B Mpe/iesiaXx OT BEPTUKAIBHOTO TMOJIOXEHUS 10 TO-
PU3OHTAILHOTO;

— TocTynatejibHble (BO3BpAaT CEKIIMU B UCXOMA-
HO€ MOJIOXXEHNE);

= o6wue, ITHII B cBepHYyTOM COCTOSIHUM:

— IMocTynareJibHble U3 MO3ULIMU O0pabOTKM B
MO3ULIAI0 OXUAAHUS.

‘YKazaHHBIE IPU3HAKKU CO3[AI0T TpeOyeMble CBOMCT-

Ba [THII, Ha nX ocHOBe OHa BapbUpPYET, U3MEHSISI CBOU

pa3Mmephl U (popMy. Brinepxkku u3 ¢popmMysbl u3odpe-
teHus "KopoHuaThlii momnoxkoaepxareap” [15]:

— "I[1HIT BBITTOJTHEHA C BO3MOXHOCTBIO PACKpHI-
TUSI, CKJIAAbIBaHUSI U (PUKCALIMU B JIIOOOM MPOMEXKY-
TOYHOM NOJIOXEHUN";

— "kaxpgas cexuust [THIT yctaHoBneHa ¢ BO3MOX-
HOCTBIO... IEpeMeILIEHUS... B 3aJJaHHYI0 TTO3UII1I0 00-
paboTku ¢ oopaszoBaHueM KopoHyaroit ITHII B 3agaH-
HOM BapMaHTE COYETaHUSI MCIIOJb3YeMbIX CEKLU U
3aJaHHOM BapHaHTe pa3MepoB MX QUKCHUPOBAHHBIX I1e-
peMeleHMIi, BKIIIoYasl € BepTUKAILHOE TTOJI0XKeHE .

Texuunueckoe pemrenue ITHIT, kaxapiii U3 mpu3Ha-
KOB KOTOPOI IPUHMMAET Pa3InIHbIe 3HAUEHUsI U3 OTI-
peneneHHol 00JiacTu, TpeAcTaBieHo B ¢hopMyJie Tpe-
JIeJIbHO cXKaTol BepOajbHO# (hopMOil MoaeI KOMOU-
HaTOPHOIo aHajMu3a — "c oOpa3oBaHUEM KOPOHYATOM
ITHII B 3amaHHOM BapuaHTe COYETAHMSI HCIIOJIb3ye-
MBIX CEKIIMI M 3aJaHHOM BapHaHTe pa3MepoB X (PUK-
CUPOBaHHBIX IlepeMellleHnit". DTO MOIeIb CTPOCHUS
ITHIT n monydyeHus tpedyemoro BapuanTta ITHII.

B memoM, BapraTUBHOCTh KOHCTPYKTMBHBIX ITOCT-
poenuii ITHIT, npoBoauMBIX BHYTpU padouero mpocT-
paHcTBa paboTarolleit MarHETPOHHOM YCTAaHOBKM, 0bec-
MEeYMBAET COBOKYIHOE NEWCTBUE AEBITH MPU3HAKOB:

— uncno cekumii [THIT (muoxectBo C = {c|, ¢,
€3, C4),

— BapuaHTbl COYETAHMIH MCIOJb3YEMbIX CEKIIUI
ITHII. AnbTepHaTUBHBIA Psii BO3MOXHBIX COCTOSTHUMA
Npu3HaKa "BapnaHThl coueTaHWil CEKIINiA, UCITOIb3Y-
€MBIX B TEXHOJIOTUYECKOW Hajlagke" HIKe 3amaH Oy-
JIEAHOM:

T(C) = {{cl}) {CZ}’ {C3}, {C4}, {cl’ C2}, {cl> C3}, {cl’ C4},
{e2, €3}, {ep, €qts {63, €at {ey, €5 €31 {eys €5 €y
{Cl, C3, C4}, {C2, C3, C4}, {Cl, Gy, C3, C4}};

— BUIBl YCTAHOBOYHBIX IEPEMEILIECHUN CEKIIUMA
ITHIT;

— BUIbI yCTaHOBOYHBIX NepemetueHuit ITHIT;

— YHUCI0 pa3MepoB (PUKCHUPOBAHHBIX TOBOPOTHBIX
NEepEMEILCHNUI CEKLUIA OTHOCUTEIBHO TOPU30OHTANIb-
HOl ocu B mpeneax OT TOPU3OHTAIBHOTO MOJIOXEHUS
10 BepTUKaIbHOrO — Wy (¢) IIpH €€ pacKpbITUH;

— YHUCJIO pa3MepoB (PUKCHUPOBAHHBIX TOCTYHATENb-
HBIX IIepeMeleHNI CeKLMi (BBIABMXKEHUS 1 BO3Bpa-
Ta) OTHOCUTEJIBLHO BepPTUKaAJIbHOUI ocu — Y;

— YUCI0 pa3MepoB (UKCUPOBAHHBIX TOBOPOTHBIX
nepememieHuids ITHIT oTHocuTenbHO BepTUKAJIBHON
OCHU MPU MO3ULIMOHUPOBAHUHN CEKIIMU (ITOMITOXEK) OT-
HOCUTEJIBHO MUILEHU — Wy((p);

— BO3MOXHOCTb COBEpIIEHUS BO3BPATHO-MOCTY-
nateabHbIx nepeMmeineHuit ITHIT 3 no3unum oxuna-
HUS B MO3ULIMI0 00pabOTKU B CBEPHYTOM COCTOSIHUM.
DTO HE TONBKO AOMOJTHUTEIbHAST BO3MOXHOCTb MO3U-
LIMOHUPOBAaHUS TMOJJOXEK B TOPU3OHTAIBHOM MOJIO-
JKEHUU, HO U IOTIOJIHUTEbHBIN pazMep MepeMeleHns
ITHIT B pabouyto Mo3uiuio;

— YUCJIO MOJYJIEW MOMJIOXKOIEPKATES.
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Puc. 1. O0muii Bux KOPOHYATOTO OJHOIMMUKIOBOTO MOMJIOKKOAEPKA-
Tensi: /| — MOIJIOXKOAepKaTeib; 2 — MOBOPOTHAs pama; 3 — CeK-
mvoHHas [THIT; 4 — cexiuu; 5 — Hanpasistionme; 6 — Kynuca; 7 —
TOPU3OHTAJIbHBIE OCU; § — aBTOHOMHBIM MPUBOA IepeMelleHUI
ceknn; 9 — KOpIyc aBTOHOMHOTO MPUBOAA CeKIuu; /0 — 3J1eKT-
ponBUraTenb

Fig. 1. General view of a castellate one-cyclic substrate holder: 1 —
substrate holder; 2 — rotary frame; 3 — section SHS; 4 — sections; 5 —
guides; 6 — coulisse; 7 — horizontal axes; 8 — autonomous drive for
movement of the sections; 9 — case of the autonomous section drive;
10 — electric motor
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Puc. 2. IIpuson asroHomuoro nepememenns cexkuun ITHIT: 77 —
MOAIIMITHUK; /2 — 3ybuyatoe Koieco; /3 — XOomoBOW BUHT; [4 —
LIeCTePHSI

Fig. 2. Drive for autonomous displacement of SNS section: 11 — bearing;
12 — cogwheel; 13 — running screw; 14 — gear wheel
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KoncTpykuun 1 paboTa KOpOHYATBIX
NMOLJIOKKOAepXKaTe e

KopoHuatblii momtoxXKoaepKaTesib MpoaoJIKaeT ce-
pUIO MOAYJIBHBIX TOJIOXKKOAEpKaTesiel, OCHAIEHHbIX
ITHII ¢ nmHaMuYHBIMU cBolicTBaMu [12—14].

3aech MpeacTaBieHbl JBa BapMaHTa KOHCTPYKLMIA
KOPOHYATOTO TMOJJI0XKOAEPKATEs1: OAHOLIMKIOBOIO
1 JBYXIIMKJIOBOTO, BKITIOYAIOLIUX IO OMHOMY MOIYJIIO.

B xopoHYaTOM OZHOLMKIOBOM IOMIOXKOAEpPKa-
tene Hecywas [THIT pama yctaHOBJIEHa ¢ BO3MOXHOC-
THIO COBEPIIEHUS IIUKJIA TTOBOPOTHBIX MepeMeIeHUH
OTHOCUTEJIbHO BEPTUKAJIBbHONW OCU B MO3ULIMU OOpa-
OOTKM M CHaOXeHa YIpaBJIsIEeMbIM MPUBOAOM IIOBO-
POTHBIX MepeMeLIeHUA.

B KopoHUaTOM ABYXIIMKIOBOM MOAIOXKOAEPKATE-
ne Hecyias ITHIT pama ycTtaHOBJIeHAa ¢ BO3MOXHOC-
ThIO COBEPUIEHUS [IMKJIa TOBOPOTHBIX MEPEMEIIECHUN B
MO3ULIMU 00pabOTKY U LIMKJIA MOCTYIMaTeNbHbIX Nepe-
MEILEHU OTHOCUTEJIbHO BEPTUKAIBHON OCH — MOIb-
eMa 13 MO3UILUU OXUIaHUS B MO3ULMI0 00pabOTKM U
BO3BpaTa B MO3UILIMIO OXUIAHUS, U CHabXeHa, COOT-
BETCTBEHHO, JABYMsI yIpaBisieMbIMU TpUBOJAMU —
MMOBOPOTHBIX TIEpEMEIIICHU U MOCTyNaTeIbHBIX TIepe-
MELIECHUH.

B xauecTtBe mpuMepa B MOMJIOXKKOAEPXKATEISIX UC-
MOJIb30BaHbl pa3Hble BapuaHThl ITHII:

— B OJTHOILIMKJIOBOM IIOJUTOKKOIEpXKaTesie rmoKasa-
HBbl BapuaHTBHI UCITOJIb30BaHUSI TUCKOBOW M KBaJpar-
noi ITHII;

— B JIBYXIMKJIOBOM Iomjioxkoaepxarene ITHIT
BBIMIOJIHEHA B BUJIE KBaJpara.

KoHcTpyKlLiuss KOpoHYaTOro OJHOLMKIIOBOTO MO -
JIOXKKOIepxKaTessd moka3zaHa Ha puc. 1—3.

IMonnoxkonepxateab [ BKIOYAET ITOBOPOTHYIO
BOKPYT BEpTUKAJIbHOI OCH pamy 2, Ha KOTOPOil CMOH-
tupoBaHa cexuuoHHas ITHII 3 ¢ ympaBiaseMbIMU aB-
TOHOMHBIMU MPUBOJAMU NEPEMEIIEHUIA § 1 aBTOHOM-
HBIMU IIepeKJII0YaTe/IsSIMU MepeMeIleHUI CeKLIuil 4, a
TakXe MPUBOJ ITOBOPOTA PaMbl.

ITHIT B cCBepHYTOM COCTOSIHMM TPEACTABIISIET CO-
0011 TVCK C YETHIPhMSI CEKIIUSIMM, OHA YCTAHOBJICHA Ha
paMe ¢ BO3MOXHOCTbIO PACKPBITUSI U CKJIaJIbIBAHUS B
MO3ULIUU 00padOTKM, a TaKXKe HAXOXIAEHUS B CBEPHY-
TOM COCTOSIHUM B MO3UIIMU OXUAAHWS.

Kaxxnas cexuysi ycTaHOBJeHa Ha HAIpaBJsSIOIINX 5
KYJIUCBI 6 C BO3MOXHOCTBIO COBEPIICHUS TOCTYIIa-
TEJBbHOTO TIepeMelleHUs BIOJIb HaNpaBJISIOIIUX Ky-
JIUCBI U C 3TOH LeJIbI0 CHAaOXeHa yIpaBJseMbIM aB-
TOHOMHBIM IIPUBOIOM TIEPEMEIIEHUI 1 aBTOHOMHBIM
nepekitoyareseM nepemenieHuit. as orpaHuyeHus
pa3Mepa IMoCTyIaTeIbHOTO TIepeMEeIeHUS CEKITUH TIpe-
JIYCMOTPEHBI YIIOPHI.

Kynucel cexiuii pa3meliieHbl B paMe C BO3MOXKHOC-
TBIO COBEpIIEHNS aBTOHOMHOT'O TTOBOPOTa BOKPYT TO-
PU30OHTATbHBIX HEMOABMKHBIX OCell 7 B Mpeaenax oT
TOPU3OHTAJILHOTO MOJIOKEHWS KYJIUCHI 10 BEPTUKAJIb-
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Puc. 3. [To3nnun nepekiioyaTensi B pa3inynbix ¢a3ax nepeMemieHns: CEKIMUA: ¢ — CEKIUS B TIO3ULIMM OXHMIAHMS; b — TIPOMEXYTOYHOE IT0-
JIOXEeHUE CEKIINU B MPOIIECCE ee MMOBOPOTA OTHOCUTEITHHO TOPU3OHTAIBHOM OCH; ¢ — 3aBeplIeHNE MTOBOPOTA CEKLIMM B BEPTUKAIBHOE TOJIO-
XeHMe; d — BBIIBIKEHUE CEKIIMU B TIO3UIIMIO 00pabOTKU; /5 — aBTOHOMHBIN TIepeKiovaretb; /6 — poiuk; 7 — ma3; /8 — JiyHKa B CEKIIUH,

19 — nyHKa B OCH KYJIUCHI

Fig. 3. Switch positions in various phases of the section displacement: a — section in the position of expectation; b — intermediate section position
in the course of its turn in relation to the horizontal axis; ¢ — completion of the turn of the section into the vertical position; d — advancement of
the section into the processing position; 15 — autonomous switch; 16 — roller; 17 — roove; 18 — a hole in the section; 19 — a hole in the coulisse axis

Horo. [ToBOpPOT Kaxnoi KyJauChl ¢ pa3MellleHHON Ha
HEH CEeKLMeN TakKe OTPAaHMYEH YIIOpPaMU.

Kopnyc 9 aBToHOMHOro mpuBOoja MNepeMelleHUs
kaxmoit cekuu I[THIT (cMm. puc. 1 u 2) mapHUpHO 3a-
KpeIUieH B pame. Ha Kopmyce pa3MelleH 3J1eKTpOIBU-
ratenb /0. B xopnyce ¢ BO3MOXHOCTBIO BpallleHUST B
nomiuunHuke /7 ycraHoOBIeHO 3y0yaTroe Kojeco 12,
umelolee pe3b00Boe OTBEPCTUE C MPOMYLIEHHbIM Ye-
pe3 Hero xogoBbIM BUHTOM /3. Ha Baiy aieKTpoaBu-
raTessl ycTaHOBJIEHA LIeCTepHs /4, BXoAsl1lias B 3aliell-
JIeHue ¢ 3y04yaTeIM KojiecoM. KoHel XomoBoro BUHTA
LIAPHUPHO CBSI3aH C CEKLIUEH.

st BOBMOXHOCTM MO3ULIMOHUPOBAHUSI CEKLIMI
OTHOCHUTEJILHO BEKTOpa IMOTOKA PaCIBIISEeMOro MaTe-
puaia B KOHCTPYKLIMA KOPOHYATOI'O MOAJIOXKOAEPKa-
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TeJIs TIPeayCMOTpeH MPUBOJ MOBOPOTA paMbl, OCHa-
IIEHHBI AaTYMKOM YTJIOBOTO IOBOPOTA U AATYUKOM
BBICTOSI TIO BpeMeHu. [IprBoa moBopoTa MOXeT pabo-
TaTh KakK B YKa3aHHOM PEXHME COBEPIIEHUS YCTaHO-
BOYHBIX MepeMelIeHUIl CeKLUi, TaK U B peXHUMe He-
MPEPLIBHOTO BpallleHWS paMbl OTHOCUTEIBHO BEPTH-
KaJIbHOM OCH TOMIOXKOAEepKaTesl.

ABTOHOMHBIN MepekoyaTeab 15 nepeMelneHui
cekuuu ITHII mommoxkoaepxaTejieili mokKa3aH Ha
puc. 3 Ha mipuMepe kBagparHoil ITHII.

Ilepexmouarenb BHITIOJHEH B BUIE poivKa 16, yc-
TaHOBJIEHHOTO C TApaHTMPOBAHHBIM 3a30pOM B nazy /7
KYJIUChI ¢ BO3MOXHOCTBIO 3axoja B JyHKU /8 u 19 B
KpailHUX (I'paHUYHBIX I10 AUAIla30HY IOBOPOTA) I10JI0-
JKEHUSX CEKLIMU: B BEPTUKAIbLHOM IOJIOXEHUU — B
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JIYHKY 19, BBITIOJTHEHHYIO B OCHU KYJIMUCBI; B TOPU3OH-
TaJbHOM WJIM MTPOMEXKYTOUHOM MOJIOKEHUU — B JIyH-
Ky 18, BHIIIOJIHEHHYIO B CEKLIUU.

VYnpapieHue paboToi KOPOHYATOTO MOIJTOXKOIEP-
>XaTesisl OCYILEeCTBISIETCSI CUCTEMO# yrpaBieHUsl Mar-
HETPOHHO! YCTaHOBKOI. B mo3uiiuy oxxmugaHus cek-
LIMK TIO/UTOXKOAEpXKaTeasl ¢ pa3MellleHHbIMU U 3a-
(UKCHPOBAaHHBIMY HA HUX ITOMJIOXKAMHU HAXOMITCS B
FOPU3OHTAJILHOM ITOJIOXKEHUU (CM. puC. 3, a).

st packpeitust cekuuu ITHIT mo curnanmy cucre-
MBI YIIPaBIICHUs] BKIIIOYAETCS 3JICEKTPOABUTATEb aBTO-
HOMHOTO MPUBOJAA MEepeMelIeHUs] CEKLIUU, MTPU ITOM
BpallleHue Bajia MOCPEICTBOM YCTAaHOBJIEHHON HAa HEM
IIECTEPHHU MepeaaeTcs Ha 3yduaToe Kojeco. B pe3ysib-
TaTe XOIOBOW BMHT BBIABUTAETCS BBEPX M3 Kopryca
npuBoga packpbitTus ITHII. B paHHOM mojioXXeHUun
CeKUMHU POJIMK TMepeKstovaTesss HaAXOAUTCSI B JIYHKE
CEKIINU, OJIOKMPYET €€ MOCTYIATeIbHOE IIepeMeIcHHIE
OTHOCHUTEJIbHO KYJIUChI, MO3TOMY IPU BBIABUXEHUU
XOJIOBOTO BUHTA KyJIKCa TOJIbKO MOBOPAYMBAETCS] BOK-
pyr ocu (cMm. puc. 3, b).

Korna kynuca 1OCTUTHET BEpPTUKAIBHOIO IMOJI0Xe-
HUs (CM. pHC. 3, ¢) — 10 KOHTaKTa C yIIOPOM, €€ Jajlb-
HEUIIMI MOBOPOT CTAHOBUTCS HEBO3MOXHBIM. [lpu
5TOM IT1a3 C HAXOMSAIIUMCSI B HEM POJIMKOM TTePEKITIO-
yaTeJsl OKa3blBaeTCsl HAITPOTUB JIYHKM, BHINIOJHEHHOM
B ocu. B pesynbTare nanbHeilnee BbIIBUXEHUE BBEPX
XOJOBOI'O0 BMHTA MPUBOIUT K MEPEMEIICHUIO CEKIIUU
BIIOJIb HAMPABJISIIOLIMX KYJIUCHI BBepX. MecTo JTyHKU
3aHMMaET TIJI0CKAas TIOBEPXHOCTh CEKIIMU, BHITAIKUBA -
folllasi pojauk. B pesynbrate poauK mNepekaroyaTress
repeMelaeTcsl B ma3y KyJIWUChl M3 JIYHKA CEKINU B
JIyHKY ocu (cM. puc. 3, d). Takum obGpa3oM Ipouc-
XOJIUT aBTOMATUYECKOE MePeKIIIOUeHUE TTepeMelleH s
cexuuu. IToBOPOT Ky/IMChl OTHOCUTEIBHO OCH OJIOKHU-
pyeTcsi, HO CTAaHOBUTCSI BO3MOXHBIM TMOCTYyIaTebHOE
repeMelleHne CEeKIIMM B HAIpaBSIOIIMX KYJIUCHI.
[Tpu nanpHeieM BbIABMKEHUU BBEPX XOA0BOIO BUH-
Ta CEKLMS MPOAOJIKACT MepeMelllcHUe B HaIIpaBIISIIO-
IIUX KYJUChl BBEPX 10 YIOpa B BEPXHEM IOJOXEHUU
1 3aHUMAaeT BePTUKAJIBHOE TTOJI0XKEeHUE B TTIO3UIIAY 00-
pabotku. Ha atom packpsitue cexuuu ITHIT mognox-
KonepxKaTesisl 3aBepLIACTCSI.

OTHOCHTETFHO MUIIIEHN CEKIMS IMO3UITMOHUPYET-
Csl 32 CUET MOBOPOTA paMbl BOKPYI' BEPTUKAJIbHON OCH
Ha J11000€e 3aiaHHOoe yrioBoe nepemenieHue. Haubosee
BOCTpeOOBaHHbBIE MO3ULIMU: TT03. | — yriaoBoe mepe-
MelIEeHUE CEKLIUU OTHOCUTEJIbHO MUILIeHU, paBHOe 0°;
no3. II — 90°; moa. III — 180°; mo3. IV — 270°. Bpems
BBICTOSI CEKLIMM B KaXJON IO3ULIMM OIMpenessieTCs
TEXHOJIOTMYECKUMU TTOKa3aHUSIMUA U KOHTPOJUPYETCS
JATYMKOM.

Hnst cknanbiBanust cekuuu [THIT mo curHany cuc-
TEMBI YIIPABJICHUS BKIIIOYAETCS 3JIEKTPOIBUTATEb aB-
TOHOMHOTO TIpUBoOJa TiepeMeleHust cekuuu. [Tpu atom
BpallleHHWe Bajia 3JIEKTPOABUTATENIS Yepe3 IIeCTepHIO
nepenaercs Ha 3ybuaroe Kosieco. 3a CYEeT peBepca
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3JIEKTPOIBUTATENIST 3y0UaTOe KOJIeCO BpalllaeTcs B IPo-
THUBOIIOJIOXKHYIO CTOPOHY U XOJIOBO BUHT INepeMela-
€TCSI BHM3 B KOpITyce TIPUBOAA MepeMelIeHUs CeKIIUU
ITHII. IToBOpPOT Ky/IMChl OTHOCUTEILHO OCY B TAHHOM
MOJIOXKEHUU 3a0JIOKUPOBAH POJIMKOM TMepeKIroUaTesl,
HaXOISIIIMMCS B JIyHKe ocU (cM. puc. 3, d), BCIeACTBUE
Yyero nepemMellieHue BHU3 X0A0BOr0 BUHTA MPUBOAUT K
TepeMeIleHNI0 BHU3 CEKIIUM B HAITPABIISIIOIINX KYJI-
cbl. [1pu nepemMelieHur CEKIMKM B HUXKHEE MOJIOXKEHUE
JIO YIIOpa ee JajbHelllee TepeMelleHre B HaImpaBIsio-
LIMX KYJMCHI CTAHOBUTCSI HEBO3MOXHBIM (CM. puC. 3, ¢).
ITpu 3TOM Na3 ¢ HaXOASILLMMCSI B HEM POJIMKOM Tepe-
KJIIoYaTessi OKa3blBalOTCSl HANPOTUB JIYHKHW, BBITOJ-
HEHHOW B ceKlMM. B pe3ynbrare ganbHeiilee rnepeme-
IIeHUe BHU3 XOJOBOTO BMHTA IMPUBOIUT K COBEpIIE-
HUIO KYJIMCOI MOBOPOTA BOKPYT ocu. [Tpu aToM poauk
TepeKTovaTesis MepeMeCcTUTCS B T1a3y KyJIUCH U3 JIyH-
KW OCHU B JIYHKY CEKIIMH, T. €. MPOUCXOAUT OOpaTHOE
aBTOMAaTHYECKOE TePEeKITI0YeHNE TIePeMEIIeHNS, B pe-
3yJIbTaTe€ Yero IOCTyIaTeJbHOE MepeMelleHUe CeK-
LMY B HAMpPaBJSIOIIUX KYJIUCHI OJIOKUPYETCS, HO CTa-
HOBUTCSI BO3MOXHBIM ITOBOPOT KYJIMCHI OTHOCUTEJILHO
ocu. [1Tpu ganpHelleM repeMelieHU BHIU3 XOJA0BOI0O
BMHTa KyJHCa IPOIOJIKUT IMTOBOPOT BOKPYT OCH B TO-
PU3OHTAIBLHOE TOJOXEHUE A0 yropa (cM. puc. 3, a),
BHYTPb paMbl — B OTHY TOPU30HTAJIBHYIO TNTIOCKOCTB C
JPYTMMU CEKLMSIMU, 10 CMbIKAHMS MX BEPLIMH U MIPU-
JieraloliMx K HUM OOKOBbIX IpaHei. IIpu ckiaabiBa-
HUM BCeX CeKIMit oOpa3yeTcs miaoTHas ykiaaka ITHIT.

Ynpasnenune packpoiTuem u ceeptkoit ITHIT ocHo-
BaHO Ha OOIIeM MPUHIINIIEC, KOTOPBIN 3aKITI0YAETCS B
TOM, UTO OJJHOBPEMEHHOE MepeMellIeHUE CEKIIMU BIOJIb
HaIpaBJsONIMX KYJIUChl U MOBOPOT KYJIUCHI BOKPYT
OCHU HEBO3MOXHBI. JInOO Kyauca MOXKET MOBOpayU-
BaThCsI BOKPYT OCH, HO TIPY 3TOM OJIOKMPYETCS CEKLIMS
B KpaifHEM — TOPU30HTAJILHOM MOJIOXKEHUH OT COBEP-
LIEHUS TIOCTYNAaTeIbHOTO MepeMelleHrs] B HaIlpaBJsi-
IOIIMX KyJuchl. JIMOO cekius MOXKET MepeMelaThes
MOCTYNMAaTeJbHO BAOJb HAMPABISIOIIMX KYJIUChI, HO
MpU 3TOM OJIOKMPYETCS KyJrca B BEPTUKAJIbHOM I10-
JIOXKEHUU OT COBEPILEHHUSI TOBOPOTa BOKPYT OCH.

PotopHasi cocrapisiolasl nmepeMeleHuin ceKiumu
TMOJTHOCTBIO O0OeCTIeYMBAEeT pa3MeIleHue pPa3IMIHbBIX
BEPTUKAJIbHBIX TTOBEPXHOCTEH MOMIOXEK M0 HOpMaJIU
K BEKTOpY ITOTOKA PacIbUISIEMOTO MaTepurara.

M3MeHeHne BeKTopa HaKJI0HA CEKIIMU 00ecIieurBa-
€T pa3MellleHre 110 HOpMaJli K BEKTOPY ITOTOKA pacIibl-
JIIEMOTO MaTepHraia pa3TNYHbIX, OJIM3KUX K TOPHU30H-
TaJIbHOMY PACMOJIOKEHUIO TOBEPXHOCTE MOMTOXKEK.

KopoHuaThlii ABYXLMKIOBON MOMIOXKOIEpXKa-
Teab I mpeacTaBiieH Ha puc. 4.

ITHIT nomnoxkopaepxkares BbIIOJIHEHA B BHIE
KBaJipaTa, pacuJeHEHHOIO Ha CEKIMM MO OCSIM CHUM-
METPUH, U CMOHTHUPOBAHA Ha paMe ¢ BO3MOXKXHOCTBIO
PACKpBITUSI, CKJIaAbIBAHUSI U HAXOXICHUSI B CBEPHYTOM
COCTOSIHMH B TTO3ULIMK O0OPaObOTKHU, a TAKXKE HAXOXIe-
HUSI B CBEPHYTOM COCTOSIHUM B MO3MILUMU OXMUIAHMUSI.
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Puc. 4. O0mmii BUA JBYXIMKJIOBOTO KOPOHYATOrO NMOMJIOKKOAEpKATE-
Js: 21 — MpUBOM MOCTYMATENILHBIX TIEPEMEIICHUI paMbl; 22 — TTOIb-
eMHasl TUInTa; 23 — BepTUKaJIbHAs HanpasJisiiolasi; 24 — OCHOBaHUE;
25 — XonoBbIe BUHTHI; 26 — Talikul; 27 — 3BE3I0YKU, BHITIOJTHEHHBIE
Ha HapY>XHBIX TTIOBEPXHOCTSIX TaeK; 28 — MPUBOIHBIC Lienn; 29 — 3Be3-
JIOYKa Ha BaJly ayieKTpoaBuraresisi; 30 — Ba ajeKTpoaBurares; 31 —
9JIEKTPOJABUTATENb; 32 — KOPITYC MOMJIOXKOAEpKATESI

Fig. 4. General view of a two-cyclic castellate substrate holder: 21 —
drive for the forward displacements of the frame; 22 — lifting plate; 23 —
vertical guide; 24 — basis; 25 — running screws; 26 — nuts; 27 — the
asterisks made on the external surfaces of the nuts; 28 — driving chains;
29 — an asterisk on the electric motor shaft; 30 — electric motor shaft;
31 — electric motor; 32 — case of the substrate holder

C aTol 1Iebl0 MPUBOAHASI TOBOPOTHASI paMa BBITION-
HeHa ¢ BO3MOXHOCTBIO IOCTYIATEeILHOTO TIepeMelle-
HUsI OTHOCUTEJIBHO BepTUKaJIbHOU ocu: mogbeMa TTHII
B MO3UIMI0 O00pabOTKM M3 MO3ULIMU OXUIAHUSI U €€
BO3BpaTa B MO3ULIMIO OXUIAHUSI.

JJ1s1 BBITTOJTHEHUST TIOCTyTNATEIbHBIX MepeMellieHUI
paMBbl KOPOHYATOTO TTOTOKKOIEPXKATEISI OTHOCUTEIb-
HO BEPTUKAJIbHON OCH B €r0 KOHCTPYKIIMU MPETyCMOT-
peH npuBon 21.

ITpuBox BKITIOYAET HECYIILYIO TTOMIOXKOACPKATETh
MOABEMHYIO TUIUTY 22, YCTAaHOBJIEHHYIO C BO3MOXHOC-
TBIO TTIOABEMA M OITyCKaHWS Ha BEPTUKAJIBHBIX HAIlpaB-
Jsomux 23. Hanpapisiionme CMOHTMPOBaHbI Ha OC-
HoBaHuU 24. Ha mombeMHOM IIJIUTE XXECTKO 3aKpeIie-
Hbl XOIOBbIE BUHTHI 25. B OCHOBaHMU YCTaHOBJIEHBI C
BO3MOXXHOCTbIO BpallleHUsI OTHOCUTEJIbHO BEePTUKAJIb-
HBIX Oceli raiiku 26, obpasylolie ¢ BUHTaMU BUHTO-
Bble nepenaun. Ha HapyKHOI MOBEPXHOCTU raek Bbl-
noJjiHeHbl 3Be3nouku 27. IlocpenactBoM Lenu 28 oHU
COEIMHEHbl CO 3BE3M0YKON 29, yCTaHOBJIEHHOU Ha

Bajly 30 snexkrponBurarensi 31, B LieNHYIO Iepeaady.
DJIeKTPOABUTIaTENb XXECTKO 3aKpeIieH Ha OCHOBAaHUHU,
CMOHTHPOBAaHHOM B Kopmyce 32 mOMIOXKOAe pXKaTeJIsl.

B ocTtaibHOM KOHCTPYKIIMSI JIBYXLIMKJIOBOIO KO-
pPOHYATOTO MOJJIOXKOAEpXKaTeJsl aHAaJOTMYHa KOHCT-
PYKLMU OTHOLIMKJIOBOIO KOPOHYATOTO MOAJI0XKOAEP-
>KaTesl.

st paboThl KOPOHYATOTO ABYXLIUKIIOBOTO MO0~
KozepKaTeJisl 3aaeTcsl MoCIea0BaTeIbHOCTh UCTIONb-
30BaHUs packpbiToii U cBepHyToli ITHII. Ecnu texHo-
JIorMeil HaHeCeHMsI IOKPBITUI NEPBbIM MPEAyCMOTPEH
BBIXOJ, B ITO3uLIMI0 00padboTku cBepHyToil ITHII, To mo
KOMaHJIe CUCTEMBI YIIpaBJIeHMS CHayaja BbIMOJHIETCS
LUK nogbeMa pambl. [1pu BKIIOYEHUU 3J€KTPOJBU-
raTeisl IBUKEHHUE TOCPEACTBOM YCTAHOBJIEHHOW Ha
BaJly 3BE3J0YKM W LIEMM MNepeAaeTcs Ha 3BE3A0YKM,
BBITIOJTHEHHBIEC HAa HAPYKHBIX ITOBEPXHOCTSX racK BUH-
TOBbIX Nepenay. I1pu aToM raiiku nosyyaloT ofHOHa-
MpaBJeHHOE BpallleHre, U XOJ0Bble BUHTHI IlepeMela-
I0TCSl BBEPX, BBIABMIAs TUIMTY BAOJb HANPABIISIOLIMX.
B pesyabrate ITHIT B cBepHYTOM COCTOSIHUM TIOAHM-
MaeTcsl U3 MO3ULIMUA OXMIAHUS B MO3ULIMI0O 00paboT-
ku. [Tocne yero BBIMOJHSAETCS LIUKJ MOBOPOTA PaMBI:
BKJTIOYAETCSI TIPUBOM TTOBOPOTA JISI TTO3MIIMOHMPOBA-
Hus cexumii otHocutenbHo MPC. LIukin moaHOCTBIO
o0ecreuynBaeT pa3MelleHne TOpU30HTaIbHBIX TOBEPX-
HOCTeH MoMTI0XeK, HapuMep UX HMXKHUX, BEPXHUX U
OOKOBBIX CTOPOH MO HOpPMaJid K BEKTOpPY IMOTOKa pac-
MBIISIEMOTO MaTepuaja, 4TO CO3[AaeT ONpelneieHHbBIE
MpeuMyLIECTBa Mepel OJHOLMKIOBBIM MOAI0XKOAEP-
xkaresneMm. Ilocne 3aBepilieHUs] HAHECEHUS] TTOKPBITHS
Ha cBepHytoi ITHII maetrcs KkomaHma Mo ee pacKphbi-
THIO (II0ApPOOHOE onrcaHue PadOThl UCIIOJHUTEIBHBIX
MEXaHM3MOB NAHO BBbIIIE, CM. OJHOLIMKIIOBOW MOMI-
JIOXXKojepxKarelib). PeBepc aBuraresiss npuBOAUT K 00-
patHomy aBmxkeHuio ITHIT u3 nmo3uuuu odopaboTKu B
MO3ULIUI0 OXUAAHUSI.

3akimoueHue

COBOKYITHOCTb OTJIMYMTEIbHBIX MPU3HAKOB KOPOH-
YaToro MOJIOXKOAepXKaTesisi 00ecreuruBaeT B LIEJOM
MoBbIlIeHNE 3(PHEKTUBHOCTU TEXHOJIOTMYECKON cpe-
JIbl MarHETPOHHBIX YCTAHOBOK. DTO TEpCHeKTUBHAs
Pa3HOBUIHOCTb MOMIYJIbHBIX KOHCTPYKIIUI TTOAJIOXKO-
Jepxkatessi, 00JalarluX KOMIUIEKCOM CBOMCTB: Cy-
IIECTBEHHBIM paCIIMPEHUEM BApUAHTOB pa3MellCHUS
MOBEPXHOCTEN MOMJOXKEK B MO3ULUSIX, ONTUMAIbHBIX
711 GOPMUPOBAHUS KAaUECTBEHHOTO MOKPBITUS; Map-
LIPYTHO! T'MOKOCTBIO; 9KCIUTyaTallMOHHOW TMOKOCTHIO;
BO3MOXHOCTBIO 3 dexkTnBHOM cBepTKu TTHII.

Haun6onee acppekTnBHO NCIOIB30BaHNE OTHOILIMK-
JIOBOTO Y JBYXLIMKJIOBOIO KOPOHYATHIX MOMJI0XKOAEP-
Karejield B TeXHOJOTMYEeCKOH cpele MarHeTpOHHOTro
pacrblUieHus, pa3paboTaHHOM Ha 6a3e IBYX WJIU YEThI-
pex MPC a1 nonydyeHust pa3IMYHbIX BApUAHTOB MOK-
PBITUI HA MOIJIOXKAX B YCIOBUSAX OAHOM 3arpy3Ku Ba-
KyyMHOI KaMmepbl. CoyeTaHue HOBBIX U 0a30BbIX MPU-
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3HAKOB, CBOMCTBEHHBIX KOHCTPYKLMSIM MOMIYJIbHBIX
MoJUTOXKOoAepXKaTeseit, ooecrneynBaeTt 60s1ee BbICOKYIO
(YHKIIMOHAJIBHOCTh KOPOHYATHIX MOJJOXKOAEpKaTe-
JIel TI0 CpaBHEHMIO C paHee 3araTeHTOBAaHHBIMU KOH-
CTPYKLMSIMU TIOMJIOKKOAEpXKATeei.

ITo acppextnBHOCTH cxeMbl KoMmnakTu3amuu [THIT
KOpPOHYATbIE TOMIOXKKOAEPKATETN CYIIECTBEHHO TIpe-
BOCXOJISIT paHee 3amaTeHTOBAaHHbIE KOHCTPYKIIUU MO-
IYJIbHBIX TIOMJIOXKOAepKaTeneil. Pe3ynbTaTUBHOCTD
npeayaraeMoit B peieHnu cxeMbl cBeptku ITHIT orm-
penensieTcs B IIepBOM IPUOIKEHUN OTHOIIIEHUEM BBI-
cotbl KopoHuaToit [THIT B mo3uuuu o6padboTku (pas-
Mep IMaroHajau ceKuuu) K Boicote ceepHyTtoii ITHIT B
MO3ULIMY OXUIAaHUsS (TOJMIIMHA OIMOPHON MOBEPXHOC-
™ [THIT). Bo3amoxHocTu 3(h(heKTUBHOI KOMMIaKTH3a-
uuu ITHIT ucnonp3yiorcss MHOTOrpaHHo. B aAByX1uK-
JIOBOM TMojuioxkoaepxarese ceepHyTast ITHIT ucrnonb-
3yeTcsl B KauecTBe Haubojee 3¢ (heKTUBHOIO CpeACTBa
ONTUMAJIBHOTO Pa3MEIICHUS TMOJJI0XEK B TO3UILIUU
00paboTKM NIJI1 HAHECEHUS TTOKPBITUS Ha WX HUXKHUE
1 BepXHUE TPaHMU.
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The authors present a new direction for development of the ion-plasma technologies on the basis of the modular substrate holders
equipped with the substrate holder surfaces (SHS) with dynamic properties. Development of a series of the substrate holders with
the increasing functionalities of SHS is a natural trend. It is dictated by the requirements of the balanced development of the mag-
netron systems. The substrate holders operated in the automatic mode should to serve as the internal operators for the organizational
development of the ion-plasma technologies. SHS is considered as a powerful reserve for the morphological formation, the kinematics
of the substrate holders, its basic component. On certain examples it is demonstrated in the "sleeping” state. In the presently available
substrate holders SHS in the vacuum chamber is static: its elements have no opportunity to change their sizes and move autono-
mously. Staging of the development of the designs of the substrate holders in the direction of provision of the dynamic properties to
SHS is presented. The procedure is shown for designing of the signs of a substrate holder with a combinatory construction of SHS
inside the working space. A substrate holder with the varying forms and SHS sizes is called castellate. Its composition and dis-
placements of its actuators allow us to create space with a dense grid of possible coordinates for arrangement of the substrates in
the positions, optimal for formation of a qualitative coating — by the normal to the vector of the flow of the sputtered material, without
overlapping by other substrates. In general, variability of the construction designs of SHS, carried out inside the working space of
an operating magnetron installation, ensures a cumulative action of nine signs. Two designs of the castellate substrate holders were
developed: one-cyclic and two-cyclic ones. These are perspective kinds of the substrate holders having a complex of properties: es-
sential expansion of the options for placement of the surfaces of the substrates, and also the route and operational flexibility, and
an effective convolution of SHS.
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Production of nanocoatings with the use of the gas- from one target to another, bypassing the unnecessary

metal or gas-ceramic plasma is one of the most prom-
ising and problematic industries. In their limit both
sides are characterized identically: they are unique. De-
velopment of the storming ion-plasma technological
environment with essentially new properties generates
numerous complex challenges, in particular, the ones
connected with organization of its functioning in a
closed space. Within several hours it is inaccessible to
an external intervention. We are talking about a possi-
bility of implementation of a set of methods, connected
with manipulations with the substrates without an in-
stallation shutdown: a filigree fulfillment of all the re-
quirements for positioning of various surfaces of a sub-
strate in relation to the flows of the sputtered material,
removal of the ready and installation of the next ones
in the same best positions, optimal for formation of a
qualitative coating; rearrangement of the substrates

ones in transit.

The internal operators of the organizational develop-
ment of the ion-plasma technologies should be the auto-
matically controlled substrate holders [1].

Aim of the work: increase of the efficiency of the
technological environment of the magnetron installa-
tions on the basis of development of the substrate hold-
er designs equipped with the substrate-holding surfaces
(SHS) with dynamic properties.

List of tasks

1. To reveal opportunities of the modern designs of
the substrate holders concerning operatsionalization of
the substrates.

2. To present stages of development of the designs of
the substrate holders supplied with SHS with dynamic
properties.
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3. To reveal the specific features for designing of the
signs of a substrate holder with a combinatory construc-
tion of SHS inside the working space of a working mag-
netron installation (its morphology and kinematics).

4. To develop designs of the substrate holders with
varying forms and sizes of SHS, the castellate substrate
holders, and demonstrate their operation.

For solving of the set tasks the ideas were used con-
cerning the kinematic method for formation of the sur-
faces, and basic provisions of the theory of the structure
of the load-bearing surfaces [2].

Potentials of the modern substrate holder designs
for operatsionalization by the substrates

In its general version the design of a substrate holder
includes a holder, SHS with the elements of placement
and fixation of the substrates, a drive (drives) for dis-
placements. The displacements realized by a substrate
holder may include:

— Technological displacements of the substrates in
relation to the atomic flows sputtered from a target of
a magnetron sputtering system (MSS);

— Displacements on the intermodular transfer of
the substrates;

— Adjusting displacements connected with posi-
tioning of this or that surface of a substrate in relation
to the flows of the deposited atoms.

In a quite big sector of installations for deposition of
coatings by the method of the magnetron sputtering,
the substrate holders realize only the technological dis-
placements of the substrates in relation to MSS. Dep-
osition of a coating requires one setting block (the tech-
nological bases of the substrate are not changed). In
many respects this is a mastered development stage with
a huge number of options for different, including large-
size categories of products. Displacements of a sub-
strate, rotary in relation to its axis and (or) the axis of
a rotary platform with the other substrates placed on it,
and (or) circular displacements in relation to MSS or
the axis of a substrate holder, or forward displacements
between MSS or along MSS via a closed trajectory, are
only a part of the already realized set of options for dis-
placements of the substrates under the influence of the
atomic flows sputtered from the targets. As examples we
will present patented rotary and other solutions of the
magnetron installations from Italy [3], Russia [4—6],
and Japan [7, 8].

Displacements on the intermodular transfer of the
substrates is a function, not always available to a sub-
strate holder. The set of solutions for its realization is
often replenished with the devices, as a rule, original,
but not satellites of the substrates — substrate holders.
American company Applied Science and Technology for
manipulation with the substrates patented a bimanous
multilink robot. It is compactly placed in a transport
module with a possibility of turning and displacement
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of the substrates between the module of loading and the
technological module [9]. For transfer of the substrates
to the vacuum chamber and unloading of them from it
Leybold AG company developed a device in the form
of a rotary table with the top and lower disk substrate
holders [10]. Leybold Systems GmbH (Germany) got a
patent for "The air gate for introduction of the sub-
strates and/or taking them out from the processing
camera" — the step pumping is combined with a cir-
cular placement of the substrates in the gates on the pe-
riphery of the installation disk [11]. An example of the
substrate holder realizing the intermodular transfer is
the solution of the Japanese inventors — Dainippon
Printing Co., Ltd. [8].

Among the urgent functions in development of the
substrate holders is performance of the installation dis-
placements for placement of each of the processed sur-
faces of the substrates into the position, optimal for for-
mation of a qualitative coating, namely — via a normal
to the vector of a flow of the sputtered material [12].

The demand for the function is high. In the eviden-
tial part we will give examples of the solutions of the
world novelty.

1. Mass line production of the liquid crystal panels
of G6 generation (1800 x 1500 mm size) for displays.
The plasma coating of the simplest in form rectangular
panel demands two installation displacements: place-
ment in the vertical position and placement in the hor-
izontal position (the plasma source is at the side of the
substrate). The node of the substrate holder and the
magnetron installation have been patented [8].

2. Mass line production of the quick-selling goods —
capacities for drinks. The product is slightly more com-
plex. A coating is only for the external surface of the
body and nose section. The manufacturing techniques
for the coating envisages three installation displace-
ments (over the plasma source): placement in the hor-
izontal position with a possibility of its rotation around
its own axis; placement in the vertical position with the
nose section down (to the plasma source); and again
placement in the horizontal position with a possibility
of its rotation around its own axis. The manufacturing
version has been patented [11].

In both cases for thousands of products one rigid al-
gorithm for performance of the installation displace-
ments of the substrate holder was developed.

But, the mass production is only 20 %. The rest are
unequal 50...90 thousand products, various by their de-
sign and technological parameters.

Stages of development of the designs
of the substrate holders equipped with SHS
with the dynamic properties

What kind of a substrate holder should it be to re-
spond flexibly to the conditions of the medium and




small-scale types of productions, and to the require-
ments of the experimental laboratories?

Research in this direction is conducted systemati-
cally. As a powerful reserve for the morphology and
kind-formation of the designs of the substrate holders it
is necessary to consider its basic component — the sub-
strate-bearing surface. So far it is in the "sleeping” state.
In the functioning designs of the substrate holders SHS
in the vacuum chamber is static: it does not change its
form and size. The orientation of the research works
was defined by the vector of development of the sub-
strate holders, including SHS with the dynamic prop-
erties. The table below presents the stages of the process
on the interconnected examples of the patented designs
of the substrate holders.

Stage 1. SHS is dismembered into sections — noz-
zles. They are situated on one axis defining the optimal
arrangement of the substrates in relation to the vector

of the flow of the deposited atoms, at that, they have a
possibility of an autonomous transition from the expec-
tation position to the working position. Each nozzle
solves its technological problem. Component of a group
routing of the substrates with various requirements to
the nanocoatings in the conditions of one load of the
chamber is introduced in the technological environ-
ment of the magnetron sputtering developed on the ba-
sis of two or four MSS [16]. At the heart of the solution
is a modular design of a substrate holder and placement
of the position of expectation in close proximity to the
working position. The new specific design of the sub-
strate holder integrated the subkinds, differing by the
constructive solution of SHS: rotor and frame substrate
holders. The solution is intended for receiving coatings
for such products as stamps, casting molds, which de-
termine the borders of its application.

Stages of development of the designs of the substrate holders, equipped with SHS with the dynamic properties

1

2

At the set moment the necessary substrate, comes to the position of
sputtering of the required material with the set time of the dwell. In the
sketch is the substrate holder made as a modular one by the quantity of
sections 1 SHS. The sections are mounted on the rotary holders supplied
with independent turn drives [12].

1t is intended for receiving of nanocoatings on the products with a
unilateral working surface.

The principles of flexible routing are realized for the substrates with
various quantities of the coating surfaces. In the sketch is a rotor of the
substrate holder with sections 1 SHS mounted on hatches as rotary in
relation to the rotary holders [13].

.

The values of the dimensional characteristics of SHS in the position for
processing and in the position of expectation are identical.

3

4

The position-transformed SHS, when it comes to the working position,
opens and makes turns, and when it returns to the position of
expectation it folds, being transformed into a flat design. The length of
the holder is reduced sharply [14]. In the sketch is opening of SHS 1
equipped with the opening mechanism 2 at the moment, when it leaves
the guides 3.

Folding of a one dimension characteristic of the position of expectation

Tasks of the stage:

— development of SHS with a varying form;
— compaction of SHS [15].

Development prerequisites:
Solution of an automated system for tool support (ASTS), in which the
geometrical construction of the section load-bearing surface (LBS) is
combined successfully with the effective scheme of its compaction both
by height, and in the horizontal plane. In the sketch is LBS 1 ASTS
made in the section version [18].

L 1 ]

1

'
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Stage 2. Each nozzle got an opportunity to rotate
around its (vertical) axis. Two indisputable qualities
were combined — a nozzle exit from the expectation
position to the working position, and the optimal access
of the working environment to most surfaces of the sub-
strate. This advantage of the magnetron systems was
previously inaccessible. In relation to the prototype the
capacity of the nozzle-rotor increases up to 2 times.
And the scope of applications extends repeatedly.

Stage 3. The question of differentiation of the sizes
of the space occupied by SHS in the working position
and the position of expectation was raised. In the work-
ing position — the maximal dispersal of SHS in order
to avoid overlapping of the surfaces of the substrates. In
the position of expectation SHS must be "most com-
pressed” in order to occupy the minimal space. For
solving of the task a new type of the modular design of
the substrate holder from the position-transformed
SHS was developed. Opening SHS occupies a large vol-
ume, forms friable environment, suitable for a free pen-
etration of atoms. In the common flow each substrate
moves via its own trajectory, not crossing with the other
substrates, or repeats the trajectory of the previous sub-
strate with a certain period of time. A dot and a linear
schemes were developed for dispersal of the locations of
the substrates [17]. In the expectation position the
holder of the nozzle frame descends, smoothly folding,
via the vertical guides. The scheme of the convolution,
offered by the solution, "nullifies” the size of one diagonal
of the cross section of the tetrahedral prism, transforming
it into a flat design. This allows us to reduce sharply the
length of the holder with the substrate holders.

Crosswise folding of a hinged design is connected
with an increase of its height by value b = 2¢ — d, where
¢ — height of a side of SHS, d — size of the diagonal
cross section of the prism. This somewhat reduces the
efficiency of the convolution: to a less degree the vol-
ume occupied by the substrate holder in the expectation
position is changed.

Stage 4. Solutions for the two tasks (within the pos-
sible limits) should be integrated in one design. We
should put together two maxima to see SHS opening in
various compositions of the sides and versions of their
placement, and its convolution "nullifying" the SHS
height. The first task goes via individualization of the
requirements and, therefore, expansion of the oppor-
tunities of the substrate holder, the second one — via
miniaturization of the function carrier.

The prerequisites for development of the solution
are available. An automated system of tool supply
(ASTS) was developed by the authors for the flexible
production systems of the machine-building produc-
tion [18]. The shop of the ASTS tools is made rotary in
relation to the vertical axis. LBS of the shop is made in
the form of a square and is located in the horizontal
plane. At that, it is dismembered by the symmetry axes
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into the sections, established in the supports with a pos-
sibility of turning to the right angle in relation to the
horizontal axes of a swing. Sections in the starting po-
sition form one plain horizontal surface, and in the
working situation — castellate LBS. During a convolu-
tion by height the other dimensional characteristics of
LBS preserve their value. The turn drive of the sections
is common, and the displacement of the sections is syn-
chronous.

Designing of the signs of a substrate holder
with a combinatory construction of SHS
inside the working space

The composition and displacements of the actuating
mechanisms of the castellate substrate holder should al-
low us to create space with a dense grid of possible co-
ordinates of arrangement of the substrates in the posi-
tions, optimal for formation of a qualitative coating — by
the normal to the vector of the flow of the sputtered
material, without overlapping by other substrates.

Selection of the signs for development of SHS with
the required composition of properties, as it follows
from the table, predetermined the solution of LBS
ASTS, patented earlier by the authors [18]. The solu-
tion meets the quality requirements for deposition of
coatings on the surfaces of a quite big list of parts with
various geometries.

The morphology of SHS is presented from the po-
sitions of the structural-kinematic method for forma-
tion of the surfaces [3]. A surface is considered the as
a geometrical image (trace) received by the integrating
displacements of the generatrix in space. The infeger
(Latin — whole) root in definition of the displacements
indicates to the process conducting to the condition of
coherence of the positions of the SHS generatrix into a
whole thing.

By the type of the generatrix the basic sign "The level
of integration of SHS" is defined. The generatrix of the
first level of integration is the place for location and fix-
ation of one substrate or the space-planning element
(SPE). For simplification of the description, SHS SPE
is presented in the form of a material point. In this case
the generatrix of the second level of integration is the
line; the third level of integration — the plane, the
fourth level — the volume, the fifth level — a set of vol-
umes, etc. The alternative manifestations of the sign
"The level of integration of SHS" are the types of the
structurization systems, qualitatively differing from
each other, and within which the properties and func-
tionalities of SHS are formed.

In the prototype of LBS of the third level of inte-
gration.

Depending on the selection of the design of SHS
section of the modular substrate holder it can represent




structural and kinematic formation, varying by the
composition of its components, for example:

— First level of integration (on each module there
is a place for one substrate)

(Oygr = DIEXY],
— Second level of integration
(Oygr = DIRW(@)] = (Oyps= DIEXY],
— Third level of integration

(Oygrr= DIFY] = (Oyg; = D[RW,, (9)] —
= (Oygr = nDLEXY]-

Within the rounded parentheses the geometrical
part of the determinant of the surface — generatrix is
presented. In the square brackets an algorithmic part is
specified. It includes displacements of the generatrix at
the level of integration.

For presentation of the components of the SHS gen-
eratrix the following designations are used:

YRI = j — j — integration level,

Oygy = j — the generatrix of j — integration level;

Y, W, — vectors of movement of the generatrix at
the level of integration: forward in the direction of axis
OY and rotary in relation to axis 0Y;

F, R, E — number of the discrete displacements of
the generatrix in the chosen direction;

X, — autonomous placement of the generatrixes on
the vector of movement of X.

In SHS of the second level of integration the section
is SPE (the location and fixation of one substrate). As
is shown in the structural-kinematic formula, SPE per-
forms R-number of steps — discrete displacements —
turns to the angle equal to 90°, around OY axis. SHS
is a trace of the generatrix. At R = 4 we get a four-sec-
tion SHS.

During selection of the form and quantity of the sec-
tions it is necessary to take into account that in the fold-
ed state of SHS, during placement of the sections in one
horizontal plane at a contact of their tops and the sides
adjoining to them, we should get a dense placing. A sec-
tion can be square, rhombic, triangular or represent a
sector of a disk.

In SHS of the third level of integration the section
is a form-setting component with a simple structure —
a set of several locations and fixations of the substrates
ordered by the integrating displacement of SPE. In the
presented version a linear placement of the substrates in
the direction of OY axis is specified. In both versions
the degree of the circular (rotary) movement of W, of
the generatrix in relation to OY axis is fixed by the set
number of sections.

The multiplier of R sets the number of the operators
(sections) of the combinatory construction of SHS,
forming a set of C, at the same time, the rotary move-

ment in relation to axis of the substrate holder of Wi(o)
sets their arrangement in the vacuum chamber.

Each section is equipped with an independent drive
for a displacement and a switch of displacements (the
motorized part of the substrate holder).

The multiplier of F on the integrating movement of
X4y in both structural-kinematic formulas points to a
multiple placement of the generatrix of the second and,
respectively, the third level of integration along OX axis.
An autonomous placement of the generatrixes of X 4)
indicates to a modular construction of SHS and, re-
spectively modular construction of the design of the
substrate holder. Its potentials increase many times.

Let us reveal the kinematics of the presented SHS
versions — the basis for development of the designs of
the substrate holder, the most varied versions of drives
for the actuators. Opening of SHS sections begins from
its center by raising of the tops and turn of the sections
in the direction from the center to the periphery —
from the horizontal position to the vertical one — the
processing position, with a possible continuation of ad-
vancement of the sections into the processing position.

For a possibility of positioning of the substrates in
relation to the vector of the flow of the sputtered ma-
terial, SHS can be fixed in the substrate holder with a
possibility of making discrete turns in relation to the
vertical axis of the substrate holder and dwell by time of
dispersion of a target in the set positions (the first man-
ufacturing version) or with a possibility of a rise from
the expectation position into the position of processing,
making discrete turns in relation to the vertical axis of
the substrate holder in the opened or folded state, of the
dwell in the set positions and return to the expectation
position (the second manufacturing version).

SHS can work both in the specified mode of per-
formance of the installation displacements of the sec-
tions, and in the mode of the continuous circular tech-
nological displacements in relation to MSS.

Thus, each section in the substrate holder, depend-
ing on its version, carries out a certain sequence of the
installation and technological displacements:

1) First manufacturing version (one-cyclic tech-
nology):

= Autonomous, discrete — opening of SHS:

— Rotary in relation to the horizontal axis, rang-
ing from the horizontal position to the vertical one;
— Forward — advancement of the sections;

= General, SHS in the opened state:

— Rotary, continuous in relation to the vertical
axis;

— Rotary, discrete in relation to the vertical axis;

= Autonomous, discrete — convolution of SHS:

— Rotary in relation to the horizontal axis, rang-
ing from the vertical position to the horizontal one;

— Forward (return of the section to the initial
position);
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2) Second manufacturing version (two-cyclic tech-
nology):

= Common (SHS with the substrates placed on it
in the folded state):

— Forward, from the expectation position into
the processing position;

— Rotary, continuous in relation to the vertical
axis;

— Rotary, discrete in relation to the vertical axis;

= Autonomous, discrete — opening of SHS:

— Rotary in relation to the horizontal axis rang-
ing from the horizontal position to the vertical one;

— Forward (discrete) — advancement of the sec-
tions;

= Common, SHS in the opened state:

— Rotary, continuous in relation to the vertical
axis;

— Rotary, discrete in relation to the vertical axis;

= Autonomous, discrete (convolution of SHS):

— Rotary in relation to the horizontal axis rang-
ing from the vertical position to the horizontal one;

— Forward (return of the section into the initial
position)

= Common, SHS in the folded state:

— Forward, from the processing position into the
expectation position.

The specified signs create the required SHS proper-
ties, on their basis it varies, changing the sizes and the
form. Excerpts from the formula of the invention "Cas-
tellate substrate holder" [15]:

— "SHS is made with a possibility of opening, fold-
ing and fixation in any intermediate position";

— "Each SHS section is fixed with a possibility... of
displacement... in the set processing position with for-
mation of a castellate SHS in the set version of com-
bination of the used sections and the set version of the
degree of their fixed displacements, including its verti-
cal position".

The technical solution for SHS, each of the signs of
which accepts various values from a certain area, is pre-
sented in a formula of extremely compressed verbal
form of the model of the combinatory analysis — "with
formation of a castellate SHS in the set version of com-
bination of the used sections and the set version of the
degree of their fixed displacements”. This is the model
of SHS construction and receiving of the required SHS
version.

In general, the variability of the design solutions of
SHS, which are applied in the working space of the op-
erating magnetron installation, ensure cumulative ac-
tion of nine signs:

— Number of SHS sections (set of C = {c|, ¢,
c3, C4}),

— Versions of combinations of the used SHS sec-
tions. An alternative number of the possible states of the
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sign "Versions of combinations of the sections used in
the technological adjustment” is set below by boolean:

T(C) = {{cl}) {CZ}’ {C3}, {04}: {cla C2}, {cls C3}, {cl’ C4},
{cy, 3}, ey, ¢4}, {3, 4, {cq, €, 3}, {cq, €, ¢4y
{c1, €3, ¢4}, {0y, €3, ¢4}, {eq, €, €3, C4}}

— Types of installation displacements of the SHS
sections;

— Types of installation displacements of SHS;

— Number of the dimensions of the fixed rotary dis-
placements of the sections in relation to the horizontal
axis ranging from the horizontal position to the vertical
one — Wy (¢) during its opening;

— number of the dimensions of the fixed forward
displacements of the sections (advancement and re-
turn) in relation to the vertical axis — Y;

— number of the dimensions of the fixed rotary dis-
placements of SHS in relation to the vertical axis during
positioning of the sections (substrates) in relation to the
target — Wy((p);

— A possibility of the reciprocating displacements of
SHS from the expectation position into the processing
position in the folded state. It is not only an additional
possibility for positioning of the substrates in the hori-
zontal position, but also an additional degree of dis-
placement of SHS to the working position;

— Number of the modules of the substrate holder.

Designs and operation of the castellate
substrate holders

The castellate substrate holder continues the series
of the modular substrate holders equipped with SHS
with dynamic properties, see [12—14].

Below we present two versions of the designs of a
castellate substrate holder: a one-cyclic and a two-cy-
clic versions, incorporating one module each.

In the castellate one-cyclic substrate holder the SHS
frame bearing is fixed with a possibility of a cycle of ro-
tary displacements of it in relation to the vertical axis in
the position of processing, and is supplied with a con-
trolled drive for the rotary displacements.

In the castellate two-cyclic substrate holder the
frame bearing SHS is fixed so that it allows a cycle of
rotary displacements in the position of processing and
a cycle of forward displacements in relation to the ver-
tical axis — a rise from the expectation position into the
position of processing and return to the expectation po-
sition, and it is supplied with, respectively, two con-
trolled drives — for the rotary displacements and for the
forward displacements.

As examples, different versions of SHS are used in
the substrate holders:

— Versions of the use of the disk and square SHS are
shown in the one-cyclic substrate holder;

— In the two-cyclic substrate holder SHS is made in
the form of a square.




The design of a castellate one-cyclic substrate holder
is shown in fig. 1—3.

Substrate holder / includes a rotating around the
vertical axis frame 2, on which section SHS 3 is mount-
ed with the controlled independent drives of displace-
ments & and autonomous switches of displacements of
sections 4 and also the turn drive of the frame.

SHS in the folded state is a disk with four sections
and is fixed on a frame with a possibility of opening and
folding in the processing position and it can also stay
folded in the expectation position.

Each section is established on guides 5 of coulisse 6
with a possibility of a forward movement along the
guides of the coulisse and for this purpose it is supplied
with a controlled autonomous drive for displacements
and an autonomous switch for displacements. For re-
striction of the forward movement of the section the
stop members are envisaged.

The coulisses of the sections are placed in the frame
with a possibility of an autonomous turn around the
horizontal motionless axes 7 ranging from the horizon-
tal position of the coulisse up to the vertical one. The
turn of each coulisse including the section placed on it
is also limited by the stop members.

Case 9 of the autonomous drive for movement of
each SHS section (see fig. 1 and fig. 2) is pivotally fixed
in the frame. Electric motor /0 is placed on the case.
Cogwheel 12is installed in the case with a possibility of
rotation in the bearing /7 and it has a threaded hole
with the running screw /3 in it. On the shaft of the elec-
tric motor, gear wheel /4 is installed in engagement
with a cogwheel. The end of the running screw is piv-
otally connected with the section.

For a possibility of positioning of the sections in re-
lation to the vector of the flow of the sputtered material,
the design of the castellate substrate holder envisages a
turn drive for the frame equipped with the angular turn
sensor and the dwell sensor. The turn drive can work
both in the specified mode of the installation displace-
ments of the sections, and in the mode of a continuous
rotation of the frame in relation to the vertical axis of
the substrate holder.

The autonomous switch /5 for displacements of
SHS section of the substrate holder is shown in fig. 3 on
the example of a square SHS.

The switch is made in the form of the roller /6 es-
tablished with the guaranteed gap in groove /7 of the
coulisse with a possibility of entering holes /8 and /9in
the extreme (boundary the turn range) positions of the
section: in the vertical position — hole /9 made in the
coulisse axis. In the horizontal or intermediate posi-
tion — hole /§ made in the section.

Control of operation of the castellate substrate hold-
er is implemented by the control system of the magn-
etron installation. In the position of expectation, the
sections of the substrate holder with the substrates

placed and fixed on them, are in the horizontal position
(see fig. 3, a).

For opening of SHS section by a signal of the con-
trol system the electric motor of the autonomous drive
for movement of the section turns on, at that, rotation
of the shaft is transferred to a cogwheel by means of the
gear wheel fixed on it. As a result, the running screw
moves up from the case of the drive for opening of SHS.
In this position of the section the roller of the switch is
in the hole of the section and blocks its forward move-
ment in relation to the coulisse, therefore, during the
forward movement of the running screw the coulisse
only turns around the axis (see fig. 3, b).

When the coulisse reaches the vertical position (see
fig. 3, ¢) — up to the contact with the stop member, its
further turn becomes impossible. At that, the groove
with the roller of the switch, which is in it, appears op-
posite to the hole made in the axis. As a result, the fur-
ther movement of the running screw upwards leads to
a displacement of the section up along the coulisse
guides. The place of the hole is taken by the flat surface
of the section which is pushing the roller out. As a result,
the roller of the switch moves into the coulisse groove
from the section hole to the axis hole (see fig. 3, d).
Thus, there is an automatic switching of the movement
of the section. The turn of the coulisse in relation to the
axis is blocked, but the forward movement of the sec-
tion in the coulisse guides becomes possible. At the fur-
ther advancement upwards of the running screw the
section continues its movement in the coulisse guides
up to the stop member in the top position and takes the
vertical position in the processing position. At that,
opening of SHS section of the substrate holder comes
to the end.

In relation to the target, the section is positioned
due to a turn of the frame around its vertical axis to any
set angular movement. The most demanded positions
are: position I — angular movement of the section in
relation to the target equal to 0°; position II — 90°; po-
sition III — 180°; position IV — 270°. The dwell time
of the section in each position is defined by the tech-
nological indications and is controlled by the sensor.

For folding of SHS section by a signal of the control
system the electric motor of the autonomous drive for
movement of section turns on. At that, the rotation of
the shaft of the electric motor is transferred to the cog-
wheel through the gear wheel. Due to the reverse of the
electric motor the cogwheel rotates in the opposite di-
rection and the running screw moves down in the case
of the drive for movement of SHS section. In this sit-
uation a turn of the coulisse in relation to the axis is
blocked by the switch roller, which is in the axis hole
(see fig. 3, d) owing to what the down movement of the
running screw leads to down displacement of the sec-
tion in the coulisse guides. During movement of the
section to the lower position up to the stop member, its
further displacement in the coulisse guides becomes
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impossible (see fig. 3, c¢). At that, the groove with the
roller of the switch in it appears opposite to the hole
made in the section. As a result, the further movement
of the running screw down leads to a turn of the coulisse
around its axis. At that, the roller of the switch moves
to the coulisse groove from the axis hole to the section
hole, i. e. there is reverse automatic switching of the
displacement, therefore the forward movement of the
section in the guides of the coulisse is blocked, but a
turn of the coulisse in relation to the axis becomes pos-
sible. At the further movement down of the running
screw the coulisse will continue to turn around the axis
to the horizontal position up to the stop (see fig. 3, a),
inside the frame — in one horizontal plane with the
other sections, up to a contact of their tops and the ad-
joining sides. When all the sections fold, a dense stack-
ing of SHS is formed.

The control of the opening and the convolution of
SHS is based on the general principle which boils down
to the fact that a simultaneous movement of the section
along the guides of the coulisse and a turn of the
coulisse around its axis are impossible. Either the
coulisse can turn around its axis, but, at that, the sec-
tion in the extreme — horizontal position is blocked
from the forward movement in the coulisse guides. Or
the section can move forward along the coulisse guides,
but, at that, the coulisse in the vertical position is
blocked from a turn around its axis.

The rotor component of the section displacements
ensures completely placement of various vertical sur-
faces of the substrates by the normal to the vector of the
flow of the sputtered material.

Change of the vector of inclination of the section
ensures placement by the normal to the vector of the
flow of the sputtered material of various substrates,
close to the horizontal arrangement of the surfaces.

The castellate two-cyclic substrate holder [ is pre-
sented in fig. 4.

SHS of the substrate holder is made in the form of
a square, dismembered in sections, by the symmetry ax-
es and mounted on the frame with a possibility of its
opening, folding and preserving in the folded state in
the position for processing, and also staying in the fold-
ed state for the position of expectation. For this pur-
pose, the drive rotary frame is made with a possibility
of forward movement in relation to the vertical axis:
raising of SHS to the processing position from the po-
sition of expectation and its return to the expectation
position.

For the forward displacements of the frame of the
castellate substrate holder in relation to the vertical ax-
is, its designs envisages drive 21.

The drive includes the lifting plate 22 bearing the
substrate holder fixed with a possibility of rising and
lowering by vertical guides 23. The guides are mounted
on the basis 24. Running screws 25 are rigidly fixed on
the lifting plate. In the basis nuts 26 are installed with
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a possibility of rotation in relation to the vertical axes
and forming screw-gears with the screws. On the exter-
nal surface of the nuts asterisks 27 are made. By means
of chain 2&8they are connected to asterisk 29 established
on the shaft 30 of the electric motor 3/ into a chain
gear. The electric motor is rigidly fixed on the basis
mounted in case 32 of the substrate holder.

The rest of the design of the two-cyclic castellate
substrate holder is similar to the design of a one-cyclic
castellate substrate holder.

For operation of the castellate two-cyclic substrate
holder, a sequence of the opened and folded SHS is set.
If the technology for deposition of coatings envisages as
the first step coming to the position of processing of the
folded SHS, then at the command of the control sys-
tem, first, the cycle of raising of the frame is carried out.
When the electric motor is turned on by means of the
asterisk established on the shaft and the chain, the
movement is transferred to the asterisks made on the
external surfaces of the nuts of the screw gears. At that,
the nuts get the unidirectional rotation, and the running
screws move up, putting the plate forward along the
guides. As a result, SHS in the folded state rises from
the expectation position to the processing position. Af-
ter that the cycle of turning of the frame is carried out:
the turn drive for positioning of the sections in relation
to MSS turns on. The cycle ensures completely place-
ment of the horizontal surfaces of the substrates, for ex-
ample, their lower, top and lateral sides by the normal
to the vector of the flow of the sputtered material,
which creates certain advantages in comparison with a
one-cyclic substrate holder. After completion of the
deposition of a coating to the folded SHS the command
is sent for its opening (a detailed description of the op-
eration of the actuators is given above, see one-cyclic
substrate holder). The motor reverse returns SHS from
the processing position to the expectation position.

Conclusion

A set of the distinctive signs of the castellate sub-
strate holder, in general, ensures an increase of the ef-
ficiency of the technological environment of the mag-
netron installations. This is a promising kind of the
modular designs of the substrate holders having a com-
plex of properties: essential expansion of the versions of
placement of the surfaces of the substrates in the posi-
tions, optimal for formation of a qualitative coating, a
route flexibility, an operational flexibility, and a possi-
bility of an effective convolution of SHS.

Most effective is the use of the one-cyclic and two-
cyclic castellate substrate holders in the technological
environment of the magnetron sputtering developed on
the basis of two or four MSS for receiving various ver-
sions of coatings on the substrates in the conditions of
one loading of the vacuum chamber. A combination of
the new and basic signs, specific for the designs of the




modular substrate holders, provides higher functional-
ity to the castellate substrate holders in comparison
with earlier patented designs of them.

By the efficiency of the compaction schemes of SHS
the castellate substrate holders surpass significantly the
earlier patented designs of the modular substrate hold-
ers. Effectiveness of the scheme of convolution of SHS
offered in the solution is defined in the first approxi-
mation by the relation of the height of castellate SHS
in the processing position (the section diagonal size) to
the height of the folded SHS in the expectation position
(thickness of the basic surface of SHS). The opportu-
nities of the effective compaction of SHS are used in
many ways. In a two-cyclic substrate holder a folded
SHS is used as the most effective means for the optimal
placement of the substrates in the processing position
for deposition of coatings on their lower and top sides.
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IIpoananusuposan ypogeHsb pazeumus d1eMeHmMHOlU 0a3bl 2AeKMPOHHOU MEXHUKU HA OCHOGe NOAYNPOBOOHUKOBLIX U 80NHOGE-
Oyuux 31eKmpooUHAMUYeCKUX CIMPYKmyp 8 Kopomkogoanogou yacmu CBY duanazona. Paccmompenvt 0cobeHHOCMU KOHCMPYK -
Yutl omaoenvHbIX KOMHOHEHMO8 U YCMPOUcme, maKux KaK eeHepamopbl, YCUAumenu, YMHONCUMenu 4acmomsl, Usmepument Mo~
HOCMU, AUHUU nepeoauu u ycmpoucmea 04 MOOYAAYUU INCKMPOMACHUMHBIX 80AH C UCNOAb308AHUEM p—i—n-cmpykmyp. Onu-
CaHbl npaKmuyecKue npuUMeHeHus: KOMNOHeHMOos8 U ycmpoicme 8 Kopomiosoanosou yacmu CBY duanasona.

Karoueewie caoea: mepacepyosbiii OuanasoH, eeHepamopbl, 0emeKmopsl, ycuiumenu, p—i—n-mooyasmopsl, AUHUU nepedayll,
paduosuderue, ymHoncumeau yacmomst, mooyau CBY, PJIC, uckyccmeenHbill uHmeniexm

Ynpasasiomue ycTpoiicTBa — MOILYIATOPbI

[ns ynpaBieHUss ypOBHEM MOULIHOCTA W MOMYJISI-
1y CBY curHajioB ucnonb3yloT p—i—H-IUO0IBI C CO-
CpeOTOYeHHBIMU U paclipeieJIEeHHbBIMU MapaMeTpaMM.
M3BecTHBIE OBICTPOAEHCTBYIOIINE AMILIUTYIHbIE MO-
JyJIITOPBI, CIOCOOHBIE U3MEHSITh YPOBHU MOILIHOCTH 3a
€IMHULIBI HAHOCEKYHI, BBITIOJIHSIOT C UCITOJIb30BaHUEM
Pp—Ii—n-IUOJ0B C COCPEIOTOUCHHBIMU MapaMeTpaMU U
HMMEIOIIMMU TOMIUHY i-o0sactu 3...10 MxMm [1, 2].

MonynsaTopbl MHBEPCHOTO THUIIA TakXKe oOecIevu-
BalOT BpeMSI TIEPEKIIOUCHUS B AWHUIIBI HAHOCEKYH]I.
B kauecTBe mepekitoyaTeabHbIX 3JEMEHTOB MCIOJb-
30BaHBl p—Ii—N-CTPYKTYPHI, BBHITIOJTHEHHBIE IO Me3a-
TEXHOJIOTUM U CMOHTHPOBAHHbIE B PyOMHOBBIE Yaco-
BbIE KAMHM, METaJUIM3UPOBaHHbIE 10 TopuaM [3].

KopnycupoBaHue AMOAOB TOBBIIIAET AKCIUTyaTa-
LIMOHHBIE XapaKTePUCTUKU 3JIEKTPOHHBIX KOMIIOHEH-
TOB, HO OTPAaHUYMBAET UX IPUMEHEHHUE B KOPOTKOBOJI-
HoBoli yactu CBY nuana3oHa BBUAY €eMKOCTH KOPIMY-
ca, IIIYHTUpYIollIeil p—i—n-cTpyKTypy. B To Xe Bpemsi
B paccMaTpMBaeMOM AHMAIla30He pa3Mephbl IUOTHBIX
KOPITYCOB CTAHOBSITCSI COU3MEPUMBIMU C JUIMHON BOJI-
HBI, U TIOSIBJISIETCS] BO3MOKHOCTD YJIYUILIEHUS Xapak-
TEpPUCTUK 3a CUYeT TpaHchopMallMd BXOAHOTO UMIIe-
JlaHca K KJIeMMaM JUOIHOM CTPYKTYphI Yepe3 TU3JIeK-
TPUUECKYIO CTEHKY Kopryca. B aTom ciyyae nuoaHbIit
KOpIyc lieJiecoo0pa3Ho paccMaTpuBaTh B BUIAE paau-
aJIbHOM JIMHUMU C MTOMEILLIEHHON B LIEHTPE MOJIYIIPOBO/I-
HUKOBOM CTPYKTypoii [4].
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ITpu 3agaHHBIX TapaMeTpax AUOAHOU CTPYKTYPHI U
WHAYKTHUBHOCTU €€ MOHTaXXa BHIOOPOM pa3MepoB pa-
JUAJTbHOU JIMHUU JTOCTUTAETCS IIMPOKOMOJIOCHOE CO-
[JIACOBAaHMWE MO/ C BOJIHOBOAHOU JTMHUEN TIepeaayn
(Af/f = 30 %) B pexxuMme TiponyckKaHus. B mmamazoHe
yactoT 120...180 I'Tu MomynsitTopbl MHBEPCHOTO THMA
obOecreunBaroT notepu mnpomnyckanus 1,0...1,5 n1b u
norepu B pexkxume 3arnupanus 25...30 n1b npu 3Haue-
HUSX MTapaMETPOB KPEMHUEBBIX p—Ii—HN-TUOJ0B, YKa-
3aHHBIX B TaOJIUIIE.

Ha puc. 1 npeacraBieHa KOHCTPYKIIMS BBIK/IIOYATE-
JISL C IPOIOJAbHO-PACIpPeaeIeHHOM CIOUCTON p—i—n-
CTPYKTYpOW, TIpeHa3HaYeHHas I paboThl B Avana-
3oHe yactoT 200...400 I'Tw.

DKCNepuMeHTalbHbIE YaCTOTHbBIE XapaKTePUCTUKU
TaKOIo BBIKJIIOYATEJIsI, MPUBEACHHBIE Ha pUC. 2, yKa-
3bIBalOT Ha BO3MOXHOCTb CO3[aHUS IIMPOKOITOIOC-
HBIX YCTPOMCTB 1151 yrpaBiaeHuss ypoBHeM CBY mor-
HOCTU B CyOMWJIMMETPOBOM Avamna3oHe JJIMH BOJIH.
OnHako Mpu 3TOM HEOOXOAMMO YYUTHIBATh BO3pacTa-
HUE MOTEPb B MPOAOJbHO-pACIIPEAEACHHbIX p—Ii—hn-
CTPYKTYypax C yBeJIMYEHUEM pabOYeid YaCTOThI.

B 06ecToueHHOM COCTOSIHUM OMOJa MOTEePU IIPO-
MyCKaHUs B yCTPOMCTBE 3aBUCAT, B OCHOBHOM, OT MOC-
TOSIHHOW 3aTyXaHUsI B TIOJYIIPOBOJHUKOBOU CTPYKTY-
pe, 3HAaYeHUEe KOTOPOU OIpeaessieTcss MorjaoleHueM
CBY sHepruu cBOGOAHBIMU HOCUTEISIMU @y, TUDJIEK-
TPUYECKUMU MOTEPSIMU B MOJYINPOBOAHUKE TPU OT-
CYTCTBMM HOCWTEJIEN d, M KOHTAKTHBIMU ITOTEPAMMU Q.




Cymmbl g, + a, A1 BBICOKOOMHOTO KPEMHMS C
MIPOBOAMMOCTBIO OKOJIO 10* Om '+ em™! cocrasnsior
0,3...0,4 1b/cM B CAaHTUMETPOBOM U MWLUIMMETPOBOM
nuanazoHax. OCHOBHOI BKJIaJ B 3HaUY€HWE MOCTOSH-
HO 3aTyXaHMs BHOCAT KOHTAKTHbIE NOTEPU @, , KOTO-
pble YBEJIMYUBAIOTCS ¢ YMEHbIIEHUEM JIMHBI BOJHBI.
st p—i—n-CTpYKTYyp ¢ TOJIIUHON i-o61actu 0,4 Mm
U TOJIIMHOM JiernpoBaHHbIX cjioeB 0,7...1,0 MKM ¢ mpo-
BomumocTbio 5+ 102 Om™ ! - em™! KonTakTHBIE noTepu
coctapisoT 1 1b/cm Ha umHE BoTHBI 8 MM 1 14 1b/cM
Ha JJIMHE BOJHBI 1 MM. B cyOMUIIMMETpOBOM auana-
30HE UIl YMEHBIIEHUS @, HEOOXOAMMO yMEHbLIATDH
TOJIILIMHY JIETUPOBAHHBIX CJIOEB W YBEJIMYMBATH MX
IIPOBOANMOCTH 0 10*...10° Om - em L.

IIpononbHO-pactipenesieHHblE p—i—H-CTPYKTYPHI
C MaJIoil TOMIIMHON JIEFMPOBAHHBIX CJ0€B U OOJIbILIUM
3HAYEHHEM MTPOBOAUMOCTH MMEIOT OTHOCUTEBHO Ma-
JIoe 3HaUeHHe MOCTOSIHHOM 3aTyXaHUsI B MUJIJTUMETPO-
BOM JMAaIla30He. YMEHBIINUTD MTOCTOSTHHYIO 3aTyXaHMS
MOXHO TakXe MpPM YaCTUYHOM 3alOJHEHUU BOJHO-
BojHoro tpakra. IIIupokornonocHass KOMIIeHCALUsT OT-
paxkeHUIl Ha BXOJE M BbIXOJAE YCTPOMCTBA C MOJYNpPO-
BOJHUKOBOM CTPYKTYPOM, PACIOJIOXEHHOW B BOJHO-
BOIHOM TPaKTe, MOXET ObITh TOCTUTHYTA C TIOMOIIBIO
JUBJIEKTPUIECKUX BCTABOK WJM TpaHC(hOpMaTopoB
BOJTHOBOIHOTO THIIA.

PaccmoTpuM noaynpoBOAHUKOBYIO p—i—H-CTPYK-
TYpy TNOIEPEYHO-PACTIPEASTICHHOTO THUIIA, MPEICTaB-
JIEHHYIO Ha puc. 3.

OTa CTPYKTypa IMpeacTaBisieT cCoOO0M TOHKYIO ILIac-
TUHY BBICOKOOMHOI'O KPEMHMS, YCTAHOBJIEHHYIO TO-
nepek BojHOBojAa (JiyueBozaa). ITo cropoHaM IMacTUHBI
OPTOTOHAJIBHO 3JIEKTPUUECKOMY IOJIO DJIEKTPOMArHUT-
HOI BOJIHBI C(DOPMUPOBAHBI TUHENHbBIE TIEPEXOIbl, 00-
pasylolire KOHTaKTbl, KOTOPbIe MHKEKTUPYIOT IbIPKU
C OIHO¥M CTOPOHBI U 3JIEKTPOHBI C APYrO CTOPOHBI B

ITapaMeTpbl KpeMHHEBBIX p—i—n-TUOI0B
ISl MOAYJIITOPOB MHBEPCHOTO THIA
Parameters of the silicon p—i—n-diodes
for the modulators of the inverse type

HaumeHoBaHMe napamerpa O6o3HA- 3HaueHue
M eIUHULIA U3MEPEHUSI rapamerpa
Parameters D HeH1e Values of the
: esignation

and units of measurement parameters
EMKOCTh TMOAHOI cTPYyKTYphI, TdD C; 0,04...0,08
Capacity of the diode structure, pF
ComnpoTusieHue norepb, Om R 1...2
Resistance of losses, Q
NuddepeHimanibHOe CONIPOTUBIIE- Ry 3
Hue, OMm
Differential resistance, Q
MHIyKTUBHOCTb MOHTaXa L 0,2...0,25
CTPYKTYpHI, H[ H
Inductance of the assemblage
structure, nH
BHewHuit tnaMeTp KopIryca, MM D 0,4
External diameter of the package, mm
BHyTpeHHU#T 1uameTp Kopryca, MM d 0,2
Internal diameter of the package, mm
BricoTta Kopmyca, MM h 0,15
Height of the package, mm

(\\\{

Puc. 1. KoHCTPYKuHMs BBIKJIIOYATENS C MPOAOJIBHO-pacHpeaeIeHHOi
CJIONCTO# p—i—n-CTPYKTYpOii: / — BorHOBOA ceueHreM 0,35 X 0,7 Mm;
2 — nepexon ¢ ceueHus 0,35 X 0,7 Ha 0,8 X 0,7 Mm; 3 — p—i—n-CTpyK-
Typa (TomuuHa i-obmactu 150 MKM); 4 — TOHKasl MeTaJuTMJecKast
neperopojaka

Fig. 1. A switch design with the longitudinally distributed layer p—i—n-
structure: 1 — waveguide with section of 0.35 % 0.7 mm; 2 — transition
from section 0.35 X 0.7 to section 0.8 X 0.7 mm; 3 — p—i—n-structure
(thickness of the i-area is 150 um); 4 — thin metal partition

NN
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Puc. 2. YacToTHble XapaKTepUCTHKN NMOTepb 3anupanus (I) u npo-
nyckanus (2) BBIKJIIOYATENSA C MPOIOJIbHO-pacHpeneeH ol p—i—n-
CTPYKTYPO#

Fig. 2. Frequency characteristics of the losses of locking (1) and transmission
(2) of the switch with the longitudinally distributed p—i—n-structure

Puc. 3. KoHCTpyKiMs BBIKJIIOYATEISA C MONEPEYHO-pacnpeaesieHHOi
CJIOMCTOH p—i—n-CTPYKTYpOii: / — KpeMHuUeBasl IJacTuHa; 2 —
BOJIHOBOI; 3 — MHXEKTUpYyeMasi CTPYyKTypa

Fig. 3. Design of a switch with the cross distributed layer p—i—n-
structure: 1 — silicon plate; 2 — waveguide; 3 — injected structure

00beM TuIacTMHBI. MI3MeHeHue MpPOBOAMMOCTH TOJIY-
MPOBOJHUKOBOIO MaTepuasa OCYILECTBISIETCS Moaavyeit
MPSIMOTO CMENICHUST HA MHXKEKTUPYIOIIUE KOHTAKTHI [2].
HeobxoauMo 3aMeTHTh, YTO 3JIEKTPOHHO-IBIPOY-
Hag 1mja3Ma B 00beMe ITOJIYIIPOBOIHMKA 00ecIIeunBa-
eT TpedyeMoe 3HaueHue pa3Bsizku (0osee 20 1b) nuib
B TOM CJly4yae, €CJIM OHa PABHOMEPHO paclpe/icyieHa B
00beMe MOJyITPOBOAHUKOBOM CTPYKTYpPhI, TOMELIEH-
HOH B BOJIHOBOJ. DTOTO MOXHO JOCTHUYb, KOTJIa pac-
CTOSTHME MEXAYy MEeTaUTMYECKUMU TOJOCKaMU KOH-
TaKTHOM CTPYKTYpPHI TIPUMEPHO PaBHO YIBOCHHOM
JIIHe aMOuIoisipHoi nuddy3un, a nageHue Hampsi-
JK€HUS BIOJb KOHTAKTHBIX MTOJIOCOK HEBEJMKO.
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Taxke cienyeT oOpaTUTh BHUMaHKE HA TO, UYTO U3-
MEHEHUE OTHOCUTEJIBHOIO MOJIOKEHUSI KOHTAKTHBIX
MOJIOCOK Ha MPOTUBOIOJOXHBIX CTOPOHAX KpEeMHUE-
BOM IJIACTUHBI HE YBEJIMYMBAET BHOCUMBIE MOTEPU
Mpu yciaoBuu nt/d > 2,2, tae ¢ — TOJIIMHA KpeMHUe-
BOI IJIACTUHBI, d — PacCTOSHUE MEXIY LIEHTPaMU Me-
TaUIMYeCKUX TMosiocok. Eciau 3HayeHue 3TOro OTHO-
IIEHUST BbIOpAHO TPaBUJIBHO, MOXHO MCIIOJIb30BaTh
METALINYECKUE KOHTAKTBI, TOKPBIBAIOLINE OOJIBIIYIO
4acTh MOBEPXHOCTU KPEMHUEBOM MJIACTUHBI. DTO M0O3-
BOJISIET TIOJYYUTh 00Jiee OJHOPOAHYIO 110 00beMy TIa3-
MY U YBEJUUMUThb MPOBOIAMMOCTb p—i—H-CTPYKTYPbI B
pexume otpaxkeHuss CBY moirHocTH.

YcrpoiicTBa ¢ TpUMEHEHUEM TI0TIepeYHO-pacipee-
JIEHHBIX MOJYITPOBOIHUKOBBIX p—i—H-CTPYKTYP TPEOY-
0T JOCTaTOYHO OOJIBILIMX TOKOB YIIPaBJAEHMS (€AMHUIIbI
amIiep) M oOecreuMBaloT ObICTPOJCHCTBUE HA YPOBHE
eAVHUIL MUKPOCEeKYHI. JIydllnMX pe3yJbTaTOB MOXHO
JIOCTUTHYTb TPU MCIIOJb30BAaHUM TMOBEPXHOCTHO-OPU-
€HTUPOBAHHBIX p—i—N-CTPYKTYp, CHOPMUPOBAHHBIX
oIpeaeJeHHBIM 00pa3oM Ha OJHOUW M3 MOBEPXHOCTEH
MOJIYTIPOBOIHMKOBOI TJIACTUHBI, MMEIOLIEH BbICOKOE
yaenabHoe corpoTusieHue (p>10 000 Om * cm). B Takoit
KOHCTPYKIIMY YBEJIMYEHUE TMPOBOIAUMOCTHU IPOUCXO-
JIIUT HEe MO0 BCeMy 00beEMY KPEMHUEBON MJIACTUHBI, MO~
MEIIEHHOW B BOJHOBOI, a B O0JIACTSX, MapaJlJIETbHBIX
BEKTOPY 3JIEKTPUYECKOTO I0JIsI C OpUEHTaluen Hy;.

Ilpu pa3paboTKke BIEKTPUUYECKU  YIIPaBIsSIeMOit

KPEMHHEBOM IUIACTMHBI, MOMEILICHHOW B BOJIHOBO/I,

Puc. 4. KoncTpyKuusi moBepXHOCTHO-OPHEHTHPOBAHHOTO JHOAA
Fig. 4. Design of the surface-oriented diode

Puc. 5. KoHCTpYKIMS BBIKJIIOYATEISI BOJTHOBOJAHOIO THIA, COAEPKA-
1Ier0 MOBEPXHOCTHO-OPHEHTHPOBAHHBIE p—i—n-CTPYKTYPbl: a4 —
cXeMa COeOMHEHUs TOBEPXHOCTHO-OPMEHTUPOBAHHBIX p—i—H-
CTPYKTYp; b — BHELTHWIA BUJI TOBEPXHOCTH KPEMHUEBOI CTPYKTYPHI,
YCTaHOBJICHHO B BOJTHOBOJIE

Fig. 5. Design of the switch of the waveguide type containing surface-
oriented p—i—n-structures: a — circuit of connection of the surface-
oriented p—i—n-structures; b — view of the surface of the silicon
structure fixed in the waveguide
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Puc. 6. YacToTHbie 3aBUCHMOCTH NOTEPD nponyckanus (1) u norepb
3anupanus (2) pemeTKH NOBEPXHOCTHO-OPUEHTHPOBAHHBIX p—Ii—n-
CTPYKTYP

Fig. 6. Frequency dependences of the transmission losses (1) and locking
losses (2) of the lattice of the surface-oriented p—i—n-structures

VUUTHIBAIA 3JIEKTPOPU3MUECKIE TTapaMeTpbl M3BECT-
HBIX [TOBEPXHOCTHO-OPUEHTUPOBAHHBIX TMOIOB. B mpo-
Iecce ee M3rOTOBJICHNUS OBITM MCITOJIE30BaHBI CTaHIAp-
THBIE TEXHOJOIMYeckue nmpuembl. CHavaga B KPEeMHUM
BBITPABIMBAJIA KaHAIBI CMEIICHUSI, KOTOPhIE MMEH
"KapMaHbl" — ydacTKu riyouHoii 20...30 MKM B obnac-
TH JIETMPOBAHMSI IPUMECSIMI 1™ - 1 p ' -Tima (puc. 4).

PacctosiHue Mexny KapmaHaMmu / BBIOMpaIU U3 yC-
nosust [ < A/(2./e), mupuHa i-o61actd w ~ 30 MKM.
ITpu cooTHoIIEHUU pa3MepoB w/d ~ 1 1 rIyOuHe Kap-
MaHOB d = 15 MKM COIPOTHBJIEHHE MOJTYITPOBOIHUKO-
BOro auoza cocrasisiio 2,5...3,0 OM nipu Toke 50 MA.

IMonynpoBogHMKOBasi KpeMHUeBas MJacTUHA pas-
Mepamu 0,35 X 0,7 MM COAEPXUT NEBSITh KaHaOB
CMEILIEHUsI, OPTOTOHAJBHBIX 3JEKTPUUECKOMY TOJIIO
3JICKTPOMATHUTHOM BOJIHBI, PACIIPOCTPAHSIONIEICS 110
BosiHOBOAY ceueHueM 0,35 X 0,7 mm. OO11asa TOMIIM-
Ha IJIaCTUHBI paBHa MpuMepHO 150 MKM, YTO COCTaB-
JISIeT TIOJIOBMHY JUTMHBI BOJTHBI B KPEMHUHU Ha YacTOTE
300 I'T'u.

Ha puc. 5 npencrasiaeHbl obpasibl KpEeMHUEBOM
TJIACTUHBI, COAepKallleil MOBEPXHOCTHO-OPHEHTHUPO-
BaHHBIC p—i—N-CTPYKTYPHI; a Ha pUC. 6 — YaCTOTHBIC
XapaKTepUCTUKU €€ TMOTeph MPOIYCKaHWSA U 3aITrpa-
Hug. Ilorepu 3anupanus Gonee 20 nb mocrurarTcs
npu Toke yrpapaeHusi 0,5 A. beicTponeiicTBue cocTaB-
nster okojio 500 Hce. PacmmpeHust paboueil IOJoChI
YacCTOT MOXHO JOOMThCSI YCTAHOBKOM AU3JIEKTpUYEC-
KMX BCTABOK C 00EMX CTOPOH KPEMHHMEBOTO OKHA.

IIpakTHyecKne MpUMEHEHHs TePArepioBOro AMANa3oHa

DTa TemMa 0YeHb NOAPOOHO OCBEIlEHA B Pa3IMYHBIX
0030pax, ony0IMKOBaHHBIX B TtocaeaHue 20 jeT (cM.,
Harnpumep, [5—7] u uuTUpyemMylo B 3TUX paboTax Ju-
TepaTypy). [loaToMy 3mech KpaTko MepeyrcaiuM ToJb-
KO T€ BO3MOXXHEIC TIPUMEHEHUS TepareplioBBIX BOJTH U
YCTPOMCTB, pabOTAIOIINUX HA TepareploBbIX YacTOTax,
KOTOpbIE CUMTAEM HauboJiee UHTEPECHBIMU.

Bo-TrepBBIX, — 3TO CHCTeMHBI CBsI3U. Kpome BBICO-
KO MHMOPMALIMOHHON €MKOCT! CUTHAJIOB, ITO3BOJISI-
Iolllell mepenaBaTh OOJbIIME MOTOKM WH(OpMaluuu B




eIMHUILY BpeMEeHH, CUCTEMBI TEPareplioBOTo Arara3oHa
UMEIOT PSiZl IOTIOJIHUTEbHBIX MPEUMYIIECTB: BHICOKYIO
3aIMTY OT ITOMeX M KOH(UIECHIINATLHOCTD TiepeaaBac-
Moii uHbopMaluu. BeaenctBre Manoit JIMHBL BOJHBI
BO3MOXHO MPUMEHEHWE aHTeHH C Y3KOI IuarpaMMoi
HampaBJIeHHOCTH, YTO MO3BOJISIET CO3AaTh MPOCTPAHC-
TBEHHOE pa3HeCeHUe PaguOJUHUI U OOECeuYuTh OT-
CYTCTBHE B3aMMHBIX MHTeP(MEPEHIIMOHHBIX TOMEX.

Bo-BTOpHIX, B MOC/IeAHUE TOObI AaKTUBHO BEIYTCS
paboThl MO CO3JaHUIO0 COBPEMEHHOUN paauooKaliu-
OHHOI armapaTypbl, CUCTEM BBICOKOTOYHOTO TaKTH-
YECKOT'0 OpYKHsl, CUCTEM YIIpaBJeHUsT OeCITUIOTHBIMU
JIeTaTeJIbHBIMU alllapaTaMM, CEHCOPHBIX CHCTEM M
koMnakTHbIX PJIC GnukHero paguyca IeiicTBUS 11IU-
pokoro HazHayeHus [§—10]. [TpumeHeHUe yKa3aHHBIX
CHCTEM B KOPOTKOBOJHOBOI YacCTU MUJUIMMETPOBOTO
Jrara3oHa Mo3BOJISIET COUYeTaTh XapaKTepHbIE JIJIsI TeX-
Huku CBY BbICOKYIO pa3peliamllyo ClnocoOHOCTh MO
4acToTe U OBICTPYIO MEePEeCTPOMKY YaCTOThI C BHICOKUM
MMPOCTPAHCTBEHHBIM pa3pelicHrueM, TOCTUTaeMbIM C
MOMOIIbIO CBOMCTBEHHBIX 3TOMY JMaIa3oHy JJIMH BOJIH
anepTyp, TUIMMMYHBIX U1l ONITUYECKON TEXHUKU.

AKTHUBHO BeayTcs pabOThl MO CO3JaHUIO T'OJIOBOK
CaMOHaBeACHUSI U AaTYUKOB C aBTOHOMHBIM HaBeJe-
HUEM Ha Ha3eMHBIe OOBEKTHI (1IeJI) M COOTBETCTBYIO-
X PaaAOYaCTOTHBIX KOMITOHEHTOB IS UX peajn3a-
LIMA B KOPOTKOBOJHOBOW 4YacTU MWJIJIUMETPOBOIO
nuana3oHa [11]. I'ooBKu caMoHaBeAeHUSI U JaTYUKU
TeparepuoBoro nuanasoHa (94, 140 u 240 I'T'u) ume-
10T BaXXHBIE MPENMYIIECTBA TePell COOTBETCTBYIOIIM-
MM YCTPOMCTBAMM ONTUYECKOTO W JJIMHHOBOJHOBOIO
CBY guama3zonoB. Ha aTom ygacTke cekrpa obecme-
YHBaeTCsl HaWIyyllas BUIAMMOCTb IMOJisi 00s1 Npu Ha-
JIMYUU JbIMa, TIbLIM, TYMaHa U PEAKOTo JIUMCTBEHHOIO
rmokpoBa. KpomMe Toro, mo cpaBHEHUIO C paavoJiOKa-
mMoHHBEIMUM ycTpoiictBamu CBY mguarazoHa rosjaoBKu
caMOHaBeACHUS U TaTYMKU TePareplioBoro Auara3oHa
HUMEIOT 0oJiee BbICOKOE MPOCTPAHCTBEHHOE paspelle-
HHE, MOBBIIIEHHYIO TOYHOCTh COTIPOBOXKICHMS BCIIC -
CTBME MEHbIIIETO BO3NEUCTBUS d(h(PeKTOB MHOTOTyYE-
BOr'0 PacrnpoCTpaHeH!sI U TTOMeX OT Ha3eMHBIX O0BbEK-
TOB, MEHBIIYIO YSI3BUMOCTb K BO3JAEHCTBMIO CPEICTB
Paaro3JIeKTPOHHOTO MOJABJICHUS BCAEACTBUE HUZKOMN
BEPOSITHOCTH TIepexBaTa CUTHAJIOB U BBICOKOI TOMe-
XOYCTONYMBOCTH.

B-TpeTbux, — 310 pagunoBuaeHue. B padote [12]
JaH KpaTKUii 0030p M3BECTHBIX CHCTEM PaIUOBHIE-
HUsI U1 000CHOBaHA MEPCNEKTUBHOCTb UX MOCTPOEHMUS
Ha TIPUHIIMIIAX MYJIbTUCTATUYECKON paarorojorpa-
¢un (MPI') ¢ npuMeHeHMEeM HEMOABUXKHBIX aHTEH-
HbIX peleToK. [IpoaHanin3MpoBaHbl XapaKTepUCTUKHU
9TUX CUCTEM, U OTMEUYEHbI TEXHOJIOTUYECKUE TTPEUMY-
mectBa Meroma MPI', oOycioBiieHHBIE BO3MOXKHOC-
THIO PUMEHEHUSI pa3peKeHHBIX aHTEHHBIX PEIIeTOK C
HeyIpasisieMbIMU 110 (pa3aM aHTEHHBIMU 3JIEMEHTa-
mu. [IpuBenaeHbl XxapakTepHble 11 Metoga MPI pas-
Mepbl M 1Iar ABYXMEPHBIX Pa3pekeHHbIX aHTEHHBIX

peLIeTOK U pe3yabTaThl (POKYCUPOBKHU paguon3o0pa-
JKEHUI B IBYXYACTOTHBIX TUara3oHaX — CaHTUMETPO-
BoM (15 TTu) u cyomuanumerpoBom (350 I'T) mns
MHOI'OTOYEYHOI'o 00BEKTa, PaclojOXEeHHOro Ha pas-
JIMYHBIX PACCTOSTHUSAX OT aHTEHHBIX PEIeTOK.

Haubonee BBICOKOYACTOTHOM U3 U3BECTHBIX aKTUB-
HBIX CHCTEM DPAAUOBUICHUS SIBISIETCS CYOMUIIMMET-
poBas cucrtema, paboratoiias B auanaszoHe 350 I'Ty
Ha pacctosiHuM 10 M [13]. B Heil ucrnosib30BaH KBa3u-
OINITHYECKUI PagnO0OBEKTUB Ha OCHOBE SJUIMIITHYEC-
Koro 3epkana. KoHnyeckoe ckaHMpOBaHUE JIyya OCy-
IIECTBIISIETCS 3a CYET MEXaHMIECKOTO BPAILlEHUS TTOC-
KOTO 3epKasia.

B-ueTBepThiX, — 3TO TOMOrpadus U CUCTEMbI Oe-
30MacHOCTH. JJoCTaTOYHO IMHUPOKKUIT M MHPOPMATUB-
HBIA CIIEKTPAJIbHBIA NUATIA30H JJISI UCCIIETOBAHUS
CBOICTB OOJIBIIOT0 KOJIMYECTBA Pa3IMYHbIX OOBEKTOB
(TBepabie Tesla, XUAKOCTU, OMOJIOTHYECKUE OOBEKThI)
SIBJISIETCSI OCHOBHBIM MPEUMYLIECTBOM TeparepiioBoro
nuamnasoHa [14—17]. B oTiuuyne OoT peHTTeHOBCKOTO,
TeparepioBoe M3jJayyeHue He 00JiagaeT MOHU3UPYIO-
UM cBoiicTBaMu. C €ro MOMOIIBI0 MOXHO CO3/1a-
BaTh 00BbEMHOE H300paxkeHue CTPYKTYp, HampuMep
MSITKUX TKaHEeH, 4ero HeJib3sl clejaTh B PeHTTEHOBC-
KOM auarma3oHe. TeXHMKY TepareploBOro M3IIydeHUs
MOXHO C YCIEXOM MCIIOJIb30BaTh B TeX Clyyasx, rie
HeoOXOIMM HeTPepBIBHBIIT MOHUTOPUHT KUBBIX 00B-
€KTOB, HalipuMep, Mpy TOMOTrpapuIeCcKux uccaeaona-
HUSAX, B OMOJIOTUY U B TIOCTOSTHHO PaOOTAIOIINX CHUC-
Temax 6e30MacHOCTH OOBEKTOB.

M HakoHel, B-TISTHIX, — 3TO BHIYUCIUTENbHAS TEX-
HUKa W UCKYCCTBEHHBIN WMHTE/UIeKT. [lepBBIe 3/IeKT-
POHHO-BBIYMCIUTENbHBIE MAIIMHBl MMEJIH TaKTOBBIC
YaCTOTHI MOPSIAKA COTEH KWJIOTepll, COBpeMEHHbBIE —
B ICCATKM THICSIY pa3 0oJIblle — €IUHUIIBI TUTarepil.
M cxopocth 00paboTku MHMOPMALMK B BBIYMCIIM-
TeJTbHBIX CHCTeMaX HeYKJIIOHHO Bo3pacrtaeT. [1pu aToM
YMEHbIIIAIOTCS MX pa3Mepbl, Macca U 3HEPronoTpeo-
JIeHre. DTH TeHIOSHIINM O0CCIIeUnBaroOT TIPOTrpecc He
TOJIbKO TIEPCOHATBHBIX TaI>KETOB, HO U OOPTOBBIX MH-
JIOTUPYEMBIX M OCCITMIOTHBIX CUCTEM BOOPYKCHUS.

B sToii paboTe asemeHTHas 6a3a Oyayllei BbIUMC-
JIUTEBHOM TEXHWKM, CITOCOOHOI 00ecreuynTh Teparep-
IIOBBIE TAKTOBBIE YaCTOTHI IIPOLIECCOPOB, HE paccMar-
puBanack. Ho paGoTel B 3TOM HallpaBJIeHUU B MUpPE
akTuBHO BeayTcs [18—24]. B CIIIA ux nogaepXuBaloT
DARPA u xopnopauus Intel. Co3naHbl 3KCIIepUMEH-
TaJbHble 00pa3lbl psiia SJIEMEHTOB CBEPXObICTPOIEH -
CTBYIOIIEH HAHOJIEKTPOHUKM C HU3KUM SHEPIrONOoT-
pebaeHuem [22] Ha ocHOBe aHTUMOHK A UHAMS (InSb):
TPaH3UCTOP C KBAHTOBOM sIMOI [22] U TTOJIeBOI TpaH-
3UCTOP Ha HaHompoBoae [23, 24]. YXe 3TU nepBbie
00pa3nbl crnocoOHBI (PYHKIMOHMPOBATh HAa 4acTOTax
300 I'Tu u 6onee. TeopeTnueckre Xe OLIEHKM IMOKA-
3e1BaloT [19, 20], 4TO TIpenebHbIE YACTOTHI TSI KBaH-
TOBBIX TIPUOOPOB HA OCHOBE HAHOIIPOBOAOB MOTYT JIO-
CTUTaTh AECSITKOB Teparepil.
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B paborax [25—27] GyHKUMOHUPOBAHUE MO3ra Yye-
JIOBEKa paCCMOTPEHO C MO3ULIMIA 2JeKTPOHUKH. Hucio
aKTMBHBIX 3JIEMEHTOB B MO3re NV, OLICHUBAETCs aBTO-
pPOM BTHX paboT MO YUCITY KaHAJIOB U COCTaBJISIET MpH-
mepHo 102!, Eciu npuHATH B Ka4ecTBe XapaKTePHOTO
JIMHEWHOTO pa3Mepa aKTUBHOIO 3JIEMEHTa MUKPOCXe-
MBI Oymyinero 3HadeHue 10 HM, TO YKMCIIO aKTHBHBIX
3JIEMEHTOB B MUKpOcxeme N, COCTaBUT OPUMEHTUPO-
BouHo 10'2. PasHuua B MWUIMapa pas He CyIuT, Ha
TIePBBIM B3IJISIA, TEPCIIEKTUB CKOPOTO CO3MAHUS MC-
KYCCTBEHHOI'O MHTEJJIEKTa, CPABHUMOTO C YeJIOBEYEC-
KM Mo3roM. OgHAKoO ciaemyeT IPUHATh BO BHUMaHUE,
YTO CKOPOCTb O0pPa0OTKM CUTHAJIa KaXKIbIM 3JIEMEHTOM
MO3ra f;, HEBEJIMKA U COCTaBIIsIET Beero okomno 200 .
Bricokoe OBICTPONECTBUE NOCTUTAETCS 3a CUET Ia-
pajuienu3Ma o0paboTKU U OOJBIIOTO KOJUYECTBa aK-
TUBHBIX 2JIeMeHTOB. DYHKIIMOHABHOE OBICTPOIEHCT-
Bue Mo3ra F'p 6e3 yyera napajienbHoil 00paboTKM UH-
dopmarum, ornpenensseMoe Kak MPOM3BEACHNUE YHCIIA
9JIEMEHTOB Ha CKOPOCTb 00pabOTKY CUTHajIa KaxKIbIM
5JIEMEHTOM, COCTABUT

Fp= N,f, ~ 105 I'u,

1 TIepCrieKTUBHONM MMKPOCXEMBI aHaJOTMYHAs
BEJIMYMHA F,, MOXET ObITb OLIEHEHA KaK

F,= N,f,~ 10°! Tn,

m

IIe B Ka4eCTBe f,, TIPUHATA TaKTOBas 4acTOTa COBpe-
MEHHBIX TTPOLIECCOPOB MOPsAKA €AUHULL TUrarepil.

Kak BuauMm, pazHuiia B GyHKIIMOHAJIBHOM OBICTPO-
JEWCTBUU COCTaBJISIET Bcero napa mnopsiaka. CoznaHue
MPOLIECCOPOB C TAKTOBBIMU YACTOTAMM, MPEBBILIAIO-
wumMu 100 I'T, BMecTe ¢ yMEHbILIEHUEM aKTUBHBIX
3JIEMEHTOB MUKPOCXEM JO0 HAHOMETPOBBIX Pa3MEPOB
MO3BOJIUT FOBOPUTHh 00 MCKYCCTBEHHOM WHTEJICKTE
yxe Bcepbes. [lapanienbHo 10KHA ObITh pelleHa 3a-
Jlaya KapIWHAJIbHOTO CHUXEHUS YAEJIbHOU MOTpedsi-
eMoii MolmHocTu. Peanmuzanuio 3TUX BO3MOXKHOCTEWH
CYJIUT CBEPXOBICTPOACHCTBYIOIIAS HAHOIJIEKTPOHUKA
C HU3KUM 3HeprornorpedieHueM [21].

3akmouenue

OTta paboTa IOCBSIIEHA OCHOBHBIM OCOOEHHOC-
TSIM KOHCTPYKTUBHBIX PELIEHUI TTOJYNTIPOBOIHUKOBBIX
3JIEKTPOHHBIX KOMITOHEHTOB JIJIs1 YCTPOWUCTB U CUCTEM
TepareplioBOro aAuarna3zoHa — NepcrneKTUBHOTO HalpaB-
JIEHUSI BBICOKOYACTOTHOI TEXHUKU U TEXHOJOTUMU.

OueBuAHbIC TIPUTSTATEIbHBIE CBOMCTBA Tepareplo-
BOI'O M3JIy4YeHUs, TaKue Kak 0oJjblias MHGOpMauoOH-
Hasi eMKOCTb CUTHAJIOB, OTCYTCTBME MOHU3UPYIOLIETO
BO3IEMCTBHUS, CIOCOOHOCTh MPOHUKATh Y€PE3 HEIPO-
3payHble OOBEKTHI 1 T. T1. OOYCIOBWIN aKTUBHOE pa3-
BUTHE TEXHUKU 3TOTO AUana3oHa B MUDE.

Oco060 cieayeT BbIACAUTh BO3MOXKXHOCTH M TepcC-
MEKTUBBI CO3[aHUsI HA OCHOBE TepareploBOil TEXHUKU
BBICOKOTOUHBIX cucTeM BoopyxeHui. [1o cpaBHeHUIO
¢ CBY aguana3oHOM B 3TOM AuMalia3oHe JAOCTUraeTcsl
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CYILIECTBEHHO 00Jiee BHICOKOE YIVIOBOE pa3pellicHUe
CHUCTEM HaBeleHMsI MpU Majlblx pa3Mepax aHTeHH. Ha
YacTOTax TepareprioBOro AMana3oHa TAKTHYECKUE e
MMeIOT OoJiblIMe TIOIIAaAu paccesHus. B Hacrosiee
BpeMsl OTMeuaeTcsl JOCTAaTOYHO aKTMBHOE MpaKThyec-
KO€ OCBOEHME HIDKHETO Kpasl TepareplioBOro auarnaso-
Ha B LIJISIX CO3JaHUST MaJIorabapUTHBIX, BHICOKOTOUHBIX
U BBICOKOA(HEKTUBHBIX PATUOIOKAIIMOHHBIX CUCTEM
OOHapy>KeHUsI U CONPOBOXAECHUSI, TOJIOBOK CAMOHAaBE-
OeHUs IUISI CUCTEM TaKTUYECKOTO OPYXKUS, BBICOKO-
CKOPOCTHBIX PaAMOJIMHMI CBSA3U, CIIOCOOHBIX OOMEHU -
BaThCsl OOJIbIIMMU OObeMamMu WHdopmaluu. Takue
CHUCTEeMbI pabOTAIOT B OKHaX MPO3payHOCTH aTMocde-
pBl B YaCTOTHBIX AuanazoHax 94, 145 u 220 I'Tu.

Taxeke BaxXHO MOAUEPKHYTh HEM30EKHOCTh MOCTEe-
MEHHOTO MepexoAa BhIYUCIUTEAbHBIX CUCTEM B Tepa-
TepILIOBBIM AMAIMa30H TaKTOBBIX YaCTOT IPOIIECCOPOB.
Takue cucTteMbl, 0OUEBUIHO, KQUECTBEHHO U3MEHST KaK
IpaXXIaHCKYI0, TaK, U MpeX/e BCero, BOGHHYIO TEXHU-
Ky. Pa3paboTkoil IepCcreKTUBHOM 3JIEMEHTHOI 0a3bl
JIJIST CBEPXOBICTPOJAEHCTBYIOLINUX JOTMUYECKUX CXeM aK-
tuBHO 3aHuMaTcs B CIIIA u Kurtae.

Ecau xe roBoputh 0 OyaylleM TepareploBoii Tex-
HUKM, TO MHI II0JIaTaeM, 4TO 3Ta creuuguiyeckas o0-
JIacTb 0OOBbEIMHUT MHOTUe LeHHble KauecTBa CBY u
OINTUYECKOTO IMANa30HOB, U HalieT MHOTO HOBBIX U
MPaKTUYECKUX BaXKHBIX MPUMEHEHMH B pa3JIMYHBIX
00JIaCTSIX HAYKU U TEXHUKHU.
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Control devices — modulators

For control of the power level and modulation of the
microwave signals, the p—i—n-diodes with the lumped
and distributed parameters are used. The known high-
speed amplitude modulators capable to change the
power levels in units of nanoseconds are made with the
use of the p—i—n-diodes with the lumped parameters
and thickness of the i-area of 3...10 um [1, 2].

The modulators of the inverse type also ensure the
switching time of units of nanoseconds. As the switch-
ing elements, they use p—i—n-structures made by mesa
technology and fixed into the ruby watch stones, met-
allized on the end faces [3].

The packaging of the diodes improves the opera-
tional characteristics of the electronic components but
limits their application in the short-wave part of the mi-
crowave range because of the capacity of the package,
shunting the p—i—n-structure. At the same time in the
considered range, the sizes of the diode packages be-
come commensurable with the wavelength, and a pos-
sibility appears for improvement of the characteristics
due to the transformation of the input impedance to the
plugs of the diode structure through the dielectric wall
of the package. In this case, it is expedient to consider
the diode case in the form of the radial line with the
semiconductor structure placed in the center [4].

At the set parameters of the diode structure and in-
ductance of its installation, by selection of the size of
the radial line, the broadband coordination is achieved
of the diode with the waveguide transmission line
(Af/f= 30 %) in the transmission mode. In the range of
frequencies of 120...180 GHz the modulators of the in-
verse type ensure transmission losses of 1.0...1.5 dB and
losses in the locking mode of 25...30 dB at the values of
the parameters of the silicon p—i—n-diodes specified in
the Table.

Fig. 1 presents a switch design with the longitudi-
nally distributed layer p—i—n-structure intended for op-
eration within the range of frequencies of 200...400 GHz.

The experimental frequency characteristics of such
a switch presented in fig. 2 point to a possibility of de-
velopment of the broadband devices for control of the
microwave power level in the submillimeter range of
the wavelengths. However, at the same time, it is nec-
essary to consider an increase of losses in the longitu-
dinally distributed p—i—n-structures with an increase
of the working frequency.

In a deenergized state of the diode the transmission
losses in a device depend, mainly, on the attenuation
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constant in a semiconductor structure, the value of
which is determined by absorption of the microwave
energy by the free a carriers, the dielectric losses in the
semiconductor in absence of g, carriers and g, contact
losses. The sums of g + a, for the high-resistance sil-
icon with the conductivity of about 104 o '-cm™!
equal to 0.3...0.4 dB/cm in the centimeter and millim-
eter ranges. The main contribution to the value of the
attenuation constant is made by the contact losses of a,,
which increase with the reduction of the wavelength.
For the p—i—n-structures with the thickness of the
i-area of 0.4 mm and thickness of the alloyed layers of
0.7...1.0 um and conductivity of 5 - 10207 ' -em™! the
contact losses make 1 dB/cm on the wavelength of
8 mm and 14 dB/cm on the wavelength of 1 mm. In the
submillimeter range for reduction of a,, it is necessary
to reduce the thickness of the alloyed layers and in-
crease their conductivity up to 104,100t -em™L.

The longitudinally distributed p—i—n-structures
with a small thickness of the alloyed layers and a great
value of the conductivity have a relatively small value of
the attenuation constant in the millimeter range. It is
also possible to reduce the attenuation constant due to
a partial filling of the waveguide path. A broadband
compensation for the reflections at the input and out-
put of the device with the semiconductor structure lo-
cated in the waveguide path can be reached by means
of the dielectric inserts or by means of the transformers
of the waveguide type.

Let us consider a semiconductor p—i—n-structure
of the cross distributed type presented in fig. 3.

This structure is a thin plate of high-resistance sili-
con fixed across the waveguide. On the sides of the
plate, orthogonally to the electric field of the electro-
magnetic wave, the linear transitions with contacts are
formed, which inject holes on one side and electrons on
the other side into the plate volume. Variation of the
conductivity of the semiconductor material is carried
out by a direct shift to the injecting contacts [2].

It is necessary to point out that the electron-hole
plasma in the volume of the semiconductor ensures the
required value of decoupling (more than 20 dB) only in
case if it is distributed evenly in the volume of the sem-
iconductor structure placed into the wave guide. This
can be reached, when the distance between the metal
strips of the contact structure is equal to an approxi-
mately doubled length of the ambipolar diffusion, while
the voltage drop along the contact strips is small.

It is also necessary to pay attention to the fact that
a change of the relative position of the contact strips on




the opposite sides of the silicon plate does not increase
the brought losses at the condition that nt/d > 2.2,
where ¢ — thickness of the silicon plate, d — distance
between the centers of the metal strips. If the value of
this correlation is selected correctly, it is possible to use
the metal contacts covering the most part of the surface
of the silicon plate. This allows us to receive plasma,
more uniform in its volume, and to increase the con-
ductivity of the p—i—n-structure in the mode of reflec-
tion of the microwave power.

The devices with the application of the cross distrib-
uted semiconductor p—i—n-structures demand rather
big control current (a unit of amperes) and ensure the
speed at the level of units of microseconds. The best re-
sults can be achieved due to the use of the surface-ori-
ented p—i—n-structures formed in a certain way on one
of the surfaces of the semiconductor plate with high
specific resistance (p>10 000 © - cm). In such a design
an increase of the conductivity happens not in all of the
volume of the silicon plate placed in the waveguide, but
in the areas, parallel to the vector of the electric field
with Hj; orientation.

During development of an electrically-controlled
silicon plate placed in the waveguide, the electrophys-
ical parameters of the known surface-oriented diodes
were considered. In the course of its manufacture, the
standard processing methods were used. At first in sil-
icon shift channels were etched, which had "pockets” —
the sites with the depth of 20...30 um in the area of al-
loying by impurities of n*- and p+—types (fig. 4).

The distance between the pockets of / was chosen
from the condition / < A/(2 /¢ ). The width of the i-area
was w =~ 30 um. At the correlation of the sizes of w/d ~ 1
and the depth of the pockets of d = 15 um the resistance
of the semiconductor diode was 2.5...3.0 Q at the cur-
rent of 50 mA.

The semiconductor silicon plate with the size of
0.35 X 0.7 mm contains nine shift channels, orthog-
onal to the electric field of the electromagnetic wave
propagating via the waveguide with the section of
0.35 x 0.7 mm. The total thickness of the plate is equal
to about 150 um, which is half of the wavelength in the
silicon at the frequency of 300 GHz.

Fig. 5 presents samples of the silicon plate contain-
ing the surface-oriented p—i—n-structures, and fig. 6
presents the frequency characteristics of its transmis-
sion and locking losses. The locking losses over 20 dB
are reached at the control current of 0.5 A. The oper-
ation speed is about 500 ns. An expansion of the work-
ing strip of frequencies can be achieved by installation
of dielectric inserts on both sides of the silicon window.

Practical use of the terahertz range

This topic was presented in detail in various reviews
published in recent 20 years (see, for example, [5—7]

and the literature quoted in those works). Therefore,
here we will enumerable only briefly those possible ap-
plications of the terahertz waves and the devices work-
ing in the terahertz frequencies, which we consider the
most interesting.

First of all, these are communication systems. Be-
sides the high information capacity of the signals allow-
ing us to transfer big flows of information in a unit of
time, the systems of the terahertz range have a number
of additional advantages: high protection against inter-
ferences and confidentiality of the transmitted data.
Due to a small wavelength, it is possible to use antennas
with a narrow directional pattern, which makes possible
to create a spatial spread of the radio lines and ensure
the absence of mutual interferential.

Secondly, in recent years active works have been go-
ing on for development of modern radar equipment,
systems of precision tactical weapons, drone control
systems, sensor systems and compact short-range mul-
tipurpose radars [8—10]. Application of the specified
systems in the short-wave part of the millimeter range
allows us to combine the high resolution frequency
characteristic of the microwave equipment and quick
retuning of the frequency with a high spatial resolution
achieved due to the wavelengths of the apertures within
the range typical for this optical equipment.

Active works are going on for development of the
self-homing heads and sensors for the ground objects
(targets) and of the corresponding radio-frequency
components for their realization in the short-wave part
of the millimeter range [11]. The self~-homing heads and
sensors of the terahertz range (94, 140 and 240 GHz)
have important advantages compared with the corre-
sponding devices of the optical and long-wave micro-
wave ranges. In presence of smoke, dust, fog and a rare
deciduous forest the best visibility of a battlefield is en-
sured in this section of the range. Besides, in compar-
ison with the radar devices of the microwave range, the
self-homing heads and sensors of the terahertz range
have higher spatial resolution, increased accuracy ow-
ing to the smaller influence of the effects of a multi-
beam propagation and hindrances from the ground ob-
jects, and smaller vulnerability to the influence of the
radio-electronic suppression because of a lower proba-
bility of interception of signals and high noise stability.

Thirdly, this is radio-vision. In [12] a brief review is
presented of the known radio-vision systems and the
prospects for their construction on the principles of the
multi-static radio-holography (MSRH) with the appli-
cation of the stationary antenna arrays. The character-
istics of those systems are analyzed, as well as the tech-
nological advantages of the MSRH method explained
by a possibility of application of the rarefied antenna ar-
rays with the antenna elements not controlled by phas-
es. The sizes, characteristic of the MSRH method, and
the step of the two-dimensional rarefied antenna arrays
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and the results of focusing of the radio-images in two-
frequency ranges — centimeter (15 GHz) and submil-
limeter (350 GHz) for a multipoint object located at
various distances from the antenna arrays, are also pre-
sented.

Out of the known active radio-vision systems the
most high-frequency one is the submillimeter system
operating in the range of 350 GHz at the distance of
10 m [13]. It employs the quasioptical radio-lens on the
basis of an elliptic mirror. The conic scanning of a beam
is carried out due to the mechanical rotation of a flat
mirror.

Fourthly, it is the tomography and the security sys-
tems. A rather wide and informative spectral range for
research of the properties of a big number of various ob-
jects (solid bodies, liquids, biological objects) is the
main advantage of the terahertz range [14—17]. Unlike
the x-ray, the terahertz radiation has no ionizing prop-
erties. By means of it, it is possible to create a volume
image of the structures, for example, soft tissues, which
cannot be done in the x-ray range. The terahertz radi-
ation technology can be used successfully in cases,
when continuous monitoring of the live objects is nec-
essary, for example, in the tomography research works,
in biology and in constantly working security systems of
objects.

And, at last, fifthly, it is the computer technologies
and artificial intelligence. The first electronic and com-
puting machines had the clock frequency of about hun-
dreds of kilohertzes, while the modern ones — units of
gigahertzes, that is, tens of thousands times more. And
the speed of information processing in the computing
systems increases steadily. At the same time, their sizes,
weight and energy consumption decrease. These trends
ensure progress of not only personal gadgets but also of
the onboard piloted and pilotless arms systems.

In this work, the element base of the future compu-
ter hardware, capable to ensure the terahertz clock fre-
quencies for the processors, was not considered. But in
the world the works in this direction are being conduct-
ed actively [18—24]. In the USA they are supported by
DARPA and Intel Corporation. Experimental samples
of a number of elements of the ultrafast nanoelectronics
with low energy consumption [22] on the basis of the
indium antimonide (InSb) have been created: a tran-
sistor with a quantum well [22] and a field transistor on
a nanowire [23, 24]. Already these first samples can
function at frequencies of 300 GHz and over. Theoret-
ical estimates show [19, 20] that the extreme frequen-
cies for the quantum devices on the basis of the na-
nowires can reach tens of terahertz.

In [25—27] functioning of a human brain is consid-
ered from the positions of electronics. The author of
these works estimates the number of the active elements
in a brain of N, by the number of the channels and it
equals to about 1021, If we accept the value of 10 nm
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as the characteristic linear size of an active element of
a microcircuit of the future, then the number of the ac-
tive elements in N, microcircuit will approximately be
equal to 102!, At first sight, the one billion times dif-
ference does not promise prospects for quick develop-
ment of artificial intelligence comparable with a human
brain. However, it is necessary to take into account that
the speed of processing of a signal by each element of
the brain of f; is small and is only about 200 Hz. A high-
er speed is reached due to a parallel processing and a big
number of the active elements. The functional speed of
the brain of Fp without a parallel information process-
ing, determined as the product of the number of the el-
ements and the speed of processing of a signal by each
element, will be

Fp= N,f, ~ 10° Hz.

For a promising microcircuit a similar value of F,,
can be estimated as

F,=N,f,~ 10> Hz,

where f,, is the assumed clock frequency of the modern
processors of about units of gigahertzes.

As we see, the functional speed differs only by two
orders. Development of the processors with the clock
frequencies exceeding 100 GHz alongside with reduc-
tion of the sizes of the active elements of the microcir-
cuits down to the nanometer dimensions will allow us
to speak about the artificial intelligence already serious-
ly. The problem of a cardinal decrease of the specific
power consumption has to be solved in parallel. Reali-
zation of these opportunities is possible due to the ultra-
fast nanoelectronics with a low energy consumption [21].

Conclusion

This work is dedicated to the main features of the
design solutions of the semiconductor electronic com-
ponents for the devices and systems of the terahertz
range — a promising direction for the high-frequency
equipment and technology.

The obvious attractive properties of the terahertz ra-
diation, such as big information capacity of the signals,
absence of the ionizing influence, ability to penetrate
through the opaque objects, etc., determined an active
development of the technology of this range in the
world.

We should underline especially the opportunities
and the prospects for creation of the high-precision sys-
tems of arms on the basis of the terahertz technology.
In this range, if we compare it with the microwave
range, a significantly higher angular resolution of the
guidance systems is reached at the smaller sizes of the
antennas. At the frequencies of the terahertz range the
tactical targets have big areas of scattering. Nowadays,
we witness a rather active practical development of the




bottom edge of the terahertz range for development of
small-sized, high-precision and highly effective radar-
tracking and detection systems, self-homing heads for
the tactical weapon systems, and high-speed radio
communication lines capable to exchange big volumes
of information. Such systems operate in the windows of
the atmosphere transparency in the frequency ranges of
94, 145 and 220 GHz.

It is also important to emphasize the inevitability of
a gradual transition of the computing systems to the te-
rahertz range of the processors’ clock frequencies. Ob-
viously, such systems will change qualitatively the ci-
vilian, and, first of all, military technologies. Active re-
search and development of the promising element base
for the ultrafast logical circuits is undertaken in the
USA and China.

If we talk about the future of the terahertz technol-
ogy, we believe that this specific area will integrate
many valuable qualities of the microwave and optical
ranges, and will find many new and practical important
applications in various fields of science and technology.
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CHUTDBIBAIOLWLAA SAEKTPOHUKA

AAl CKBUA-MATHUTOMETPOB INOCTOAHHOIO TOKA.
YACTD 3. NTOAYTIPOBOAHUKOBASA KPUOTEHHASA SAEKTPOHUKA

Ilocmynuna é pedaxyuro 26.09.2018

B 0630pe npednpunama nonvimka aHaiu3a meKyuieeo COCMosHUsL U NPOBOOUMBIX UCCAe008AHULL U pa3pabomok 6 obracmu c4u-
mulearoujell 31eKmpoHUKU 0151 C8epXnposodauux keanmosoix unmepgepomempos (CKBHUI/[-maznumomempos) hocmosiHHoO20 mo-
xa (nm-CKBHJlos). B 0anrol 3aka0uumensHoll yacmu pabomsl npedcmasier anaius mpebo8anuli K Kpuo2eHHoU noaynposoo-
HUKO0BOU 31eKMPOHUKe U PACCMOMPEHbl ee npeumyu,ecmea npumeHumenvho k cxemam cuumoieanus nm-CKBHlos. B pabome
makoice npedcmaegner 0630p Cyuecmeyrouwux peuerutl 04s peaiusayul KPUo2eHHbIX HU3KOYACHOMHbIX MAAOWYMAWUX YCuaume-
Jell, Komopule a6a510mcest Kaovegvimu dnemenmamu 6 CKBH/[-maenumomempax.

Karoueevie caoea: cencopvl MacHUMHbIX noACUH, MACHUMOMEMPbL HA OCHOBE CEEPXNPOBOOAUUX KBAHMOBLIX UHMEDDePOMEmPos
(CKBHI) nocmosHHo20 moKa, Kpuo2eHHble HUKOYACMOMHbIe MAAOULYMAUUE YCUIUMenl

BBenenue U moCTaHOBKA 331249

CKBHJI-MarHuToMeTpbl Ha CETOOHSIIHUI AeHb
SIBJISTFOTCST CAMBIMU TIPEIM3NOHHBIMY TaTINKAMK Mar-
HUTHOTO TOJISI, CITTOCOOHBIMU JI€TEKTUPOBATh MAarHUT-
Hble nonst pemrorecnoBoro (¢pTn) mnamazona. Takue
MarHUTOMETPHI IIPEICTaBIISIOT COOOI CUCTEMY, COCTO-
SIIYI0 M3 CBEPXITPOBOMASIIETO KBAHTOBOIO MHTepde-
pomerpa (CKBM/a) u HeoOXommMMoOii 3JIEKTPOHHOM
OCHACTKM (TaK Ha3bIBaeMOM "CUMTHIBAIOIIEH 3JEKTPO-
HuKI'"). OCHOBHAsI 0COOEHHOCTh TAKMUX CHCTEM 3aKITIO-
YaeTcsl B TOM, UTO 3JIEMEHT, YyBCTBUTEIbHbBIN K Mar-
HuTHoMmy Tioo, — CKBHJI HaxoauTcst B KpMOT€HHBIX
YCJIOBUSIX, 2 HEOOXoauMasi 111 paboThbl CUCTEMBI BJIeK-
TPOHUKA paboTaeT B OOBLIYHOM JIJIsI 3JIEKTPOHHBIX KOM-
IMOHEHTOB TeMImiepaTypHoM uHTepBaje (—60...125 °C).
DTO MOPOXIAET Psii OTPAaHUYEHUI, KOTOpbIE HE IM03-
BOJISIIOT TIOJIHOCTBIO PACKPBITh BECh IMOTEHILIMAT W3-
MepeHUil MarHUTHOro mnoJjsa c¢ nomoinbio CKBUda.
B nipeapiayimx yacTsix HacTosiei paboThl ObUIU MTPO-
aHAJIM3UPOBAHBI OCHOBHBIE OTPAaHWYEHMST HU3KOTEM-
nepatypHbix CKBUJI0B MOCTOSIHHOIO TOKa, HE IM03-
BOJISTIOIIME MCITOIb30BaTh UX B KAYECTBE OKOHEUYHBIX
YCTPOMCTB ISl ACTEKTUPOBAHUSI CIaObIX MarHUTHBIX
nosei [1], 1 moapoOHO pacCMOTPEHBI CXEMHbIE pellie-
HUSI, KOTOpbIE JaIOT BO3MOXHOCTb OOONTH OrpaHuye-
HUSI, CBSI3aHHbIE C HEJIMHEHOCTBIO Mepe1aToOuyHON Xa-
paktepuctuku nT-CKBHW/Ja (cxema ¢pukcauuu moro-
Ka) U C BBICOKMM YPOBHEM IIIYMOB, MPUBEIEHHBIX KO
Bxony nocnenyioiero 3a CKBUdom ycunurens (Mo-
JIYJISIUMOHHAST CXeMa, CXEMbl C JOMOJHUTENIbHOW IMO-
JIOXKUTEJIBHOU CBS3BI0) [2]. DTU pelIeHUsT YCIOXHSIOT
CUMTBIBAIOIILYIO 2JIEKTPOHHYIO CUCTEMY WM BHOCAT IO-

298 HAHO- 1 MUKPOCUCTEMHAS TEXHUKA, Tom 21, Ne 5, 2019

MOJHUTEbHbIE OTPAHUYEHUSI HA TMHEHHBIN quana3oH
W/WIY TI0JI0CY UCCIIEAYEMBIX CUTHAJIOB.

ITosHOCTBPIO KpUOT€HHAs apXUTEKTypa MarHMUTO-
MeTpa TMO3BOJISIET 3HAYUTEIbHO YAYUYIIUTb U YIPOC-
TUTh 3JEKTPOHHYIO cucTemy. [Jis1 3Toro Heodbxoaruma
KpUOTeHHAas 3JIEKTPOHHAsl KOMIOHEeHTHas1 6a3a, CIo-
coOHast (PYHKIIMOHMUPOBATH B KEJIHLBUHOBOM M CYO-
KeJIbBUHOBOM IMana3oHe Temrmepatyp. OnHako Takas
3JIEKTPOHMKA HAa OCHOBE MOJIyITPOBOAHUKOBBIX TEXHO-
JIOTU# ellle He AopaboTaHa IO YPOBHS MPOMBILIICH-
HOTO TTPOM3BOJICTRA.

B 3T0i1 yacTu paboOTHI IpencTaBlieH aHAIU3 Mpe-
JlaraéMbIX B JIUTepaType pellieHuii B JaHHOI cdepe,
paccMOTpeHbl OCHOBHBIE 3((EKThI, BOZHUKAIOIINE B
MOJTYIIPOBOAHMKOBOM 2JIEKTPOHUKE B YCIAOBUSIX KPUO-
Te€HHOI TeMIlepaTypbl, U clejaHa MoMnbITKa (QOpMUPO-
BaHUs NepeyHsl TpeOOBaHM, KOTOPBIM JOJIKHbBI YIOB-
JIETBOPSITb COBPEMEHHBIE 3JIEKTPOHHBIE YCTPOMCTBA U
X MUKPOIJIEKTPOHHBIE KOMITOHEHTHI JIsI 00paboTKU
curHaioB CKBU/Ia.

TpeOoBaHus K MOJYNPOBOIHUKOBOM
KPHOTEHHOM 3JICKTPOHUKE

Ona  apXATeKTypbl TIOJTHOCTBIO KPHUOTEHHOIO
MarHuTOMeTpa Ha OCHOBE HU3KOTEeMIIepaTypHOIO
nr-CKBHJla HeoOxoauMa HajexHasl 3JIEKTPOHMKA,
CIIOCOOHAs BBIAEPKUBATh BO3NEMCTBUE IKCTPEMAIBHO
HU3KUX TeMIiepatyp cyoreareBoro auarnasona (<4,2 K).
CoBpeMeHHasl 2JIEKTpOHHAsI KOMIIOHEHTHasl 0a3za
(BKB), kak mpaBUIIO, U3TOTOBISIETCSI HA TMOJYIIPO-
BOJHUKOBEIX (DabpHUKax COIVIACHO MpeaiaracMbiX MU
TEXHOJIOTUYECKUX BO3MOXHOCTEH B BMIE CTaHIap-




TU3MPOBAHHBIX MapIIPYyTOB HU3TOTOBJIEHUS MO (UK-
CUPOBAaHHBIM TMPOEKTHO-TEXHOJOTMYECKUM HOPMaM,
Hanpumep uHterpaibHbIXx Mukpocxem (MMC). Coort-
BETCTBeHHO, pa3paboTka MMC 1o TaKuM TeXHOJIOTUSIM
OCYIIECTBSIETCS B COOTBETCTBUU C TaK Ha3bIBa€Mbl-
mu Process Design Kit, PDK (mpaBuiam mpoeKTupo-
BaHust UMC), kKotopble (pakTUUEeCKM OrpaHUYUBAIOT
TeMIepaTypHbIi 11uara3oH paboTOCIIOCOOHOCTH IIPH-
6opoB B uHTepBase —60...125 °C. TakuM obpasom,
npegocrapisieMble npousBoautesiMu Kb cranmap-
Tu3upoBaHHble PDK He maioT BO3MOXHOCTbH OLIEHU-
BaTb WU, TeM OoJjiee, rapaHTUPOBATh PabOTOCITOCOO-
HOCTb ITPMOOPOB U COXPAaHEHUE UX XapaKTEPUCTHK BHE
YKa3aHHOTO BbIllIe TeMIIEPaTypHOTO aMalia3oHa.

HekoTtopble 3KCIIEpUMEHTBI C OXJIAXKIEHUEM pa3-
JIMYHBIX 2JIEKTPOHHBIX MPUOOPOB OO TeMIIEpaTyphbl
xunkoro azora (77 K) nokazanu paboTocrnocobHOCTh
BOKb ¢ He3HAUYUTEJIbHBIM OTKJIOHEHMEM XapaKTepucC-
TUK TIpU TaKUX TeMIlepaTypax (CM., Harpumep, [3—3]).
OxJaxneHne MoJyIIPOBOTHUKOBOM 3JIEKTPOHUKI HU-
Ke "a30THON TemIlepaTtypbl” B OOJBLIMHCTBE CBOEM
MPUBOAMUT WIU K BPEMEHHBIM OTKa3aM WM K (aTalib-
Hoil notepe padorocrnocooHoctn DKbB. Takoe nosene-
HYE HaIIpSIMYIO CBSI3aHO ¢ (PU3MKOI pabOTHI MOJTYIIPO-
BOIHUKOBBIX PUOOPOB B KPUOTECHHBIX YCIOBUSIX 1 OIT-
peneisieTcd UCIIoIb3yeMOoil TexHooruei [6, 7]. Orciona
BBITEKAET MEePBOE U OCHOBHOE TpeOOBaHME K KPUOTEH-
Hoit nonynpoBogHukoBoit DKb mist nT-CKBU o —
paboTOCOCOOHOCTh B CyOreIMEBOM JMaIa3oHe.

Kaxk 0bu10 mokazano paHee [1], 4yBCTBUTEIbHOCTh
nT-CKBWla orpaHuymBaeTcs YpOBHEM CIIEKTpajlb-
HBIX IIIYMOB 110 HANPSLKEHUIO, MPUBEIEHHBIX KO BXOIY
MOCJIEAYIONIETO 32 UYYBCTBUTEIbHBIM 3JIEMEHTOM YCU-
JmTesiss. YpoBeHb coocTBeHHBIX 1mymoB nT-CKBWda
cocTaBisieT aecarblie 1onu HB/ /T, a MyMbl JTyyIImx
O01IEAOCTYITHBIX "KOMHATHBIX'" YCUJIMTENIe cOCTaBIs-
10T ipumepHo 1 HB/ JT11 . Takum 06pa3oM, Maible CHUT-
HaJIbl 0 HanpstkeHu1o, reHeprupyemble nT-CKBU/lom
MIpU BO3AEMCTBUM MArHUTHOTO ITOTOKA, CKPBIBAIOTCS
3a lIlyMaMM YCUJIUTENSI, Ha MOPSIIOK MPEBbIIIAI0IIUMU
YPOBEHb COOCTBEHHBIX 1IIYMOB UyBCTBUTEJIBLHOTO 3Jie-
MeHTa. Jlpyrue KpuoreHHbIe MPUIIOKEHMS, TaKue Kak
KBaHTOBBIE OMTHI, TAKXKe TPeOYIOT KaK MOXHO Oojee
HU3KOTO YPOBHS IIIYMOB MOCJIEAYIOLIETO YCUIUTENS,
TaK KakK 3TO MPUBOIMUT K YMEHBIIEHUIO BPEeMEHU Je-
KOTepeHILIMM KBaHTOBOI cucteMbl [8]. OTcioga BEITE-
KaeT BTOpoe TpeOoBaHME K KPUOTEHHOW MOJIyIpo-
BOOHUKOBOU CUMTHIBAIOIUEH IJEKTPOHUKE — HU3KUN
YPOBEHb CIEKTPaJIbHON TJIOTHOCTU IIIYMOB, MpUBE-
neHHoit ko Bxomy. Hnsg nt-CKBHWM/I-marHuTOMETpOB
HE00X0AMMO 00eCIeUUThb 3TH IIIyMbI Ha YPOBHE COOCT-
BeHHbIX 1ymMmoB CKBH/Ia.

CoBpeMeHHBIE KPUOCTATHl ITO3BOJISIIOT OOeCITeun-
BaTh TeMIIepaTypy B NECSATKM MUJJIMKEIbBUHOB [9].
B cBsI3M ¢ TeM 4YTO KpUOCTaThl MUMEKT KOHEYHYIO
MOIIHOCTb OXJIAXKIEHUSI, HEOOXOAUMO 00eCIIeYUTh pac-
CEMBAEMYyI0 MOIIHOCTh CHUCTEMbl B COOTBETCTBMM C

BO3MOXHOCTBIO KprocTaTta. JIJisi COBpeMeHHBIX KPHO-
CTaTOB, CIMIOCOOHBIX O0eCcneYnuBaTh TeMIepaTypy cyo-
TeJIMEBOTO OMAalna3oHa, MOIIHOCTh OXJIAXICHUS CO-
CTaBJIsIeT MPUMEPHO JECATKU MUJUIMBATT B JMana3oHe
temnepatyp 1...3 K. Ecnu cuurarsb, yTo paccenBaemasi
MOIIIHOCTb 3JIEKTPOHHOTO YCTPOMCTBA MPUMEPHO paB-
Ha MOILHOCTU MOTPeOseHUsI, TO Il COOMIOACHUS 3a-
JaHHOI'O TeMIIEPaTypPHOTIO pexXuMa HeoOXoauMo obec-
MeYUTh NMOTpedIeHUE BCE CUCTEMbl HA YPOBHE IECSIT-
KOB MUJIJTUBATT.

Takum o6pa3zoM, MOXHO c(hOpPMYJIMPOBATH OCHOB-
Hble TPEOOBAHMST K KPUOTEHHOM MOJYIPOBOAHUKOBOM
BJIEKTPOHUKE:

e pPaboOTOCIIOCOOHOCTD IIPU KPUOTEHHBIX TeMIlepaTy-
pax (BKJtOYasi reJiueBblie TeMIlepaTyphl);
e HU3KUI ypOBEHb COOCTBEHHBIX LIIYMOB (B TOM YMC-

JIe U pIMKKep-11yMa);

e HHU3KOE 3HEPronorpedeHHUE.

Hcnoab3oBanue KPUOTeHHOH MOJTYNPOBOAHUKOBOI
9JICKTPOHUKH B CXeMaX CYMTHIBAHHSA CHTHAJIOB
¢ nr-CKBU loB

B yactu 2 paGotsl [2] ObUIM paccMOTPEeHBI OCHOB-
HBIE CXeMBbI cuuThIBaHUS curHaioB ¢ nT-CKBW/1oB B
cUcTeMax TMpPEeLU3UOHHBIX MarHUTOMETpoB. JlaHHbBIE
CXEeMbI TT03BOJISIIOT O0OUTH OrpaHUYEHMS] MO JIMHEeU-
HOMY JIMana3oHy BXOJHOIO curHana (metist pukcanuu
MOTOKAa) Y MO LIyMy KOMHATHOTO YCWJIUTEJs, Moce-
aytomero 3a camuM CKBHWdom (Mony/sumoHHast
cxema, cxeMa C JOMOJHUTEIbHOMN MOJ0XUTEIbHOMN 00-
paTHOI CBSI3bl0). DTU pelIeHusI, B CBOIO oUYepeb, yC-
JIOXKHSIOT U3BMEPUTEJIbHYIO CUCTEMY 1 BHOCSIT CBOM OT -
paHuueHus. B yacTHocTH, BeaeacTBUe UHTEePGhECHBIX
Kabeneil MexXay KpUOT€HHOM M KOMHATHOM 4YacTIMu
CHCTEMBI 3HAYUTEJIbHO COKpalllaeTcsi paboyas moJjioca
4acTOT BCell CUCTeMbl. PaccMOTpuM, Kakum obpazom
MOBJIMSIET UCIOJIb30BAaHUE KPUOTEHHOM 3JIEKTPOHUKHU
B OTHX CXeMax.

Ilpamasa cxema cuumoviéanus c nemaeil urxcauyuu
nomoka 6 Kpuozennom ucnoanenuu. OCHOBHOE Ha3Ha-
YyeHue ImeTim ¢puKkcanuuy noroka (cMm. puc. 1, a, b B pa-
6ote [2]) — 3adukcupoBaTh paboOUyO TOUKY Ha Mepe-
marouHoil xapakrtepuctuke CKBWla m TeM caMbIM
3HAYUTEJIbHO PACIUMPUTh JUMHEUHBIA AuaIia3oH BXO-
HBIX CUTHaJIOB. Peanu3aiiysi B KpUOreHHOM MCIHOJIHE-
HUU YCWINTENSI 1 WHTETpaTopa MO3BOJIUT OTKA3aThCs
OT KabeJibHOro MHTepdeiica MexXay "KOMHATHOM" U
KPUOTEHHOM YacTAMU. DTO JACT BO3MOXHOCTh CHSATh
OrpaHUYeHNEe CUCTEMBbI, CBSI3aHHOE CO BPEMEHEM 3a-
JEep>XKU Ha COEIUHUTENIbHbIX 3JieMeHTax. B Takom
cliydyae paboyasi mojoca 4acTOT CUCTEMBI OyaeT ompe-
JIEJIAThCS JIMIIDb 3JEKTPOHUKOM, YTO MO3BOJUT MPOBO-
IUTh M3MEPEHUsT BBICOKOYACTOTHBIX CUTHAOB. JList
BO3MOXHOCTU JI€TEeKTUPOBATh BECh CITEKTP MOJIE3HBIX
CUTHAJIOB HEOOXOIUM YCHJIMTEJb, CIIOCOOHBIM pabo-
TaTb OT HYJS Tepll.
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KpuorenHoe wWcnogHEeHUE YCUIUTES TTO3BOJUT
3HAYUTEJIbHO CHU3UTh YPOBEHb O€JIoro Iyma, Mpu-
BEIEHHOTO KO BXOIYy, YTO JACT BO3MOXHOCTb MaK-
CHMAaJIbHO PacKpbITh MOTEHILIMAT YYBCTBUTEJIbHOCTU
nT-CKBH/los. HecmoTpst Ha TO UTO ¢ TJTyOOKMM OX-
JIaXJAeHUEM YCUIUTEINSI YPOBEHb 0€JI0oro LiIyMa OObIY-
HO 3HAUMUTENbHO CHUXAETCs, (PauKKep-1yM, unua 1/f
IIyM, BeleT ce0s HEOMHO3HAYHO: YacToTa cpesa, Mpu
KOTOpPO# HauMHAEeT JOMUHUPOBATh (DJIMKKEP-1IYM Hall
Oe/BIM IITYyMOM, MOXET KaK YBEJWYMBAThCS, TaK W
yMeHbLuatbes [10].

Moodyaauuonnasn cxema cuumol6anus 6 Kpuo2eHHOM
ucnoanenuu. OCHOBHOE Ha3HAUYCHUE MOMYJISIIMOHHOMN
CXEeMBI CUMTHIBaHUS (CM. puUC. 2 B pabote [2]) 3aKiio-
YyaeTcs B IIepeHOCe IT0 9acTOTe UCCIIeAyeMOTo CUTHaJa
B 00J1aCTh YaCTOT, IJie JOMUHUPYET OCIbIi LIyM, YTO-
OBl MICKJIIOUYUTH BIUSTHUE (DIMKKEpP-IIyMOB. OOBLIYHO
MOOYJISILIMOHHAS CXeMa CUMTBIBAHUS 3aMBIKAeTCS Ue-
pe3 Mnetiao dUKcauuu MoToKa.

Bce ckaszanHHoOe BBIIIE TMPO peau3alMIo METIH
(puKcauuy MOoToKa B MOJHOCTHIO KPUOTEHHOM MCIIOJ-
HEHUU CIPAaBEMJINBO U JJISI 3TOM CXeMbI CUYUTHIBAHUSI.
ITpu TakoM moaxoae padboyast ojaoca 4acToT OyIeT or-
paHMYMBATHCS, B MEPBYIO OUYEpenb, YACTOTOM 3amalo-
IIEro TeHepaTopa, a IyM OyIeT OonpeaeasaThes OeTbIM
IIYMOM YCWJIMTEIS.

TakuMm obGpa3oMm, MpUMEHEHUE TOJIYIPOBOIHUKO-
BOIl KPMOTEHHOMN 3JE€KTPOHUKM MOXET IMO3BOJUThH B
3HAUUTEILHOM CTeNeHU TOBBICUTh 3(P(PEKTUBHOCTH
CKBH/I-MarHuToMeTpOB 3a CYET IOBBIIICHUS Pabo-
Yyeil MoJIOChl CXeM CUMTBhIBAHUS (YMEHbIIIEHUST BpeMe-
HU 3a1epXKW Ha COeAUMHUTEIbHBIX Ka0essIx) 1 3a CYEeT
YMEHBIIEHUSI COOCTBEHHbIX LIIYMOB YCWJIMTEJS C TIOHU-
XKEeHueM TeMIepaTryphbl oKpyxamwleir cpeabl. Hanbo-
Jiee MepCIeKTUBHBIM PELIEHWEM BBIMJISIIUT MOJTHOCThIO
KpUOTeHHasi TpsMasi cXeMa CUMUTbIBAHUS C TeTJei
¢ukcauuu noroka. [IoMMMO OCHOBHBIX TpeOOBaHUIA
K KPUOTEHHOW 3JIEKTPOHUKE, OMMCAHHBIX paHee, TpU
peaqu3aly TaKoro IOoAXoJa CleayeT N00aBUTH Tpe-
0oBaHME HU3KOTO YPOBHSI (DJIMKKEP-1IYMOB.

KomMepueckue cnienHaM3MpOBaAHHbIE
CKBMUMI -cucrembl

IIpexne yeM 00CyKIaTh KPMOTEHHbIE MOJTYIIPOBO/I -
HUKOBBIC YCUJUTEIN HU3KOW YaCTOThI, CTOUT YIIOMSI-
HYTh IIpo cyilecTBylomue peieHus Hi-End-kiacca
B obnactu cnenuanusupoBaHHbix CKBUWMI-cucrem.
[aHHBIe pelIeHMS SBJSIOTCS IO CYTH 3aKOHYEHHOM
cucteMoit aist pabotsl co CKBW/Iamu u cogepxkaT Ha
0OpTY BCIO HEOOXOOMMYIO 3JEKTPOHHUKY, IIPO KOTO-
DPYIO TOBOPUJIOCH paHee: He0OXOAMMbIE aHAJIOTO-1H G-
pPOBbIE U LIM(pOaHAIIOrOBbIE MPeoOpa3oBaTeIn; MUK-
POKOHTpOJUIEpHOE yIpaBieHue; HHTepdeichl s
MOJAKJTIOUEHUSI K MEePCOHATIbBHOMY KOMIIBIOTEDPY; TPO-
rpaMMHoe obecrnieyeHue u T. O. Kak mpaBujio, Takue
CHUCTEMbl OYEHb CJIOXHBI U QYHKIIMOHUPYIOT TOJIBKO B
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CTaHJAPTHOM JMAIla30He TeMIiepaTyp, T. €. He Npu-
CMOCOOJICHBI JISI KPpUOTEHHBIX TeMIiepaTyp. PaHee Mbl
YIIOMWUHAJIA, YTO TUIUYHBIEC 3HAUEHUS CIIEKTPAJIbHOMK
TUIOTHOCTH 1IIYyMOB, MPUBEACHHON KO BXOOy, MO Ha-
MPSKEHUIO JUISI KOMMEPUYECKUX YCUJUTENel HU3KOM
YacTOTHI cocTaBisioT nopsinka 1 B/ /T . OnHako B
CHELMAIM3UPOBAHHBIX CUCTEMax BTU IIIYMbI MOTYT
OBITh HMXE B 3 pasa, KaK MOKa3aHO B MCTOYHMKAX
[11—13]. BxomHble KacKaabl TAKMX YCUIIUTENEH COCTO-
ST U3 OUIIOJSIPHBIX TPAaH3UCTOPHBIX map (WM Ha oc-
HOBE TPaH3UCTOPOB, YIPABJISIEMbIX p—H-TIEPEXOIOM).
PaGouas mojioca Takux CHUCTEM, OXBAYEHHBIX METJIEH
(uMkcaluu MOTOKa, COCTaBIsIET AECATKU Merarepil.
HecmoTpst Ha To UTO 1IyM, MPUBEAEHHBIM KO BXONY,
JIOCTUTaeT PEKOPJHO HU3KUX 3HAUYEHUI, OH BCe Xe
MpUMEpPHO B 3 pa3a BbIllIEe, YeM COOCTBEHHBIC LIYMbI
nT-CKBUWU/la.

KpHOFeHHbIe NOJIYIPOBOJHHUKOBBIC YCHIMTECIN
HHM3KOH YaCTOThI A1 CXE€M CYMTbIBAHMA
B KPHMOTCHHBIX NPUJI0KCHUAX

CaMbIM KPUTMYHBIM 3JIEMEHTOM PacCMOTPEHHBIX
BBIIIIE CUCTEM SIBJISIETCS] YCWIIMTENb cUrHaia. Cxemo-
TexHuka 1 ucnonb3dyemass DKb B 3HauuTENIbHOI CTe-
MeHu OyayT ompenessTh XapaKTepUCTUKM ITOrO YCT-
poricTBa. B ciiydyae npsiMoii cXxeMbl CUMTBIBAHUS TIpe-
MOYTEHUE OTAAETCS YCUIIMTEISIM C BXOTHBIM KacKaJaoM
B Buje nuddepeHIMalbHON Maphl, MTOCKOJbKY MoJioca
YCWIEHHUS TaKUX KacKagoB HAUMHAETCS C HYJS Tepil.

CTOUT OTMETUTH, YTO (QIMKKEP-IIIYM IOJHOCTBHIO
onpenensiercs QUKo paboThl aKTUBHOIO YCTPOIiC-
TBa (TPaH3UCTOPA) U TEXHOJIOTUEN €ro U3rOTOBICHUSI.
Tak, a1 KackagoB Ha OCHOBE OUIIOJISIPHBIX TPaH3UC-
TOPOB dYacToTa cpe3a (IUKKEp-IIyMa 3HAYUTEIBEHO
MEHBbIIIE, YeM JUIS pellleHU Ha OCHOBE MOJIEBBIX TPaH-
3ucTopoB [14]. Takke OUMOJsIpHbIE TPAH3UCTOPHI UME-
IOT HeOOJIbIIONW TeXHOJIOIM4YecKuid pazopoc [15], uTo
BBIPAXXaeTCsl B HE3HAUUTEILHOM HaMPSLKEHUU CMellle-
HUs nuddepeHInaaIbHOM Taphl.

B ciyyae MODyISIIMOHHON CXeMbl CUYUTHLIBAHUS
CXeMa yCWIMTEJII MOXET ObITh Mpoliie, YeM MpU Mpsi-
MO cxeMe CUMTBhIBAaHUSI — HET HEOOXOAUMOCTU pea-
JIN30BbIBATh YCUJIUTENb B BuAe AuddepeHInanIbHOI
Maphbl, TaK KakK UMeeTCsl TepeHOC MOJIE3HOI0 CUTHalla
Ha 4YacTOTy OCUMWLIITOpa. B 3TOM ciyyae MOXKHO
000UTHUCH MPOCTEHIINM OJHOKACKAAHBIM YCUIUTEIEM
C HU3KHUM YpOBHEM O€JIoTo IIfyMa M HadaJOM ITOJIOCHI
MPOITYCKaHUsI BbIIlIE YacTOThl cpe3a (GIMKKep-lIyma
BBIOPAaHHOTO TPAH3UCTOpPA, T. €. C TaJIbBAHWUYECKOMU
pasBsaskoit. [1py TakoM moaxoae MoaoMaeT Kak OUIo-
JIAPHBIN, TaK U TIOJIEBOM TPAH3UCTOP.

Panee 651710 TTIOKa3aHo [7], 4TO HanboIee TIePCIIeK-
TUBHBIMHM JUTSl peayIN3alliid KPUOTeHHOM 3JIEKTPOHUKHU
reJIMEBOrO JUara3oHa TeMIlepaTyp SIBJISIIOTCSI TEXHO-
Jsoruu cozgaHus SiGe Heterojunction Bipolar Tran-
sistor (HBT) u InP High Electron Mobility Transistor




(HEMT). Xopouum pelieHueM s
peanu3alv KakK yCWIUTENs, TaK W
MpoYeil KPUOTEHHOW 3JIEKTPOHUKU
MOXET OBbITb MCIOJIb30BAHUE KPUO-
TEHHOTO OMNEPAUUOHHOTO YCUJIUTEINS.

~15'Re
——
— —— offsel adjustment

Ha ero ocHoBe MOXHO peain30BaThb
KaK BXOJHOW yCUJIWUTEb, TAK U WH-
TEeTpaTop U IPoYUe BJIEKTPOHHbIE yC-
TPOMCTBA.

CpaBHUTENIbHBIN aHAINU3 XapaKTe-
PUCTHMK HECKOJbKMX KpPHUOT€HHBIX
HU3KOYACTOTHBIX YCWJIMTEICHU Mpen-

Rout
= g OUuT+
ouT-

CTaBJIEH B TaOJMIIE.

Peammzanmsa kpuorenHoro augge-
PEHLIMAILHOTO YCUJIMTEISI Ha JTUCK-
petHbix SiGe HBT TpaH3ucTtopax Obl-
JIa IpeiIoXeHa B pabote [16] mst cun-
TeiBaHUs1 MaccuBa u3 480 CKBUHoB -
(puc. 1). B xauecTBe yCUINUTEIHHOTO
3BEHa UCIOJIb3yeTCsl KACKOIHOE BKITIO-
YeHHe TPAaH3UCTOPOB B KaXKIOM TIjie-
ye. Harpyskoii atoii nuddepeHanibHoi naphl sSIBs-
1o1cs pesucTtopsl. Ilociie ycuineHus: curHaj MmocTynaeT
Ha OMUTTEPHBIC TOBTOPUTEIHU U 1aJiee BHIBOIUTCS Ye-
pe3 BUTYIO Mapy M3 KpuocTaTa. JaHHBbIA yCUIUTENb
o0Osiamaer WMpPOKoK padoueit mosiocoit B 42 MI'u u
ycwienueM 32 nb.

B pabGote [17] Obuia peanu3oBaHa 3aKa3Hasi WMH-
TerpajibHasi MUKpOCXeMa ISl CUUTBIBAaHUSI MacCuBa
CKBW/IoB o nHTerpaibHoi TexHosorun SiGe HBT
350 M. B cocTaB JaHHOII MUKPOCXEMbI BXOAUT HU3-
KOYaCTOTHBIN auddepeHIMaaIbHbI YCUIUTETb-MYJIb-
turLiekcop (puc. 2) ¢ ycuiaeHueM oojee yem B 100 pa3
W HU3KMM YPOBHEM IIIYMOB, MPUBEIEHHBIX KO BXOIY
(0,2 HB/ JT1 ). OnHako yacToTa cpesa (GIUKKep-1y-
Ma Benuka — mopsaka 100 xI'u. JIaHHBIA MyIbTHU-
TUIeKCcop TMpeacTaBiseT coboir N auddepeHunaabHbIX
nap, IOAKJIIOYEHHBIX K OOIIEel Pe3MCTUBHOM HArpys3-

Puc. 1. Cxema muddepennmanbtoro SiGe ycuaurens
Fig. 1. Schematic of differential amplifier based on SiGe HBT

ke. Ha ogHO mevo kaxmoli mapbl MOAAHO OMOPHOE
HanpsbkeHue V. Ha Bropoe mocrynaer ycuanBaeMblii
curHas. Beibop HeoO0XoAMMOro KaHajia MYJIbTUILIEK-
COpa OCYILECTBIAETCS BKIIIOYEHUEM Sy UICTOUHUKA TO-
Ka aisi N-ii nuddepeHuManbHoit napbl. Bece ucrou-
HUKM TOKa MOIKJIIOYEHbI K OIOPHOMY TPAH3UCTOPY U
00pa3yoT BMeCTe ¢ HUM TOKOBOE 3epKajo, 4yepe3 KO-
TOPOE TPAHCJIMPYETCA ONOPHbIA TOK Iy B 1uddepeH-
[UaTbHBIE YCUIUTEIIN.

IonHOLIEHHBIM ONepallMOHHBIN YCUINTEIb ObLT pe-
anu3oBaH [18] Mo TEXHOJIOTMM MOJTHOCTBIO OOEITHEH-
Horo KMOII "kpemuus Ha uzongtope” (Full Deple-
tion Silicon-On-Insulator, FD-SOI, Complementary
Metal Oxide Semiconductor, CMOS). JlaHHbI yCU-
quTenb (puc. 3) ¢ ycuaeHueM cBeilie 77 nb uMeeT no-
cTtatouHo Gosbine daukkep-mymsl (19 MxB/J/Ti
Ha 1 I'u). YcunauTenabHast yacTh 3TOTro AuddepeHI-

0000menne nHGOPMANMHA 0 KPHOTEHHBIM YCHIMTEISIM
Summary for cryogenic amplifiers

Vere- ITonoca, | benblii 1iyMm, YacroTa cpesa
Hctounuk| TexHomorus ApxXuUTeKTypa T K| nue, 1b I'n B/ /T nukkep-myma, I'o
Source Technology Architecture ’ Gair; dB Band- White noise, | Flicker noise cut-off
’ width, Hz v/ JHz frequency, Hz
[16] SiGe HBT JnddepeHINATBHBIN YCUTATETb 4,2 32 42-10° 0,3 107 60 - 103
(mMCKpeTHbIE) Differential amplifier
(discrete)
[17] | SiGe HBT 3akasnas UMC 4, 4 >10° 0,210 100- 103
ASIC
[18] FD-SOI CMOS | Onepaunonnsiit ycunurensb (MMC) 4,2 77 — — >10°
OpAmp (IC)
[19] GaAs JFET OmnepanmonHsiii yeumutens (MMC) 4,2 66 200 — >103
OpAmp (IC)
[20] Si JFET* Cbopka Ha ocHOBe nuphepeHIIMaTbHOM 10* >120%* 37-103 | 0,2+ 10 Pwwx —
Mapbl ¥ OMEePalMOHHOTO YCUIUTES
Assembly of differential pair and OpAmp

Tpumevanus: * — BXoAHOM Kackan; ** — ycuneHue AaHo B [V/A] u BeipaxkeHo B Ab; *** — 1yMbl npuBeneHsl B eauHuax A/
Note: * — imput cascade; ** — amplification is provided in v/A and expressed in DB; *** — the noises are presented in A/Hz units.
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Puc. 2. Cxema MyJabTHIUIEKCOpa-ycHiauTeNss Ha N KaHAJIOB B CO-
CTaBe 3aKa3HOil HHTErpaJbHON MHKPOCXeMBI LISl KOHTPOJIS MACCHBA
nr-CKBU/],

Fig. 2. Schematic of N channels multiplexor-amplifier as a part of ASIC
for dc-SQUID array control

aJbHOTO YCWJIMTENSl BBITIOJIHEHA TI0 KAaCKOIHOMY
BKJIIOUEHUIO, & HATPY3KOU CIYKUT KaCKOAHOE TOKOBOE
3epKajo. B KayecTBe BBIXOTHOTO KacKaua MCIIOJb3Y-
eTCsl YCWINTENb Kjlacca A ¢ aKTMBHOM Harpys3Koid.

Eie onuH onepallMOHHBIN YyCUIUTEIb B BUAC WH-
TeTpajlbHOM MUKpocxeMbl (puc. 4) Mo TeXHOJOTUU
GaAs JFET (Junction Field Effect Transistor) onuchi-
Baetcsd B pabote [19]. I[Ipu ycmrenun 66 nb 1 yacrote
enuHuyHoro ycuseHus 400 kI’ maHHBIA yCUIUTENb
umeeT mymbl 30 HB/ /T npu 10 xI'u. TepBblit yeu-
JINTENIBHBINA KacKal JAaHHOTO YCUJIUTES IIPeaCTaBIIs -
eT co00ii OOBIKHOBEHHYIO TUPPepeHINATBHYIO TTapy
C Harpy3Ko#l B BHIE PE3WCTOPOB, BO BTOPOM KacKaje
YCWIEHHUSI MCIOJIb3YeTCsl aKTMBHAsl Harpyska. Takoit
ITOAXOI, TIO3BOJISIET "OTBSI3aThCA' OT ITYMOB Ha ITEPBOM
Kackajne, ¥ "HabpaTh" HeoOXoaUuMOe YCUIIEHUEe Ha ToC-
JIEAYIOLIEM.

HMHTepecHBI TTOaXoa ObUT TTPOIEMOHCTPUPOBAH B
pa6ote [20], roe mpeaiaraaoch yCTPOMCTBO TPaHCUM-
MeJaHCcHOro ycunutenst (mpeoOpas3oBaresisi TOK-Hampsi-
XEHHE) C YCWICHHEM CBBIIIIE 100 B/A (puc. 5). Ipen-
JIOXKEHHOE YCTPOMCTBO ObLIO PeaM30BaHO Ha AMCKPET-
HBIX KOMITOHEeHTax: BxoaHas nuddepeHimaibHas napa
BBHITIOJIHEHA Ha KpeMHHUEBBIX TpaH3uctopax LS844,
VIIPaBISIEMBIX p—H-TIEPEX0I0M, OKOHEYHBIM KacKall
npeacrasnsier coooit KMOII-onepallMOHHBINA yCUIU-
teab TLC271B. IIpuuem BXoaHOI KacKal OXJIaxXaaeT-
ca go 10 K, a Bropoii kackag — mo 130 K.

Haubonee ymayHble yCUIUTEIU HU3KOM YaCTOTHI
I KPUOTEHHBIX TPUJIOXKEHWI (B TOM YHCIIe W ISt
CKBH]JI-MarHUTOMETPOB) peaju30BaHbl Ha OCHOBE
SiGe HBT-tpan3ucropoB. EnMHCTBEHHBIM HegOCTAT-
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KOM TIpEACTABICHHBIX BBIIIIEC YCHUIUTEICH MOXHO CUM-
TaTh OTHOCUTEJILHO BBICOKMIT ypoBeHb 1/f~1myma. B pa-
6ore [16] ObUT MpoBeAeH MOMOJHMTEIbHBIA aHAIU3
BJMSIHMS TOKa OudbdepeHIIMaTbHONi aphbl Ha TTOBeIe-
HUe HM3KOYaCTOTHOTO Iyma. bBbIIO TMOKa3aHO, 4YTO
yBEeJIMUEHUE PadOUYMX TOKOB ITO3BOJISIET CHU3UTh Yac-
TOTY cpe3a (JIMKKep-1IyMa Ha HECKOJbKO MOPSIAKOB.
OmHako Takol MOAXOM BeAET K YBEJIMUEHUIO MOILITHOC-
TU MOTPEOJCHUSI, YTO SIBJISIETCSI KPUTUYHBIM B KPUO-
TeHHBIX TTPUJIOXKECHUSX.

Oo0cyxaenue

CKBU/I-MarHUTOMETPEl Ha CETONHSIIHUIA [IeHb
SBJISIIOTCS CaMbIMU YYBCTBUTEJIbHBIMU JaTYUKAMU
MarHuTHoro mnoJjs. Cpeau mogoOHbIX MarHUTOMETPOB
HauOOJIbIIE YyBCTBUTEIbHOCTBIO 00Jadal0T MarHu-
ToMeTpbl Ha ocHoBe NT-CKBWIoB ¢ HU3KOI KpUTH-
YeCcKOM TeMIepaTypoii, KOTOpble (PYHKIMOHUPYIOT TP
reJIMEBBIX TEMIIEPATYpax U CIIOCOOHBI AETEKTUPOBATh
MarHuTHbIE TOJs1 (heMTOTeCJI0BOro AuanasoHa. s
pabotsl Takoro CKBW]a HeoOxomuMma crieliMajbHO
pa3paboTaHHasl 3JIeKTPOHHAasl 00BsI3Ka, YTO CBSI3aHO C
HEKOTOpbIMU orpaHundyeHussmu camoro CKBWJI-ycrt-
poiictBa. Mablii TMHEHBIN AUaITa30H BXOIHBIX CUT-
HaJIoB, OOYCJIOBJIEHHBI HEJIMHEHON IlepemaTOYHOI
xapaktepuctukoii nT-CKBW]la, He mo3BoJsgeT JeTeK-
TUPOBATh OOJIBIINE IO aMIUTUTYIe CUTHAIBL. DIuKKep-
wym camoro nT-CKBWIa, BeI3BaHHBINM (hIyKTYyalsi-
MU KPUTUYECKOTO TOKa, HAKJIAJAbIBAET OTPaHUYEHMS
MO YYBCTBUTEJIBHOCTU (OCOOEHHO JISI BHICOKOTEMIIE-
patypHbix nT-CKBW/loB). Mansie pasmepsl CKBH/la
BHOCSIT OTpaHWYEHUS 1O YYBCTBUTEJIbHOCTM K Mar-
HUTHOMY TOJIIO U JIEJIAl0T HEBO3MOXHBIMU MPELU3U-
OHHbIE M3MepeHMs1 0e3 crelMalibHbIX KOJIell 3axBaTa

vouT

Puc. 3. Cxema KpPHOTEHHOTO ONMEPANMOHHOTO YCHJIMTEJNSI, W3TOTOB-
JIGHHOTO N0 TEXHOJIOTHM NOJHOCTbI0 00eaHenHoro KMOIT

Fig. 3. Schematic of cryogenic OpAmp manufactured with FD-SOI
CMOS technology




TeMbl BHOCUT CBOM OIpaHUYEHUS B pe-
3YIBTUPYIONIYIO CHCTEMY.

Vdd1A
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Puc. 4. Cxema onepanoHHOro yCHJINTEIsSl, H3rOTOBJIEHHOro 1o TexHojorun GaAs JFET
Fig. 4. Schematic of cryogenic OpAmp manufactured with GaAs JFET technology
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Puc. 5. Cxema TpaHCHMNEIAHCHOTO YCHJIUTEJS
Fig. 5. Schematic of cryogenic transimpedance amplifier

MarHuTHOTo nmotoka. K Tomy ke ypoBeHb cUTHAJIA IIT-
CKBM/la Man 1o aMIuiuTyze 1 gajibHeias oopaboT-
Ka CUTHaJIa TPeOyeT ero yCHIeHMUs.

JomonHuTtenbHas1 3JeKTPOHHAsA 00BsI3Ka ITO3BOJISI-
€T CHATh YKa3aHHbIe orpaHn4YeHus. Tak, UCIT0JIb30Ba-
HHUE IeTJH (PUKCAK IIOTOKA AAeT BO3MOXKHOCTh 3Ha-
YUTEJIbHO PaCIIUPUTh JUHEHHbII AUAna3oH BXOMHBIX
CUTHAJIOB, YTO MO3BOJISIET M3MEPSITh CUTHAJILI 0OJIb-
LIOM aMIUIMTYIbI, a TJIaBHOE — paboTaTh B HEAKPAHU-
pOBaHHOI 00CTaHOBKE, TaK KaK ITOMUMO U3MEPSIEMBbIX
CUTHAJIOB BCerjga IPUCYTCTBYeT MAarHUTHBINA (DOH OK-
pyxenus. OIHAKO YCIOXHEHUE U3MEPUTEIBHOM CHC-

Voltage Out
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|
Ovdd2 | IMpoeKTUpOBaHUE CIOXKHBIX 3JIEKT-
| POHHBIX YCTPOHCTB HEBO3MOXHO 0e3
| JIOCTOBEPHBLIX KOMITLIOTEPHBIX MOJENIEM
ooun | 6a3’oBbIX SMEKTPOHHBIX KOMIIOHEHTOB.
oour2 |  OCHOBHOE MPENATCTBUE PA3BUTHS KPHO-
: T€eHHON MOJIYIIPOBOJIHUKOBOM 3JIEKT-
Qouts POHUKM 3aKJIIOYAETCA B OTCYTCTBUU
| TIOJHBIX MOIENEH [UIsl OTAENBHO BbI-
[—OO0UT4 | GpaHHOIW TEXHOJOTMU B KPUOTECHHBIX
—OSFN | yeroBusIX.
srour ! Ha naHHBIi MOMEHT BpEMEHU Cy-
| LIECTBYET MHOXECTBO ITOJYIPOBOIHU-
| KOBBIX TEXHOJOTHUA, TIO3BOJIIONINX M3~
| TOTaBIMBATh Pa3JIMYHbIE MUKPOIJIEKT-
OVss1 |,  POHHBIC YCTPONCTBA ISl PA3HBIX PUJIO-
|
|

xeHuil. OMHaKO He CYyIEeCTBYET TeXHO-
JIOTUY, TapaHTUPYIOIIECH ONTUMAaTbHBIE
XapaKTEePUCTUKU B KPUOTEHHOM Marna-
30He TeMmIneparyp. MHbIMU cllOBaMU, He
CYILIECTBYET "4MCTO" KPMOTEHHOM IO-
JIyITPOBOAHUKOBOW TEXHOJOTMU, ONTU-
MU3UPOBAHHOM [JIS OTUX LICJICH.

Cpenu HeCKOJIbKUX Haubosiee ynau-
HBIX pellleHWI MOXHO BBIIEIHNTH TeX-
Hojoruito SiGe HBT. IIpu6opsl, n3ro-
TOBJIEHHBIE 110 3TOW TEXHOJOIWU, Mpe-
TEpIieBalOT  HEKOTOpPOe  yXyIIIEeHUE
MHOTHUX XapaKTepUCTUK TMPU KPUOTEH-
HBIX TEMIIepaTypax, OAHAKO COXPAHSIOT
CBOIO PabOTOCHOCOOHOCTh BILIOTh 10
cyokeabsBUHOBBIX (<1 K) Temmeparyp.
ITockonbky 310 "0OBeMHasI" TEXHOJIO-
TUs, TO YPOBEHDb (PIMKKEP-IITyMOB B Te-
TEPOCTPYKTYPHBIX TPAH3UCTOPaxX OYeHb
HU3KHWM, a CYLIECTBEHHOE YCUJIEHUE TO-
Ka 0a3bl MO3BOJISIET IIOJ00paTh OMNTU-
MaJIbHBIM PEXUM C yUeTOM TpeOoBaHUI
K MOHIKEHHOMY 3HEPronoTpeOIeHUIO.

HawubGonee ymayHbIM BMAMTCS Ba-
PHUAHT MCCIEAOBAHUS CYIIECTBYIOIINX
TEXHOJOTMUYECKUX BO3MOXHOCTEH Mpu
KPUOTEHHBIX TeMIIepaTypax ¢ TOCIeIy-
olIel anpobalieil Ha TpakTUKe.

HMccnenoBaHus KOHKPETHOM MHTErpajbHON TEXHO-
JIOTMM JUII KPMOTEHHBIX 3a7a4 BUASATCS CICAYIOLIUM
obpa3oM:

1) co3gaHue TEeCTOBBIX CTPYKTYp 0a30BBIX BJIEKT-
POHHBIX KOMITOHEHTOB (TPaH3UCTOPHBI, PE3UCTOPHI,
KOHIEHCATOPHI U T. I1.);

2) u3MepeHre XapaKTepUCTUK 0a30BbIX 2JIEMEHTOB
B YCJIOBUSIX KPUOT€HHBIX TeMIIepaTyp;

3) paclIMpeHHe CYLIECTBYIOLIUX MOeneil 6a30BbIX
5JIEMEHTOB Ha KPUOT€HHbIE TeMIepaTypbl (MJIM HaIu-
CcaHMe HOBBIX MOJEJeii), KaK 3T0 ObLIO IT0KAa3aHO, Ha-
npuMmep, B UCTOUHUKaAxX [21, 22];
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4) pa3paboTKa CIOXHOMDYHKIIMOHAIBHBIX YCTPOICTB
MO pacIIMPEHHBIM/HOBBIM MOJEJISIM;

5) uccaegoBaHue U U3MEPEHUE pa3pabOTaHHBIX YyC-
TPOWCTB C KOHTPOJIEM HX XapaKTePUCTUK IPU KPHUO-
T€HHOM TeMIlepaType;

6) aHaJIM3 TTOJYYEHHBIX pe3yIbTaTOB M KOPPEKTHU-
poBKa Moneseit (Ipyu HeOOXOIUMOCTH).

JaHHBIM MOAXOod TMO3BOJMUT CO3[aTh IMOJHOCTBIO
KPUOTEHHBI KOMIUIEKC CPEACTB MPOEKTUPOBAHMUS
(PDK — process design kit), opreHTHpOBaHHbIII Ha
cosznanue kpuoreHHblx UMC mis mmpokoro kjacca
3a/1a4 U MIPUIIOXKEHUM.

3akmoueHue

B pesyiabrare npoBeaeHHO pabOThI MpeAIpUHITA
MOMBITKA aHaJIM3a TEKYILEro COCTOSIHUS U TTPOBOAUMbBIX
HUCCNIeNOBaHUII M pa3paboOTOK B 0O0JACTU CUMTHIBAIO-
1LIEH BJEKTPOHUKU JJIs1 CBEPXITPOBOASILIMX KBAHTOBBIX
UHTEp(GEpPOMETPOB MOCTOSIHHOTO TOKA C HU3KOM KpH-
TUYecKor teMneparypoil. ITpoaHaM3upoBaHbl OCHOB-
Hele orpaHuueHus nT-CKBHW/IoB, He 1mo3BosOIINIE
HCITOJIb30BaTh X KaK OKOHEYHbIE YCTPOMCTBA IS Je-
TeKTUPOBaHUSI CJIa0bIX MAarHUTHBIX Mojeid. [TpuunHbI
OrPpaHUYECHUM CBSI3aHbI: C HEJIMHEWHOCTBIO IMepena-
TouHoil xapakTepuctuku nT-CKBWa, KoTtopasi 3Ha-
YUTEIHbHO YMEHBIIAET JMHEHHBIN AMaIa3oH U3Mepsie-
MbIX CUTHAJIOB; C MaJIOi IJIOLIAAbI0 CAMOTO YCTPOMCT-
Ba, 4YTO CHMXaeT 4yBcTBUTeAbHOCTh NT-CKBUa k
MarHUTHOMY To10; ¢ piukkep-1rymamu nT-CKBHW/a,
KOTOpPbIE HE MO3BOJISIIOT B MOJTHOM MEPE PacKpPbITh IO-
TEHLIMAJ YyBCTBUTEJIbHOCTU TAKUX MAarHUTOMETPOB.

PaccMoTtpeHbl 0a30Bble 3JIEKTPOHHBIE CXEMbI CUM-
TBIBaHUS cJ1adboro 1oJjie3Horo curHana co CKBU/os u
OCHOBHbIE€ OTpaHUYEHMsI, BHOCUMBIE TOTOJTHUTEIBbHOM
3JIEKTPOHHOM 00Bsi3koi. IlpeacTasneH aHanu3 peuie-
HUI B 00J1aCTM KPUOTEHHOW 3JIEKTPOHMKU KaK KIIIO-
YeBOro 3BeHa B mepcreKTuBHBIX cuctemax CKBU/I-
MarHuToMeTpoB. CdopMyaupoBaHbl OCHOBHBIE Tpe-
OoBaHUS K IoJylipoBogHMKOBOl DKDb mist pabGoThl
MPU KPUOTEHHBIX YCJIOBUSIX U MPEMJIOXEH aJIrOpUTM
CO3JaHUSI Ha CYLIECTBYIOIIEH TEXHOJOIMYeCKOl Oase
coBpeMeHHbIXx UMC a1st paboThl B KEIbBUHOBBIX U
CyOKeJIbBUHOBBIX AWana3oHax TeMIeparyp.
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Introduction and problem statement

SQUID magnetometers are the highest precision
sensors of the magnetic field capable to detect the mag-
netic fields of the femtotesla range. Such magnetome-
ters represent a system consisting of the superconduct-
ing quantum interferometer (SQUID) and the neces-
sary electronic equipment (the so-called "read-out
electronics”). The main feature of such systems is that
the element sensitive to the magnetic field — SQUID,
has to be in the cryogenic conditions, while the elec-
tronics, necessary for operation of the system, works in
the temperature range, general for the electronic com-
ponents (—60...125 °C). This presents a number of re-
strictions, which do not allow us to realize completely
all the potential of the measurements of the magnetic
field by means of SQUID. In the previous parts we an-
alyzed the main restrictions of the low-temperature
SQUIDs of direct current, not allowing us to use them
as terminals for detection of weak magnetic fields [1],
and presented in detail the circuit solutions, which
make it possible to overcome the restrictions connected
with the nonlinearity of the transfer characteristic of
dc-SQUID (flux-locked loop) and with the high level
of input referred noise of the amplifier following the
SQUID (the modulation circuit, circuits with addition-
al positive feedback) [2]. These solutions complicate
the read-out electronics and introduce additional re-
strictions for the linear range and/or bandwidth of the
studied signals.

A completely cryogenic architecture of the magne-
tometer allows us to improve and simplify the electron-
ic system considerably. For this purpose, it is necessary
to have a cryogenic electronic component base capable
to function in the kelvin and subkelvin ranges of tem-
peratures. However, such electronics on the basis of the
semiconductor technologies is not yet available at the
level of the industrial production.

This part of the work presents an analysis of the so-
lutions proposed in literature in this sphere, the main
effects arising in the semiconductor electronics in the
conditions of the cryogenic temperature and also an at-
tempt to form a list of requirements, to which the mod-
ern electronic devices and their microelectronic com-
ponents for processing of SQUID signals should cor-
respond.

Requirements to the semiconductor
cryogenic electronics

The architecture of a completely cryogenic magne-
tometer on the basis of a low-temperature dc-SQUID
requires reliable electronics capable to withstand the in-
fluence of extremely low temperatures of the sub-heli-
um range (<4.2 K). The modern electronic component
base (ECB), as a rule, is produced in the semiconductor
factories according to the offered technologies in the
form of the standardized production routes by the fixed
design and technological standards, for example, of the
integrated circuits (IC). Respectively, development of
IC by such technologies is carried out in accordance
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with the Process Design Kit, PDK (rules of IC design-
ing), which actually limit the temperature of operability
of the devices within the range of —60...125 °C. Thus,
the standardized PDK provided by ECB producers do
not provide an opportunity to estimate or, the more so,
to guarantee operability of the devices and keeping of
their characteristics outside the temperature range stat-
ed above.

Certain experiments with cooling of various elec-
tronic devices down to the temperature of the liquid ni-
trogen (77 K) demonstrated operability of ECB at such
temperatures with an insignificant deviation of their
characteristics [3—5]. Cooling of the semiconductor
electronics below "the liquid nitrogen temperature”, in
most cases, results in either temporary failures or a fatal
loss of operability of ECB. Such a behavior is directly
connected with the physics of operation of the semi-
conductor devices in the cryogenic conditions and is
determined by the applied technology [6, 7]. From here
comes the first and the main requirement to the cryo-
genic semiconductor ECB for the dc-SQUIDs, which
is operability in the sub-helium range.

As it was demonstrated above [1], the sensitivity of
dc-SQUID is limited by the level of the voltage input
referred noise spectral density of the amplifier, follow-
ing after the sensitive element. The level of the self-
noises of dc-SQUID equals to the tenth shares of
nV//Hz, while the noises of the best available "room"
amplifiers make about 1 nV/./Hz. Thus, the small sig-
nals by voltage generated by dc-SQUID under the in-
fluence of a magnetic flux are hidden behind the noises
of the amplifier, which exceed the level of the self-noise
of the sensitive element by an order. Other cryogenic
applications, such as quantum bits, also demand a min-
imal level of noise of the subsequent amplifier, because
this leads to reduction of the time of decoherence of the
quantum system [8]. From here comes the second re-
quirement to the cryogenic semiconductor read-out
electronics, which is a low level of input referred noise
spectral density. For the dc-SQUID magnetometers it
is necessary to ensure these noises at the level of the
self-noise of a SQUID.

Modern cryostats allow us to provide temperature in
tens of millikelvins [9]. Since the cryostats have the fi-
nal power of cooling, it is necessary to ensure the dis-
sipated system power in accordance with to the poten-
tial of the cryostat. For the modern cryostats, which can
provide the temperature of the sub-helium range, the
power of cooling is about tens of milliwatts in the range
of temperatures of 1...3 K. If we consider that the dis-
sipated power of an electronic device is approximately
equal to the consumption power, then for keeping of
the set temperature condition it is necessary to ensure
consumption of all the system at the level of tens of mil-
liwatts.
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Thus, it is possible to formulate the following main
requirements to the cryogenic semiconductor elec-
tronics:

o Operability at the cryogenic temperatures (including
the helium temperatures);

e Low level of the self-noise (including the flicker
noise);

e Low energy consumption.

Use of the cryogenic semiconductor electronics
in the read-out circuits for dc-SQUIDs

Part 2 [2] is devoted to the main circuits for reading-
out of signals from dc-SQUIDs in the systems of pre-
cision magnetometers. These circuits allow us to over-
come the restrictions for the linear range of the input
signal (flux-locked loop) and for the noise of the room
amplifier, following the SQUID (modulation circuit,
circuit with additional positive feedback). These solu-
tions, in turn, complicate the measuring system and in-
troduce the restrictions of their own. In particular, ow-
ing to the interconnect wires between the cryogenic and
room parts of the system the working bandwidth of the
frequencies of all the system is reduced considerably.
Let us consider the influence of the cryogenic electron-
ics in these circuits.

Direct read-out circuit with a flux-locked loop in the
cryogenic version. The main purpose of the flux-locked
loop (see fig. 1, a, b in [2]) — is to fix a operating point
on the transfer characteristic of SQUID and thus ex-
pand considerably the linear range of the input signals.
Realization of the cryogenic version of the amplifier
and integrator will allow us to do away with the inter-
connect wires between "the room" and the cryogenic
parts. This will make it possible to eliminate the limit
of the system connected with time delay on the con-
necting elements. In this case the working bandwidth of
the frequencies of the system will be determined only by
electronics, which will allow us to take measurements
of the high-frequency signals. If we are to detect all the
range of the useful signals, we need an amplifier capable
to work from the zero hertz level.

The cryogenic version of the amplifier will allow us
to reduce considerably the level of the input referred
white noise, which will open an opportunity to realize
most fully the potential of sensitivity of the dc-SQUIDs.
In spite of the fact that usually due to deep cooling of
the amplifier the level of the white noise decreases con-
siderably, the flicker noise, or 1/f noise, behaves un-
predictably: the cutoff frequency, with which the flicker
noise begins to dominate over the white noise, can ei-
ther increase, or decrease [10].

The read-out modulation circuit in the cryogenic ver-
sion. The basic purpose of the read-out modulation cir-
cuit (see fig. 2 in [2]) consists in transfer by the fre-
quency of the studied signal to the area of the frequen-
cies, where the white noise dominates, in order to elim-
inate the influence of the flicker noises. Usually, the




read-out modulation circuit becomes looped through
the flux-locked loop.

Everything told above concerning the realization of
a flux-locked loop in a completely cryogenic version is
also true for this read-out circuit. At such an approach
the working bandwidth of the frequencies will be lim-
ited, first of all, by the frequency of the reference gen-
erator, while the noise will be determined by the white
noise of the amplifier.

Thus, the use of the semiconductor cryogenic elec-
tronics can increase substantially the efficiency of a
SQUID magnetometer due to an increase of the work-
ing bandwidth of the read-out circuits (reduction of the
delay time on the interconnect width) and due to re-
duction of the self-noise of the amplifier with a fall of
the temperature of the environment. It seems that the
most promising solution is a completely cryogenic di-
rect read-out circuit with a flux-locked loop. Besides
the main requirements to the cryogenic electronics de-
scribed above, the realization of such an approach en-
visages an additional requirement for the low level of
the flicker noises.

Commercial specialized SQUID systems

Before we discuss the cryogenic semiconductor low
frequency amplifiers, we should mention the existing
Hi-End solutions in the field of specialized SQUID
systems. These solutions are in fact a complete system
for work with SQUIDs and contain onboard all the
necessary electronics, which we discussed earlier: the
necessary analog-digital and digital-analog converters,
microcontrollers, interfaces for connection to personal
computers, software, etc. As a rule, such systems are
very complex and function only in the standard range
of temperatures, i. €. they are not adapted for the cry-
ogenic temperatures. Earlier we mentioned that the
typical values of the voltage input referred noise spectral
density for the commercial low frequency amplifiers
was about 1 nV/./Hz . However, in the specialized sys-
tems these noises can be three times lower, as is shown
in the sources [11—13]. The input cascades of such am-
plifiers consist of the bipolar transistor couples (or
based on the transistors controlled by p—n-junction).
The working bandwidth of such systems embraced by a
flux-locked loop equals to tens of megahertz. Notwith-
standing the fact that input referred noise reaches the
record-breaking low values, nevertheless, it is approx-
imately three times higher than the self-noises of a
dc-SQUID.

Cryogenic semiconductor low frequency amplifiers
for the read-out circuits in the cryogenic applications

The most critical element in the systems considered
above is the signal amplifier. The circuitry and the used
ECB will determine substantially the characteristics of
this device. In case of a direct read-out circuit, the pref-
erence is given to the amplifiers with the input cascade

in the form of differential pair, because the gain band-
width of such cascades starts from zero of hertz.

It should be noted that the flicker noise is deter-
mined completely by the physics of operation of the ac-
tive device (transistor) and the technology for its man-
ufacturing. So, for the cascades on the basis of the bi-
polar transistors the cutoff frequency of the flicker noise
is considerably less, than for the solutions on the basis
of the field transistors [14]. Besides, the bipolar tran-
sistors have smaller technological deviation [15], which
is expressed in an insignificant bias voltage of the dif-
ferential pair.

In case of the modulation read-out circuit the am-
plifier circuit can be simpler, than in case of a direct
read-out circuit — there is no need to realize the am-
plifier in the form of a differential pair, because a trans-
fer of the useful signal to the oscillator frequency is
available. In this case it is possible to manage with the
elementary one-cascade amplifier with a low level of
white noise and beginning of the transmission band
above the cutoff frequency of the flicker noise of the se-
lected transistor, i.e. with a galvanic isolation. At such
an approach both the bipolar, and field transistor will do.

As it was demonstrated earlier [7], for realization of
the cryogenic electronics of the helium range of tem-
peratures the most promising technologies are the tech-
nologies for creation of SiGe Heterojunction Bipolar
Transistor (HBT) and InP High Electron Mobility
Transistor (HEMT). A good solution for realization of
both the amplifier and the other cryogenic electronics
can be the use of the cryogenic operational amplifier.
On its basis it is possible to realize both the input am-
plifier, and the integrator, and the other electronic de-
vices.

A comparative analysis of the characteristics of sev-
eral cryogenic low-frequency amplifiers is presented in
the table.

Realization of the cryogenic differential amplifier on
discrete SiGe HBT transistors was proposed in the work
[16] for the read-out of an array of 480 SQUIDs (fig. 1).
As an amplifying stage, the cascode connection of tran-
sistors in each shoulder is used. The role of the load in
this differential pair is played by the resistors. After am-
plification the signal arrives to the emitter follower and
then is brought through the twisted pair out of the cry-
ostat. This amplifier has a wide working bandwidth of
42 MHz and gain of 32 dB.

In [17] the custom integrated microcircuit for read-
out of a SQUID array by the integrated SiGe HBT
technology of 350 nm is realized. This microcircuit
comprises a low-frequency differential amplifier-mul-
tiplexer (fig. 2) with a more than 100 times amplification
and a low level of input referred noise (0.2 nV/./Hz).
However, the cutoff frequency of the flicker noise is
high — about 100 kHz. This multiplexer is N of the dif-
ferential pair, connected to the common resistive load.
On one shoulder of each pair the basic voltage of V} is
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supplied. On the other one the amplified signal arrives.
Selection of the necessary channel of the multiplexer is
carried out by turning on of S, source of current for the
N differential pair. All the current sources are connect-
ed to the basic transistor and together with it they form
a current mirror, through which the basic current of /
is translated to the differential amplifiers.

The accomplished operational amplifier is realized
[18] by technology of Full Depletion Silicon-On-Insu-
lator, FD-SOI, Complementary Metal Oxide Semi-
conductor, CMOS. This amplifier (fig. 3) with gain
over 77 dB has a rather big flicker noise (19 pV/./Hz
at 1 Hz). The amplifying part of this differential ampli-
fier is implemented by the cascode connection, and the
load is the cascode current mirror. As the output cas-
cade, the amplifier of class A with an active load is used.

The work [19] describes one more operational am-
plifier in the form of an integrated circuit (fig. 4) made
by GaAs JFET technology (Junction Field Effect Tran-
sistor). At the gain of 66 dB and the unity gain frequen-
cy of 400 kHz this amplifier has noises of 30 nV/./Hz
at 10 kHz. The first amplifying cascade of this amplifier
is an ordinary differential pair with a load in the form
of resistors, while in the second cascade of amplifica-
tion an active load is used. Such an approach allows us
"to get rid" of the noises in the first cascade and "get"
the necessary amplification in the next one.

An interesting approach was demonstrated in [20],
where the device of a transimpedance amplifier (voltage
to current convertor) with amplification over 106 V/A
(fig. 5) was proposed. The offered device was realized
on the discrete components: the input differential pair
was made on silicon LS844 transistors controlled by
p—n-junction, the terminal cascade was CMOS — op-
erational TLC271B amplifier. At that, the input cascade
was cooled down to 10 K, and the second cascade —
down to 130 K.

The best low frequency amplifiers for cryogenic ap-
plications (including for the SQUID magnetometers)
are realized on the basis of SiGe HBT transistors. The
only drawback of the above amplifiers can be consid-
ered their rather high level of 1/f noise. In [16] an ad-
ditional analysis is carried out of the influence of the
current of a differential couple on the behavior of a low-
frequency noise. It is demonstrated that an increase of
the working currents allows us to reduce the flicker
noise cutoff frequency by several orders. However, such
an approach leads to a higher power consumption,
which is critical in the cryogenic applications.

Discussion

The SQUID magnetometers are the most sensitive
sensors of the magnetic field. Among such magnetom-
eters of the greatest sensitivity are the magnetometers
on the basis of dc-SQUIDs with a low critical temper-
ature, which function at helium temperatures and can
detect the magnetic fields of the femtotesla range. For
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operation of such a SQUID a specially developed elec-
tronic setup is necessary, which is connected with cer-
tain restrictions of the SQUID device itself. A small lin-
ear range of the input signals determined by the non-
linear transfer characteristic of dc-SQUID does not al-
low it to detect signals with big amplitude. The flicker
noise of dc-SQUID itself, caused by fluctuations of the
critical current, imposes restrictions on the sensitivity
(especially for the high-temperature dc-SQUIDs). Small
SQUID dimensions introduce restrictions by sensitivity
to the magnetic field, and make impossible precision
measurements without special rings for capture of the
magnetic flux. Besides, the signal level of dc-SQUID is
of a small amplitude and the further processing of the
signal demands its amplification.

An additional electronic setup allows us to overcome
the specified limits. So, use of the flux-locked loop al-
lows us to expand considerably the linear range of the
input signals, which makes it possible to measure sig-
nals of high amplitude, and, above all — to work in an
unscreened situation, because besides the measured sig-
nals there always is a magnetic background of the envi-
ronment. However, complication of the measuring sys-
tem introduces its restrictions into the resulting system.

Designing of complex electronic devices is impossi-
ble without reliable computer models of the basic elec-
tronic components. The main obstacle to development
of the cryogenic semiconductor electronics consists in
absence of full models for a separately selected tech-
nology in the cryogenic conditions.

At the moment there are many semiconductor tech-
nologies allowing to manufacture various microelec-
tronic devices for different applications. However, there
is no technology guaranteeing the optimal characteris-
tics in the cryogenic range of temperatures. In other
words, there is no "purely” cryogenic semiconductor
technology optimized for these purposes.

Out of several most successful solutions it is possible
to name SiGe HBT technology. Many characteristics of
the devices manufactured by this technology somewhat
deteriorate at the cryogenic temperatures, however,
they keep their workability up to the sub-kelvin (<1 K)
temperatures. Since this is a "bulk" technology, the level
of the flicker noise in the heterostructural transistors is
very low, while an essential amplification of the base
current allows us to select the optimal mode taking into
account the requirements to the lower energy con-
sumption.

The most successful approach seems to be the re-
search of the existing technological potentials at the
cryogenic temperatures with their subsequent approba-
tion in practice.

Research of the concrete integrated technology for
the cryogenic tasks are seen as follows:

1) Development of the test structures of the basic
electronic components (transistors, resistors, condens-
ers, etc.);




2) Measurement of characteristics of the basic ele-
ments in the conditions of the cryogenic temperatures;

3) Expansion of the existing models of the basic el-
ements to the cryogenic temperatures (or writing of new
models) as this is shown in [21, 22];

4) Development of complex functional devices by
the expanded/new models;

5) Research and measurement of the developed de-
vices with control of their characteristics at the cryo-
genic temperatures;

6) Analysis of the received results and correction of
the models (if necessary).

This approach will allow us to develop a completely
cryogenic designing complex (PDK — process design
kit) focused on creation of cryogenic IC for a wide class
of tasks and applications.

Conclusion

As a result of the carried out work an attempt was
made to analyze the current state and the conducted re-
search and development in the field of the read-out
electronics for the direct current superconducting
quantum interferometers with a low critical tempera-
ture. The main restrictions of the dc-SQUIDs were an-
alyzed, which did not allow us to use them as final de-
vices for detection of weak magnetic fields. The reasons
for the restrictions were connected: with the nonline-
arity of the transfer characteristic of dc-SQUID, which
considerably reduced the linear range of the measured
signals; with a small area of the device itself, which re-
duced the sensitivity of dc-SQUID to the magnetic
field; with the flicker noises of dc-SQUID, which did
not allow us to realize fully the potential of sensitivity
of such magnetometers. The basic electronic circuits for
the read-out of weak useful signals from SQUIDs and
the main restrictions brought by an additional electron-
ic setup were considered. An analysis of the solutions in
the field of the cryogenic electronics as the key link for
the promising SQUID magnetometer systems was pre-
sented. The main requirements to the semiconductor
ECB for operation in the cryogenic conditions were
formulated and the algorithm of work on the existing
technological base of modern IC for operation at kelvin
and sub-kelvin temperatures was offered.
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Paccmompenwvt gusuveckue xapakmepucmuxu 6uma MAacHUMOINEKMPUYECKOU NAMSIMU HA OCHO8e AHMUGpeppOMAcHemUKa
Cr,03, obnadaroueeo auneinbim maenumosrexmpuueckum sggpexmom. Ionyuena ouenka 0 MUHUMAALHO20 00sema buma, obyc-
JN0BNCHHAsL CYWeCMB08AHUEM CYynepnapamaeHumnoeo nopoea. Cghopmyauposansl ycioeus, Heobxodumvie 045 OP2AHU3AYUU NPO-
yecca cuUmMbl8aHUS ¢ NOMOUWBIO MACHUMHO20 MYHHEAbH020 coeduHenus. Haiidenvr onmumanvhsie ycaogus 045 3ameHsl NOCMOSH-

HO20 MACHUMHO20 NOAS OOMEHHbIM Noaem d)eppomaenemuxa.

Karouesvie caoea: maenumosnexmpuyeckas namamo, anmugpeppomacnemux, Cr,03, cynepnapamaeHumubiii nopoe, MaHum-
HOe MyHHeAbHOe cOeOUHeHUe, WepoXo8amocms sparuY, pasoena, (eppomazHemux

BBenenue

Heob6xonuMocTh co3gaHuss MarHUTOPe3UCTUBHOM
MaMSITU C HU3KUM DHEPTOnoTpeOIeHUEM BbI3BAJIO UH-
Tepec UcciieqoBaTeNieil K MaMsITH ¢ 3aIUChIO 3JIeKTPH-
YeCKUM TI0JIeM, TIPUKJIAIBIBAeMBIM K 3JIEKTPOUYBCTBH-
TEJbHOMY ITUAJIEKTPUIECKOMY CJI0I0, UTOOBI M30eXkKaTh
3aMEeTHBIX JKoyJaeBcKux nmoreps [1—4], — MERAM.
Hapsay ¢ maMaThio, B KOTOPO#l 3JIEKTPOYYBCTBUTETb-
HBII CJIOM CBsI3aH CO cjioeM (heppoMarHeTuKa, BXOdsI-
IIAM B COCTaB MarHUTHOTO TYHHEJBHOTO COCTMHEHMS
(MT]J), oOMeHHBIM B3aMMOJCHCTBUEM CIIUHOB [5—§],
yIpyruMm B3ammoneictueM [9—17] unu 3apsmoBoit
cBs3blo [18—21], B pabotax [22, 23] Obu1a mpeaioXeHa
naMsTh Ha OCHOBE aHTH(eppOMarHeTMKa-MarHuTO-
anekTpuka (AF-MERAM).

Eciu B mepeuyricieHHBIX BBIIIE BUAAX MaMSATH 3Ha-
yeHue OuTa 3a7aeTcsl HaIrpaBJeHeM BeKTOpa HaMarHu-
YEHHOCTU (heppoMarHuTHoro cjiosi, To B AF-MERAM
OHO oMpeessieTCs HarpaBjleHMeM BeKTopa aHTUdep-
pOMarHuTHOro mnapamerpa nopsaka L coeanHeHus
CryO5 [24]. IIpu 5TOM CrIOCOOBI 3aIIMCHU U CUUTHIBA-
HUS TakKe CYLIECTBEHHO OTJIMYAIOTCSl OT MpUMEHsIe-
MbIX B Ipyrux Bugax MERAM.

B ocHOBy 3anucu mojoxeH JUHEHHbIA MarHUTO-
anexkTpudyeckuit apdexr [25]. B anTUbeppomarHe-
THKaX, obnamaomux 3TUM 3¢GEGEeKTOM, MPUIOXKEHNUE
OJHOBPEMEHHO MOCTOSIHHBIX JICKTPUUYECKOTO M Mar-
HUTHOTO TOJIeil CHUMAeT BBIPOXICHUE SHEPTUU CO-
CTOSIHUIA, XapaKTepU3YIOLIMXCSI MPOTUBOMOJOXHBIMU
HanpapiaeHussMu L. IlpuioxeHue O1OCTaTOYHO CUJIb-
HBIX T0JIeli OCTaBJISIET YCTOMUYMBBIM TOJBKO OJHO W3
HampapyieHuit L.
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B paborte [22] B OCHOBY CUMTBHIBAHMSI MOJIOXEHO
HaJIM4Ke y aHTU(eppoMarHeTnka MoBepXHOCTHOM Ha-
MarHMYe€HHOCTH, TIePHEeHIANKYISIPHON HECKOMIIEHCH-
pPOBaHHOWM TTOBEPXHOCTU aHTUdeppoMarHeTnka [26].
HarmpaBnenne HaMarHWYEHHOCTH IIPOTUBOITOJIOXHO
IUIsST IBYX aHTUIapajuleSibHbIX HampasiaeHuit L. OHo
ofpeneisieTcsl ¢ MOMOIIbI0 aHOMaJIbHOTO 3(dekTa
Xosta. Tem caMbIM, TIPOBOJAUTCSI CYMTHIBAaHUE OUTA.

B nanHoii paGoTe paccMaTpuBaloTCsl OrpaHMUye-
HUs Ha pa3Mmep OMTa TaKoi MamMsTh, O0yCIOBIEHHbIE
CyIIECTBOBAHMEM CyIepIliapaMarHUTHOTO IIopora, a
Tak>ke TpeOoBaHUsI K KAUECTBY IPaHULIbI pa3aesia Mex-
ay cinoem CryO3 1 ClI0eM TAXENoro MeTaa, ciyxa-
1IEeTo IS U3MEPEHUST XOJJIOBCKOIO COMPOTUBICHUS
(puc. 1, a). Kpome Toro, 0yayT o0CyXIAeHbI BO3MOX-
HOCTH CUMTBIBaHUS OUTa ¢ moMolbio MTJ u 3ameHbl
MOCTOSIHHOTO MarHUTHOIO MOJII OOMEHHBIM TIOJIEM,
co3aBaeMbIM heppoMarHeTMKOM Ha TpaHMIIE C aHTU-
¢deppoOMarHeTUKOM.

1. CynepnapamMarHuTHbIii npeaen

B orcyTcTBHE XOTS OB OHOTO U3 ABYX MOCTOSTHHBIX
BJIEKTPUYECKOTrO M MAarHUTHOTO TTOJIeH ABA COCTOSTHUS,
OTBeYawlIe MPOTUBOIMOJOXHBIM HampabieHUusIM L,
HMMEIOT OMMHAKOBYIO 9HEPIUIO U pa3aeaeHbl MOTCHIIU-
aJIbHbIM OapbepoM. JLJist yCrelHoi sKcrutyaTauum ou-
Ta MamMsITy 3HaYeHMEe ITOro dapbepa JOJKHO IMPEeBOC-
xomuth 50kgT (2,0 10717 Ik mas T = 290 K), rze
kp — mocrosHHas bonbumana; 7 — temneparypa.
B aTOM ciiyyae MOXXHO MpeHeOpeYb BEPOSITHOCTHIO Ca-
MOIPOU3BOJIBLHOTO MEPEKITIOUEHNUS OUTA MO AEACTBU-
€M TeIJIOBbIX (hIYKTyalldil 3a BpeMsl dKCIUlyaTalluu
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Puc. 1. Bur AF-MERAM co cuuThiBaHHEM C MOMOMIbI0 aHOMAJIbHOrO 3(dekrra Xomwia (a); co cuurbiBanuem ¢ nomompbw MTJ (b), co cun-
ThiBanueM ¢ nomouibio MTJ u 3aMeHOii MATHHTHOrO TOJsi NOCTOsHHbIM MaruuToM (¢). Hanpsokenue V cosnaer nose E,, Vi — xoinosekas

pasHocTh noreHumanos, H — HanpsxeHHocTb MarHuTHOro nons, FM — deppomarnetuk, I — nsonarop, Uz — cuntbiBaemoe ¢ MTJ Ha-
npsbkeHne, PM — mocTosiHHBIN MarHuT, M — ero BeKTOp HaMarHMYeHHOCTU

Fig. 1. AF-MERAM bit based on different read-out mechanisms: anomalous Hall effect (a); MTJ (b); MTJ and a permanent magnet as alternative
fo the magnetic field (c). The electric field E, is created by the voltage V, Vy is the Hall voltage difference, H is the magnetic field strength, FM

and I denote ferromagnet and insulator, respectively, Up is the voltage difference across the MTJ, PM denotes permanent magnet, and M is the

permanent magnet magnetization vector

naMsTu. DTO TpeOoBaHMUE OIIpelessieT OrpaHUYeHUe
Ha MUHUMAaJIBHBIA 00beM V;, cnos CryO;.

J1151 €70 OLIEHKHM 3aMMIIEM MATHUTO3JIEKTPUYECKUA
BKJIaJl B OOBbEMHYIO IJIOTHOCTb TEPMOAMHAMUYECKOIO
noreHumana I'm6dca @, p. Obuiee BeIpakeHUe VIS

@,,p IpUBENEHO B padote [24]:
Dy = Y1[(LxMy + Lny)Px + (LM, — LyMy)Py] —
—nl(LyPy + L,P)M, — y3L (M P, + M,P) —

— (LM, + L,M)P, — ysL.M,P,, (1)

rae y; = const, a L;, M;u P; — npoeK11y BEKTOPOB aH-
TUudeppoMarHeTu3mMa, HaMarHU4eHHOCTU U 3JIEKTPU-
YeCKOUM MOJISIpU3ALIMU Ha OCU OPTOTOHAJIIBHOU AeKap-
TOBOI cuctembl KoopauHaT. OCb 7 — OCb TPEThEro
MopsiiKa TPUTOHAJIbHOU (poMOO3APUYECKOIt) Kpuc-
Tajumyeckoit pemetku Cry0s5.

B uvactHOM ciydyae, KOrga 3/J€KTPUYECKOE U Mar-
HUTHOE TOJISI MPWIOKEHBI MapaieJIbHO OCH Z,

Pye = ~vsL M P, 2)

IMockonbky CryO3 He SABIAETCS HU CETHETOIIEKT-
PUKOM, HM (peppoOMarHeTMKoM, T. €. He o0JamaeT HU
CIIOHTAHHOM 3JIEKTPUYECKON IOIIpU3aLUEN, HU CIIOH -
TaHHOW HAaMarHWYE€HHOCTBIO, TO

M, =y H,, (€)
P, =« 50E, (4)
I1e ¥, U K,, — KOMIIOHEHTbI TEH30POB MArHUTHOM 1
ANBJIEKTPUIECKOIl BOCIIPUMMUYMBOCTH; & — KOHC-

tanta CU, a H, u E, — COOTBETCTBYIOIME KOMIIO-
HEHTbI HANPSIKEHHOCTE MAarHUTHOTO U 2JIEKTpUYeC-
KOTO TOJIEH.

IMonctasnsas (3) u (4) B (2), HaxooUM

Py = ~vsLx xgoEH, = —o EH, (&)

T

rIe o,, — KOMIIOHEHTa TeH30pa MPSIMOTO JIMHEHHOTO
MarHuTosJieKTpudeckoro addexra. M3 BeipaxkeHus (5)

JIeTKO BUJETh, 4to T1ipu E, = 0, H, # 0 1Ba cocrosiHus,
OTJIMYaloNecss 3HaKoM L, CTaHOBSTCS HEIKBHBa-
JICHTHBIMU.

OLeHUTh 3HaYeHHe Oapbepa MeXay 3TUMU COCTO-
SIHUSIMU, HE TIPOBO/IS pacyeTa M3 MePBbIX TPUHIIUIIOB,
MOKHO Ha OCHOBE 3KCIIEpMMEHTAIbHBIX JaHHBIX. B pa-
0ote [22] HabGa0aaIU NETII0 TMcTepe3rca X0I0BCKO-
IO CONMPOTUBJICHHUS B 3aBUCUMOCTH OT MPUIOXKEHHOTO
HanpspkeHus. Bbuto moka3zaHo, YTO B MATHUTHOM T10JIE
C HampspKeHHOCThIo H, = 5+ 10° A/M mepexoueHue
aHTU(EpPOMarHUTHOIO MapaMeTpa Mopsiaka U3 Of-
HOTO COCTOSIHHUS B IPYroe MPOUCXOAUT MPU KOIPIIU-
TUBHOM DBJIeKTpuyeckKoM HampsikeHun V = 1,5 B,
MIPUWIOXKEHHOM K cio1o Cr,O3 Tonmunoi 200 uMm. 910
naer 3HaueHue E, = 7.5 MB/M u npousseneHue
EH,=338" 10'? Br/m?. Mcnonsayst st Cr,05 3Ha-
deHue o, = 3,7 nic/m [27, 28], TOTy4MM OLIEHKY LISt
00BEMHON IIJIOTHOCTU DHEPTUHU IMOTEHIMAIbHOIO Oa-
pbepa U MexXIy COCTOSTHUSIMU C TIPOTUBOTIOIOKHBIMU
3HaYCHUsIMU L.

vel

U= o EH, = 14 Ix/M’. (6)

L4

Munumanbhbiil 06beM 6uta CryO5 1pu 310M CO-
crasur V.. = 50kpT/U=1,4-10" > = 1,4 107 um*
(mammpumep, 240 x 240 x 240 HMm).

B paGorax [29, 30] HaGaomanoch NnepexkiaoyeHue
3HaKa OOMEHHOTIO CIBUTa METIU TUcTepe3uca ¢peppo-
MarHMTHOTO CJIoS KOOaIbTa, CO3IaBaEMOIO  CJIOEM
Cr,05. OT1a cMeHa 3HaKa OOMEHHOTO CIIBUTa CBSA3aHA C
M3MEHEHUEM 3HaKa aHTU()EPPOMATHUTHOTO TTapaMeT-
pa MopsiiKa B 2JI€KTPUYECKOM M MArHUTHOM IOJISX,
KOTOPO€E COINPOBOXIAETCH W3MEHEHWEM HaIlpaBJie-
HUS CIIMHOB HECKOMIIEHCHMPOBAaHHOM IMOBEPXHOCT-
HOI aTtoMHOI1 1utockocti CryO3 Ha NMPOTUBOIIOIOX-
Hoe. B pabote [29] nepekioueHre HaOI0aaI0Ch TTPU

HAHO- 1 MUKPOCUCTEMHAS TEXHUKA, Tom 21, Ne 5, 2019 311



EH, =32 1012 BT/Mz, YTO OTJIMYAETCS OT IpPUBE-
JIEHHOTO BHIIIIe 3HaUYeHMs He Oojee, yeM Ha 20 %.

B pa6ote [30] nepexiiroueHre HaOI0AaT0Ch MPpU
temmneparype 303 K. i poH, = 154 mTn Hamps-
KEHHOCTh KO3PLIMTUBHOIO 3JEKTPUUYECKOTO TTOJIs
E, =15 MB/M yTo0 Jjaer 3Hauenue EH, =
=1,8" 1011 BT/M Ero ymeHbllleHHEe CBSI3aHO c l'[pI/I—
o6mxenueM K temneparype Heenst CryO3 Ty = 310 K
[24]. HamomHuM, yTo ymeHblieHue U BeaeT K pocTy
Vmin'

B pa6Gore [23] mpoBoAMJIOCH MHUKPOMarHMTHOE
MOJeIMpOBaHWEe Ha OCHOBe ypaBHeHUs JlaHmay —
JInpmmua — T'mabbepra, u ObUT cAEAaH BbIBOMA, UTO
B oOpa3sie Cr202330 pasMepamu 22,5 x 22,5 X 60 HM
(V=3,04-10 M ) aHTU(EepPOMATHUTHBIN Tapa-
METp MopsIAKa nepeKmoqaech B 1ioJisix £, = 50 MB/m,

H,=6xD=48-10° A/m (E,H,=24" 1013BT/M) u
HpI/I 3TOM Gaphep COCTABIIIET 46kBT =1,86-10"" Zl)K
s 00beMHOM TJIOTHOCTU 3HEPruM Oapbepa MoOJy-
yaemM U = 46kgT/V = 6100 JIx/M>, uto B 440 pa3
MPEBOCXOAUT IKCTIEPUMEHTAIbHOE 3HAYEHUE pa60T1>1
[22]. g 3HAYEHUS] KOHCTAHTHI 0. , TIOJYYaeM o,
=U/EH,=25-10 10 ¢/M, uto nmoutu B 70 pa3 npe—
BOCXOIUT SKCIepuMeHTaibHoe 3HayeHue misa CryOs.
Takum 00pa3oM, MOXHO CHAeJaTh BbIBOJ, YTO pacyer
pabotsl [23] He coryiacyercs ¢ 3KCIIepUMMEHTaIbHBIMU
JTAHHBIMU.

Bricokoe 3HaueHue Vi, OrpaHUYMBAET BO3MOX-
HocThb MaciutabupoBaHuss AF-MERAM Ha ocHoBe
Cr,O5 Ha HaHOMETPOBLIN AMana3oH pasmepos. Mc-
MOJIb30BaHME MAarHUTOAJIEKTPUKOB € 00Jie€ BHICOKUMU
3HayeHusAMU Ty n U norpeOyer Oojiee BBICOKMX 3HA-
YEeHUIT HANpPSKeHHOCTU JJEKTPUUYECKOTO IO M,
cJieIoBaTeNIbHO, OOJIbIIEH 3JEKTPUUYECKON MPOYHOCTH
Marepuaa.

2. IllepoxoBaToCTh rPaHUIBI Pa3aeiia

CyllecTBEeHHbIE JUHEHHbIE pa3Mepbl OMTa CTaBSIT
nepen TexHosjoramu — cosaatenasimu AF-MRAM no-
IMOJTHUTEJIbHBIE 3amavyu. JleJqo B TOM, UTO HaJIMYME
aTOMHBIX CTyMeHel Ha HEeCKOMIIEHCUPOBAHHOU ITO-
BepxHoctu (0001) Cr,O5 (cKkoMIlEeHCUMpOBaHHAsA IO-

BEPXHOCTh HETIPUTOMHA JUISI CUMTHIBAHUS C TTOMOIIBIO
aHoMaJibHOTo 3¢¢eKkTa X0JJ1a) MOXET MPUBECTH K TO-
My, 4TO JIeXallli€ B MOBEPXHOCTHOM aTOMHOM ILIOC-
KOCTHY MOHBI XpOMa 110 pa3Hble CTOPOHBI Kpasl CTyIIeHU
OymyT TIpMHAIIEXaTh K pa3HBIM MarHUTHBIM TIOIPE-
1eTkaMm aHtudeppomaraervka (puc. 2). [Toaromy mno-
BEpXHOCTHAsT HAMarHMYEHHOCTb OYIeT MMETh TTPOTH-
BOITOJIOXKHBIC HAIPABJICHUS TI0 Pa3HbIe CTOPOHBI Kpast
cTymneHu [26], yTo mpuBeaeT K ee 3hGHEKTUBHOM KOM-
neHcauuu [31].

Ecau moBepxHOCTh paszaesia MAarHUTOJIEKTPUK —
TSOKETBIN MeTalll OyneT pa3drTa aTOMHBIMU CTYTIEHS -
MM Ha YYaCTKM C MPOTUBOIIOJIOXHBIM HalpaBieHUEM
TTOBEpXHOCTHON HAaMarHWYEHHOCTH, TO TIPH CYNTHIBA-
HUM C TIOMOIBIO aHOMaJIbHOTo 3 dekra Xoia oyaeT
MPOUCXOAUTh ycpeaHeHue curHana. [Tosaromy TpeOy-
€TCSI JOCTUYb aTOMHOM TJIaAKOCTH TpaHUIIBI pasielia
MpU pazMepax HeCKOJIbKO COTeH HAaHOMETPOB, UTO SIB-
JISIETCSI HEMPOCTOU 3a1aueid.

CnenyeT oTMETUTD, UTO B padoTte [30] yrBepkmaercs,
4To 1ogooHkIe cTyneHn Ha nosepxHocty (0001) Cr,O4
HE BO3HUKAIOT. [[J151 OKOHUYATEebHOIO PelleHMST JaHHO-
TO BOIIpoca HeoOXOomarMMa IOIOTHUATEIbHAas MH(GOpMa-
LS O CTPYKTYpe M KOHIEHTPAIIUM aTOMHBIX CTyIIe-
Hell Ha rpanuue pasaena CryO3 — TsKesblid MeTasul.

3. CuutbiBanue ¢ nomompio MTJ

B pa6ote [23] ObLI IpeaaI0KeH METO, CYNTHIBAHUS
¢ nmomoupio MTJ. [Ing TaKkoro cUuMThIBaHUS HEO0XO-
IIMMO, 4TOOBI cocTogHUAIM 6mta "0" m "1" oTBevano
MMPOTUBOIIOJIOXHOE HampaBlieHMe HAMAarHUWYEHHOCTU
"cBOOOAHOTO" (heppOMArHMTHOIO CJIOSI, BXOISIIEro B
coctaB MTIJ (cMm. puc. 1, b). OHa no/KHA MEPEKITIO-
YyaThCsd B MOMEHT 3allMcu OUTa BMECTe C HarlpaBJe-
HueM BekTopa aHTudeppoMarHerusma ciosg CryOs.
CBs3b MeXIy 3TUMHU ABYMSI CJIOSIMUA OOYCIOBIeHa 00-
MEHHBIM B3aMMOACHCTBHEM CITMHOB TPaHUTIHOM aTOM-
Hoii mockoctu CryO3 €O cnMHaMM aTOMOB TPaHU4-
HOM aTOMHOM IUIOCKOCTH (eppOMarHMTHOIO CJIOS.
DT0 B3aUMOAEUCTBUE IIPUBOAUT K OOMEHHOMY CIABUTLY
MeTIMu rucrepesrca peppomarautHoro ciosi. [TpoTu-
BOITOJIOXKHBIM HANpaBJICHUSIM BEKTOpa aHTHdeppo-

MarHeTu3Ma COOTBETCTBYIOT MPOTU-
BOTIOJIOXKHBIE 3HAYeHUs ToJisl 00-

LI N N A
AR

CTpesiKu yKa3bIBalOT HANPABJIEHUS] CIMHOB

Fig. 2. Atomic step on the uncompensated surface of an antiferromagnet. Arrows point spin

directions
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Puc. 2. AToMHas cTyneHb Ha HEKOMIIEHCHPOBAHHOW NOBEPXHOCTH aHTHgeppoMarHeTnka.

MeHHoro casura Hppg.

st TOro 4ToOBl UBMEHEHUE 3HA-
ka Hgp npusoauio K 180° passopo-
Ta BEKTOpa HaMarHMUYeHHOCTU CBO-
0omHOTO (PEPPOMATHUTHOTO CJIOS,
HEOOXOOIMMO U TOCTaTOYHO, YTOOBI
H gp yIOBIETBODPSIO HEPABEHCTBY

Hpp> H,+ H, (7)

rae H, — HanpsKeHHOCTb KO3pIIM-
TUBHOTO TIONS  (peppPOMATHUTHOTO
cnos (puc. 3).




Puc. 3. IleTin rucrepe3uca cBo6oaHOro (heppoMarHUTHOTO CJIOS IPH
NOJIOXKHTEILHOM (@) M oTpunaTebHoM (b) mosie 0OMEHHOTO CABHra
Fig. 3. Hysteresis loops of a free ferromagnetic layer for positive (a) and
negative (b) exchange bias

B pabore [29] misa crmost KobOanbTa, BXOASIIETO B
cucremy Cr,03(250 um)/Pt(1 Hm)/Co(l HM), GbLIO
nosy4eHo 3HayeHue Hpp = 160 B, uto Gonee, yeM Ha
MOPSINOK, MEHBIIE MOCTOSIHHOTO MarHUTHOTO ITOJIS
H,= 6 xD. Cronb HU3KOE 3HaYeHUE H pp MOXET ObITH
CBSI3aHO C HAJIMIMEM aTOMHBIX CTYIIEHE Ha TpaHulIe
pasjesia clioeB, PUBOASIIUX K YCPEIHEHUIO OOMEH-
HOTO CIOBWTA IO MPUIMNHAM, OOCYKIeHHBIM B pasm. 2.
Jns cuyutbiBaHug ¢ nomouibio MTJ B mocTtosiHHOM
MarHUTHOM TI0JIe HeOOXOAMMO TaK IomoOpaTh Marte-
puan cBOOOAHOro (heppOMArHUTHOIO CJI0s1 U obecIie-
YUTH TAKOE KaYeCTBO TPaHMIIBI pa3jielia, YTOOBI Ha I0-
BepxHocTH c1osi CryO3 OOMEHHBIN COBUT €ro IETIN
TUCTepe3nca JOCTUTA] 3HaueHus mopsiaka 1 T

4. 3aMeHa BHELIHEr0 MArHUTHOIO MOJII 0OMEHHbIM

ANbTepHATUBHBINA BapUaHT IaMsITU 0e3 MCIIOIb30-
BaHUS MOCTOSITHHOTO MarHUTHOTO 1051 ObUT MpeIo-
KeH B paborte [23]. BHellHee MarHUTHOE I1oJie Tijia-
HUPYETCH 3aMEHUTh OOMEHHBLIM T0jIeM H, XECTKOro
(eppomMarHeTuka (IMOCTOSIHHOIO MarHuTa), pacrioJja-
raeMoro Io TepuMeTpy OOKOBOIl MOBEPXHOCTU CJIOS
Cr,03 (cm. puc. 1, ¢). I1pu stom nosepxuocts CryO;
JTOJIKHA OBITH CKOMITEHCHPOBAaHHOM, TTOCKOJIBKY B TIPO-
TUBHOM CJTy4yae HECKOMIIEHCUPOBAHHOM MOBEPXHOCTU

CUJIBbHOE reiizeHOeproBCKOe B3auMMOIEHCTBUE CIIMHOB
ONIHOI M3 TMOJPElIETOK MOHOB XpoMa CO CIIMHAMU
eppomarHeTnka, HaMHOTO IIPEBOCXOISIIEe MAarHU-
TOBRJIEKTPUUYECKOE B3aMMOIEHCTBUE, CTAOUIU3UPYET
OJTHO W3 3Ha4YeHWi L,, KOTOPOE OTBEYAET MUHUMYMY
OOMEHHOI SHepruu, 1 repeopreHTanus L, CraHOBUT-
Csl HEBO3MOXKHOM.

CienyeT OTMETUTh, YTO OOMEHHOE I0JIe SIBISIETCS
KOPOTKO/ICUCTBYIOLLIMM, MOXXHO CUMTATh, YTO OHO Jeii-
CTByeT B obysactu o0beMoM 4bha, Tae b — MexkaToM-
Hoe paccrosHue; h — BbicoTa cios CryO3, BbIOpaH-
HOTO B (hopMe MPSIMOYTOJILHOTO IMapajuiesielnuIiena ¢
KBaJIpaTHBIM OCHOBAaHUEM; @ — CTOPOHA OCHOBAHUSI.
B cunbHOM OOMEHHOM I0JIe Ha CKOMIIEHCUPOBAHHOM
noBepXHOCTU Cr,O3 BOSHUKHET CIIMH-(JIOIN OpUEHTa-
1usl, T. €. IPOU30MIET ONMPOKUAbIBAHNE €T0 aHTU(ep-
POMAarHUTHBIX MOAPEIIETOK, U BeKTOop L copueHTupy-
eTcsl MEePNEeHAUKYISIPHO BEKTOPY HaMarHUYeHHOCTU
deppomarneruka [32]. Kak nokazaHo B pabore [33],
MpU HaJIMYMK B CJIOSIX MapajlieJIbHbIX JIETKUX OCei
aHM30TPONMHU, KaK 3TO UMEET MECTO B paccMaTprBa-
€MOM ciiy4yae, BOJIM3M I'paHUlIbl pa3aena cJIOeB BO3HU-
KaeT oOMeHHas crupaib (puc. 4).

B riy6uHe cnoeB BekTop L M BeKTOp HaMarHU4YeH-
HOCTU (peppoMarHeTuka Mf KOJUUIMHEApHBI JIETKOK
OoCH Z. YTOJ ¢, KOTOPBHIi BEKTOP HaMarHUYeHHOCTU
TPaHUYHOM aTOMHOW IIOCKOCTU (heppoMarHeTuka
0o0pasyeT C JIETKO OChblO, 3aBUCUT OT COOTHOILIEHMUS
MEXy MOBEPXHOCTHBIMU SHEPTUSIMU OJIOXOBCKUX J10-
MEHHBIX CTCHOK B CJIOSIX Wyr U Wyt

w
tgo =~ (8)

S
B cayuae Wor > Wr @ ~ 7/2 U TIPaKTUYECKU BCS

CITMpaJTb pacItoioXeHa B cjioe ¢peppomarierrika. Ecim
(eppoMarHeTrK XeCTKMii, KaK 3TO MPEAI0Iarajoch B

Puc. 4. OdMeHHas cnupab BOJIM3M rpaHunbl pasaena geppomarse-
THK (F) — anTudeppomarnetux (AF). UepHble CTpesKu MOKa3bIBalOT
HarpaByieHue BeKTopa L, 6eibie — BeKTopa HaMarHM4eHHOCTH ep-
poMarHeTvka

Fig. 4. Exchange spiral near the ferromagnet (F) / antiferromagnet (AF)
interface. Black and white arrows point vector L and ferromagnet
magnetization vector directions, respectively
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pa6orte [23], TO War < Wp @ = 0 1 mpakTHUYeCcKu BCs 00-
MEHHas crupajib pacrnonoxeHa B cioe Cr,Os.

B paccmaTtpuBaeMoM ciydae, KOrJa oCbhb X MepreH-
IUKYJISpHA TpaHULE pasaesa CIOeB

B ciyyae xkecTkoro (eppomMarHeTvka Ha IOBEpX-
Hocth CryO3 L(0) ~ 0 m My(O) ~ (0. CnegoBaTenabHO,
PaBHO HYJIIO U MarHUTORJIEKTPUUECKOE B3aUMOAEHCT-
Bue. HapeneHHbII B aHTUdeppoMarHeTvke OOMEH-
HBIM T10JIEM MAarHUTHBI MOMEHT CIajlaeT Ha aTOMHbBIX
paccTosiHusX [34], MHOTO MEHbBIIMX pa3Mepa 00JIacTU
CyIlIECTBOBAaHUSI OOMEHHOM crnupanau, KOTOPbIM Mo-
psaKa TOJIIMHBI OJIOXOBCKOII JOMEHHOW CTeHKHU B
nmanHoM martepuaiie [33]. [ToaTomy, B mepBOM IprOJIN-
xeHuu, B ot obnactu CryO3, B KoTopoit M, 0, 3Ha-
ueHust L, n My paBHBI HyIO. TakuM obpazoM, HC-
MOJIb30BaHUE KECTKOro (peppomMarHeTuka SBJsSIETCS
HEleJIeCO00Pa3HbIM.

ITpy Mpor3BOJBHOM 3HAYEHUU ¢ BOJM3U MOBEPX-
Hoctu Cr,yO5 (puc. 5)

Dy = %(m — y5)LMsin2P, (10)

Orcroaa cienyeT nepBasi peKOMeHJalusl: MaTepuan
¢deppomarieTrka JOJKEH OBITh TOAOOpaH Tak, YTOOKI
Wqr ~ wy. Torna sin2e ~ 1, 1 feficTBue OOMEHHOTO MOJIst
oynmet Hanbonee 3¢GGEKTUBHBIM.

Puc. 5. Cnun-dyon opuentanus Ha rpaHuue paszgena geppomar-
HeTHK — anTH(eppomarneTuk: M, M, — HaMarHMYeHHOCTH MO/~

pelIeToOK BepXHeil aTOMHOW TIJIOCKOCTM aHTH(eppoMarHeTrKa;
M — pe3ynbTUpyIOlasi HAMarHM4eHHOCTh; L — BeKTOp aHTHUdhEP-
pomarHeTusma; My— HaMarHM4eHHOCTb (PepPOMArHeTHKa; 7 — JIeT-

Kasl 0Cbh; 0] — yrojl CKOca HaMarHMYEHHOCTeN aHTU(hEPPOMAarHuT-
HBIX MOAPELIETOK B TPAHUYHOM aTOMHOM IUIOCKOCTHA

Fig. 5. Spin-flop orientation on the ferromagnet / antiferromagnet
interface: M;, M, are magnetizations of the sublattices of the upper

atomic plane of the antiferromagnet, M is the resulting magnetization,
L is the antiferromagnetism vector, I\/Ifis the ferromagnet magnetization,

z is the easy axis, and 0, is the tilt angle of the magnetizations of
antiferromagnetic sublattices in the boundary atomic plane

314 HAHO- 1 MUKPOCUCTEMHAS TEXHUKA, Tom 21, Ne 5, 2019

Haiinem Tenepb onTuMaabHOE 3HAYEHUE 3TOTO T10-
as1. ITockonbKy nmpousBeacHue LM OTAAYHO OT HYJS
TOJIBKO B HECKOJIBKMX aTOMHBIX IIJIOCKOCTSX BOJIM3U
nosepxHocTu Cr,O3, IpU OLIEHKE €ro 3HAUYEHUS MOX-
HO MpeHeOpeyb 3aKpyurMBaHeM OOMEHHOI Ciupany u
OrpaHUYUTHLCSI 0OMEHHBIM TTpudImKeHueM [34]. I1po-
HyMepyeM aroMHble Tiockoctu CryO5, mapajuiesibHble
rpaHulIe pa3aesia MHIAEKCOM i, HauMHasl OT IIOBEPXHOC-
TU. TSI IPOCTOTHI OTPaHUYMMCS IBYX-, & HE YeThIpeX-
NOAPEIETOYHBIM Npubmmkenuem. Ilycrts yron 6; —
yroJl cKoca aHTU(EePPOMAarHUTHBIX MOAPEIIETOK B i-i
aTOMHOM TUIOCKOCTH (YroJi 6; M300paxkeH Ha puc. 5).
Bbynem cuurath MOLyIb HAMarHUYEHHOCTEN MOAPELLE-
ToK Cr,O3; Hen3MeHHbIM 1 paBHbIM M . Torna monynb
L; BexTopa aHTU(heppoOMarHeTu3mMa u Moayib M; Bex-
TOpa HAMarHWYEHHOCTH, TPUHAUIEKAIINX [~ aTOM-
HOM TUIOCKOCTH, paBHbl L; = 2 M cos0;, M; = 2 Msinb,.
IToBepXHOCTHBI BKJI4]L B @)/ TPONOPLUOHANIEH Be-
nnunne X;L;M; =2 M" 2 sin20;. B cuny 6bicTpoit cxo-
JMMOCTH JAHHOM CyMMbI OTpaHUYMMCS JUISI OLEHKU
NepBbIM cnaraeMbiM. Makcumym @, HOCTUTaeTcs
npu 0; = n/4. 3HaueHue O ompenensaeTcsa KOHKYPeH-
uueit sHeprun Wy - MEXCI0IHOro 0OOMEHHOTO B3au-
MOZCHCTBYSL U dHeprun W, 0OGMEHHOro B3auMozeii-
crBus B CryO3. B npubmkeHuu MajibiX YIJIOB B paboTe
[34] nnst Hee OBUIO MOIYYEHO CIIeAyIOIee aHATUTUYEeC-
KO€ BbIpaxKeHMeE:

0 = a%’f . (11)

af

®daxkTtop & ~ 1 3aBUCUT OT BMIA KPUCTAUTMIECKUX
pPELIETOK CIOEB.

Takum obpazom, MOXHO cHOpPMYJIMPOBATH BTOPOE
TpeboBaHuUe ISl BbIOOpa (peppOMarHUuTHOrO CJIOS: OH
JIOJXKEH 00€CreYnTh ONTUMAIbHOE 3HAYEHUE YIila CKO-
ca noxpeleTok Ha nosepxHoctu CryOs.

Haiinem orpaHuyeHust Ha pa3Mepbl OUTa TMaMsITH,
0OYCJIOBJIEHHBIE CYILLIECTBOBAHUEM CyIeprnapaMarHuT-
HOro nopora. B ciyyae ucnosnb30BaHUs MarHMTHOIO
nonst L,=2M; M,=y,H; LM,=2My,H, aspac-
CMaTpPUBAEMOM HAMU CJIyyae ONTUMAIIbHOE 3HAYEHUE
L.M,= M". IlosToMy HOBOE 3HaYCHNE MUHUMAJIbHO-
ro oovema V ;. paBHO

N H
o=y Zralz (12)

min min
M

Wcnonesyst wid y,, 3HaueHue 1,2 - 1074 (CTO) [29],
3HaYeHWEe MarHUTHOr0O MOMEHTa MOHa XpoMa 2,48 mar-
HetoHa bopa [35], a Takxke 3HaueHue mwiotHocTH CryOs
5,22 F/CM3, HaxommM 3Hadenue M = 4,76+ 10° A/M 1
Viin = 2,5 1073V, =3,6- 1072 v = 3,6 - 10 un’.
IMonaras b = 0,5 uM, nonydaem (ah) . = 2+ 10* um?.

TakuMm o00pa3oMm, maxke B ONTUMAJIBHOM Ciydae,
IIPY UCIIOJIb30BAHUM OOMEHHOTO ITOJISI JIMHEHbIE pa3-

Mepbl ouTta npesbiamT 100 HM.




3akioueHune

IMonyueHa oneHkKa Aj11 MUHMMAaJIbHOIO 00beMa Ou-
ta AF-MRAM Ha ocHose Cr,053, O6yCJ‘[OBIICHHOrO cy—

neprnapaMarHuTHbIM noporom, V.. = 1,4+ 107 um?

CdopmMynrpoBaHbl TpeOOBaHUSI K 3HAYEHUIO 06—
MEHHOTO CIBMIa, MO3BOJISIIONIETO UCITOIb30BaTh IS
CUUTBIBAHUS B TOCTOSIHHOM MarHUMTHOM ITOJieé Mar-
HUTHOE TYHHEJbHOE COeIMHEHMUE.

ITokazaHo, YTO ONTUMAIbHBIM YCJIOBHUSIM 3aMEHBI
BHEUIHET0O MAarHUTHOTO MOJISI OOMEHHBIM TosieM Gep-
poMarHeTvMkKa COOTBETCTBYIOT Takue (hU3nyecKue Ia-
paMeTpbl (hpeppoMarHeTuka, KOTOpble O0ECIEeYrMBaIOT
Ha nosepXHocTU CryO3 3HaYeHUs yrjla MEXIY BEKTO-
pOM aHTUdEpPpOMArHeTU3Ma U JIETKOW OChlO W yIjia
cKOca TIONPENIeTOK, Onn3kue K /4.

Hccnedosanue nodoepucamo epaumom PH®D (npo-
exm 17-12-01435).
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The authors considered the physical characteristics of a magnetoelectric memory bit based on the antiferromagnetic Cr,0 3 with
the linear magnetoelectric effect. If in many kinds of the magnetic memory the bit value depends on the direction of the magnetization
vector of the ferromagnetic layer, in this memory it is determined by the direction of the antiferromagnetic order parameter vector
L of the Cry03 compound. The recording process is based on the linear magnetoelectric effect. In the antiferromagnets with this effect,
a simultaneous application of the constant electric and magnetic fields eliminates the degeneracy in the energy of states characterized
by the opposite directions of vector L. Application of the sufficiently strong fields remains stable only for one of vector L directions.
The basis for reading is the presence of an antiferromagnet with a surface magnetization, perpendicular to the uncompensated surface
of the antiferromagnet. The magnetization direction is opposite for two antiparallel directions of vector L. This was discovered due
to the anomalous Hall effect. Thus, the bit was read out. The minimal value of the bit volume V,,;, = 1.4+ 107 nm’ was estimated
with account of the existence of the superparamagnetic threshold. The conditions necessary for the read-out process with the use of
the magnetic tunnel junction (MTJ) were formulated: the magnitude of the exchange bias must exceed the sum of the external and
the coercive fields. It was demonstrated that the optimal conditions for replacing of the external magnetic field with the ferromagnetic
exchange field corresponded to such physical parameters of the ferromagnet, which ensured the values of the angle between the an-
tiferromagnetism vector and the easy axis and the tilt angle of the sublattices close to /4 on the Cr,03 surface.

Keywords: magnetoelectric memory, antiferromagnet, Cr,03, superparamagnetic threshold, magnetic tunnel junction, interface
roughness, ferromagnet
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Introduction

Necessity for creation of the magneto-resistive
memory with a low energy consumption explains the
researchers’ interest to the memory with recording by
means of the electric field applied to the electrosensitive
dielectric layer (MERAM) in order to avoid noticeable
Joule losses [1—4]. Alongside with the memory, in
which the electrosensitive layer is coupled with the fer-
romagnetic layer, a part of the magnetic tunnel junction
(MT]J), by the exchange interaction of spins [5—S§], by
the elastic interaction [9—17] or by the charge coupling
[18—21], in the Refs [22, 23] a memory on the basis of
the antiferromagnet-magnetoelectric (AF-MERAM)
was offered.

If in the listed above types of memory the value of
the bit is set by the direction of the magnetization vec-
tor of the ferromagnetic layer, then in AF-MERAM it
is determined by the direction of the antiferromagnetic
order parameter vector L of Cr,O5 compound [24]. In
this case, the methods of recording and reading also sig-
nificantly differ from the ones applied in other types of
MERAM. The recording is based on the linear magne-
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toelectric effect [25]. In the antiferromagnets, which
have this effect, simultaneous application of constant
electric and magnetic fields eliminates the degeneration
of the energy of states, which are characterized by the
opposite directions of L. The application of sufficiently
strong fields leaves only one of the L directions steady.

In Ref. [22] the reading is based on the presence in
an antiferromagnet of the surface magnetization, per-
pendicular to the uncompensated surface of the antif-
erromagnet [26]. The direction of magnetization is op-
posite for the two antiparallel directions of L. It is de-
termined by means the anomalous Hall effect. Thereby,
reading of the bit is carried out.

In this work we consider the restrictions for the size
of a bit of such memory determined by the existence of
a superparamagnetic threshold, and also the require-
ment to the quality of the interface between the Cr,0;
layer and the layer of the heavy metal serving for meas-
urement of Hall resistance (Fig. 1, a). Besides, we will
discuss opportunities for reading of the bit by means of
MTIJ and replacement of the constant magnetic field




with the exchange field created by the ferromagnet at
the interface with the antiferromagnet.

1. Superparamagnetic limit

In absence of at least one of the two constant electric
and magnetic fields the two states corresponding to the
opposite directions of L, have identical energy and are
separated by a potential barrier. For a successful oper-
ation of the storage bit the value of this barrier should
exceed 50 kpT (2.0 - 1071 J for 7= 1290 K), where kp
is the Boltzmann constant; and 7'is the temperature. In
this case it is possible to neglect the probability of a
spontaneous switching of the bit under the influence of
the thermal fluctuations during the time of memory op-
eration. This requirement determines the restriction for
the minimal volume V,;, of the Cr,05 layer.

For its assessment we will write down a magnetoe-
lectric contribution to the volume density of the Gibbs
thermodynamic potential @,,,. The general expression
for @, is presented in [24]:

Oy =nl(L M, + LM)P, + (LM, — L,M)P)] —
—1al(Ly Py + L,PI)M, — y3L (M P+ M,P) —
— (LM, + LM )P, — ysL M,P. (1)

e

where y; = const, while L;, M; and P; are projections of
the vectors of the antiferromagnetism, magnetization
and electric polarization to the axes of the orthogonal
Cartesian system of coordinates. Axis z is the axis of the
third order of the trigonal (rhombohedral) crystal lat-
tice of Cr,03.

In a particular case, when the electric and magnetic
fields are applied in parallel to axis z, one has

@ME = _’YstMsz. (2)

Since Cr,0j5 is neither a ferroelectric, nor a ferro-
magnet, that is, it does not possess either spontaneous
electric polarization, or spontaneous magnetization,
then

M, =y M, 3)

Ko £0Ez, 4

where y,, and k,, are components of the magnetic and
dielectric susceptibility tensors; g, is the SI constant,
and H,and E are the corresponding components of the
intensities of the magnetic and electric fields.

By substituting Eqgs. (3) and (4) in Eq. (2), one ob-
tains

Qg = Vsl x80EH, = —o EH, &)

e

where o, is the component of the direct linear mag-
netoelectric effect tensor. From expression (5) it is easy
to see that at £, # 0, H, # 0 the two states differing by
L, sign become nonequivalent.

It is possible to estimate the value of the barrier be-
tween these states without carrying out calculation

from the first principles, on the basis of the experi-
mental data. In the Ref. [22] the hysteresis loop of
Hall resistance depending on the applied voltage is ob-
served. It was demonstrated that in the magnetic field
with intensity of H,=5 - 10° A/m switching of the an-
tiferromagnetic order parameter from one state to an-
other occurred at the coercive electric voltage of
V' = 1.5V applied to the 200-nm thick layer of Cr,05.
This gives value of E, = 7.5 MV/m and the product
E,H,=38-10! W/m2. Using for Cr,05 the value of

= 3.7 ps/m [27, 28], we get assessment for the vol-
ume energy density of the potential barrier U between
the states with the opposite values of L,:

U=a,EH, =14)/m’. (6)

Z-TZ

At that, the minimal volume of the bit of Cr,O5 will
be Vyy = 50 kgl/U=14-10"2 m3 = 1.4- 10" nm’
(for example, 240 X 240 X 240 nm).

In the Refs [29, 30] change in the sign of the ex-
change bias of the hysteresis loop of the ferromagnetic
layer of cobalt created by Cr,O5 layer was observed.
This change was connected with variation of the sign of
the antiferromagnetic order parameter in the electric
and magnetic fields, followed by a reversal of the di-
rection of the spins of the uncompensated surface atomic
plane of Cr,0Oj5 to the opposite one. In the Ref. [29] the
switching was observed at E.H, = 3.2+ 1012 W/m
which differs from the value given above not more, than
by 20 %.

In the Ref. [30] switching was observed at the tem-
perature of 303 K. For pyH, = 154 mT the intensity of
the coercive electric field equaled to £, = 1.5 MV/m
which gives the value of E H, = 1.8 1011 W/m Its
reduction is due to the approach to the Neel tempera-
ture of Cr,O3, T = 310 K [24]. We should keep in
mind that reduction of U leads to the growth of V..

In the Ref. [23] a micromagnetic modeling was
carried out on the basis of equation of Landau — Lif-
shits — Gilbert, and the conclusion was drawn that in
Cr,05 sample wrth drmensrons of 22.5 x 22.5 X 60 nm
(V= 3,04- 1072 m ) the antrferromagnetrc order
parameter switches in the fields E, = 50 MV/m,

= 6 kOe = 4.8+ 10° A/m (E_H,= 3.4+10" W/m?),
and at that, the barrier equals to 46 kpT=1.86-10"11.
For the volume density of the energy of the barrier we
get U= 46 kpT/V = 6100 J/m> which is 440 times
higher than the experimental value of the Ref. [22].
For the value of constant o, we get a,, = U/(E H,) =
=25-10710 s/m, which is almost 70 trmes hrgher than
the experimental value for Cr,O5. Thus, it is possible to
draw a conclusion that calculation of the Ref. [23] does
not agree with the experimental data.

High value of V,,;,, limits the opportunities for scal-
ing of AF-MERAM on the basis of Cr,O3 on the na-
nometer range of sizes. The use of the magnetoelectrics
with higher values of 7 and U will also demand higher
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values of the intensity of the electric field and, there-
fore, the better electric strength of the material.

2. Interface roughness

Considerable linear sizes of the bit set additional
tasks before the technologists — developers of AF-
MRAM. The matter is that existence of the atomic
steps on the uncompensated surface (0001) of Cr,04
(the compensated surface is unsuitable for reading by
means of anomalous Hall effect) can lead to the fact
that the chrome ions lying in the surface of the atomic
plane on different sides of the step edge will belong to
different magnetic sublattices of the antiferromagnet
(Fig. 2). Therefore, the surface magnetization will have
opposite directions on different sides of the step edge
[26], which will lead to its effective compensation [31].

If the magnetoelectric — heavy metal interface is
broken by the atomic steps into the regions with the op-
posite direction of the surface magnetization, then dur-
ing reading by means of anomalous Hall effect there
will be an averaging of the signal. Therefore, it is nec-
essary to reach an atomic smoothness of the interface
at a scale of several hundreds of nanometers, which is
a difficult task.

It should be pointed out that according to the Ref.
[30] such steps do not arise on the surface (0001) of
Cr,05. The final solution to the matter requires an ad-
ditional information concerning the structure and con-
centration of the atomic steps on the Cr,O53 / heavy
metal interface.

3. Reading by means of MTJ

In the Ref. [23] the authors proposed a method of
reading by means of MTJ. For this reading it is neces-
sary that the opposite direction of magnetization of the
"free" ferromagnetic layer, which is a part of MTJ (see
Fig. 1, b), corresponds to states "0" and "1" of the bit.
It should also switch over at the time of recording of the
bit together with the direction of the antiferromagnet-
ism vector of the Cr,Oj5 layer. The coupling between
these two layers is caused by the exchange interaction
of the spins of the boundary atomic plane of Cr,05 with
the spins of the atoms of the interface atomic plane of
the ferromagnetic layer. This interaction leads to an ex-
change shift of the hysteresis loop of the ferromagnetic
layer. The opposite directions of the antiferromagnet-
ism vector correspond to the opposite values of the ex-
change-bias field Hgp.

In order for a change of Hpp sign to lead to a 180°
rotation of the magnetization vector of the free ferro-
magnetic layer, it is necessary and sufficient that Hpp
satisfies the following inequality

Hpp> H,+ H, (7)
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where H. is the coercive field intensity of the ferromag-
netic layer (Fig. 3).

In the Ref. [29] for the layer of cobalt, which was a
part of the system of Cr,O3 (250 nm) / Pt (1 nm) / Co
(1 nm), the value of Hpp= 160 Oe was obtained, which
was more than by an order less than the constant mag-
netic field H, = 6 KOe. Such a low value of Hpp can
be connected with the existence of the atomic steps on
the interface of the layers leading to averaging of the ex-
change shift due to reasons discussed in section 2. For
reading by means of MTJ in the constant magnetic field
it is necessary to select such a material for the free fer-
romagnetic layer and to reach such a quality of the in-
terface, which could ensure the value of the exchange
shift of its hysteresis loop on the surface of Cr,05 layer
of about 1 T.

4. Replacement of the external magnetic field
with the exchange one

An alternative version of the memory without the
use of the constant magnetic field was offered in the
Ref. [23]. It was planned to replace the external mag-
netic field with the exchange field H, of a rigid ferro-
magnet (permanent magnet) located along the perim-
eter of the lateral surface of the Cr,05 layer of (see
Fig. 1, ¢). At that, the surface of Cr,0O5 should be com-
pensated, because otherwise, in case of an uncompen-
sated surface, a strong Heisenberg interaction of the
spins of one of the sublattices of the chromium ions
with ferromagnetic spins, surpassing considerably the
magnetoelectric interaction, would stabilize one of the
values of L,, which corresponds to the minimum of the
exchange energy, and reorientation of L, would become
impossible.

It should be noted that the exchange field has a
short-range character, it is possible to consider that it
works in the area by volume equal to 4bha, where b is
the interatomic distance; 4 is the height of the Cr,O5
layer selected in the form of a rectangular parallelepi-
ped with the square basis, a is the side of the basis. In
a strong exchange field a spin-flop orientation will ap-
pear on the compensated surface of Cr,03, i.e. there
will be a capsizing of its antiferromagnetic sublattices,
and vector L will become oriented perpendicularly to
the magnetization vector of the ferromagnetic [32]. As
is shown in the Ref. [33], in the presence of the parallel
easy axes of anisotropy in the layers, as it takes place in
the case under consideration, an exchange spiral ap-
pears near the interface of the layers (Fig. 4).

In the depth of the layers, the vector L and the mag-
netization vector of the ferromagnet Mf are collinear to
the easy axis z. Angle ¢, which the magnetization vector
of the boundary atomic plane of the ferromagnetic
forms with the light axis, depends on the correlation be-




tween the surface energies of the Bloch domain walls in
the layers w,-and wy:

w
tgg = ~4. ()
/

In case w,r> wy, 9 = n/2 and practically all the spi-
ral is located in the ferromagnetic layer. If the ferro-
magnet is hard, as it was envisaged in the Ref. [23], then
Wor < Wy, ¢ = 0 and practically all the exchange spiral
is located in the Cr,Oj5 layer.

In the case under consideration, when axis x is per-
pendicular to the interface of the layers, one has

In case of a hard ferromagnet L, 0) ~ 0 and
M (0) ~ 0 on the Cr,03 surface. Therefore, the mag-
netoelectric interaction is also equal to zero. The mag-
netic moment induced in the antiferromagnet by the
exchange field falls down at the atomic distances [34],
much smaller than the size of the area of existence of
the exchange spiral, which is roughly equal to the thick-
ness of the Bloch domain wall in this material [33].
Therefore, in the first approximation, in that Cr,O5 ar-
ea, in which M, = 0, the values of L, and My are also
equal to zero. Thus, the use of a hard ferromagnet is in-
expedient.

At an arbitrary value of ¢ near the surface of Cr,0O5
(Fig. 5)

@y = %(m — y5)LMP_sin2¢P,. (10)

From here we get the first recommendation: the
material of the ferromagnetic should be selected so
that w,r~ we. Then, sin2¢ ~ 1 and action of the ex-
change field will be the most effective.

Now let us find the optimal value of this field. Since
the product of LM is different from zero only in several
atomic planes near the Cr,O5 surface, during assess-
ment of its value it is possible to neglect the twisting of
the exchange spiral and confine to the exchange ap-
proximation [34]. Let us number the atomic Cr,0O5
planes, parallel to the interface, by index i, beginning
from the surface. For simplicity reasons, we will con-
fine to the two- but not four-sublattice approach. Let
angle 0; be the tilt angle of the antiferromagnetic sub-
lattices in / atomic plane (the angle of 6, is depicted in
Fig. 5). Let us assume the module of magnetizations of
the Cr,Oj5 sublattices as an invariable and equal to M.
Then the modules L; and M; of antiferromagnetism
and magnetization vectors belonging to i-th atomic
plane, are equal L= 2M cost;, M; = 2 Msin®;. The
surface contnbunon to @y pis proport10na1 to the val-
ue of X,L,M; = 22T ;sin26,. Owing to a fast conver-
gence of th1s sum, for the assessment we will limit our-

selves by the first summand. The maximum of @, is
reached at 6, = n/4. Value of 0, is defined by the com-
petition of energy Wf of of the interlayer exchange in-
teraction and energy Waf of the exchange interaction
in CryO3. In approximation of the small angles in the
Ref. [34] the following analytical expression was ob-
tained for 0,:

0, = g-vgz}ﬂf . (11)
af

Factor € ~ 1 depends on the type of the layers crystal
lattices.

Thus, it is possible to formulate the second require-
ment to selection of the ferromagnetic layer: it should
ensure the optimal value of the tilt angle of the sublat-
tices on the Cr,Oj5 surface.

Let us find restrictions concerning the sizes of the
storage bit, which are due to existence of a superpar-
amagnetic threshold. In case of the use of magnetic
field L, =2M; M, =y, H; L.M,=2My,H, and
in the case under cons1d1rat10n the optimal value is

LM,= M Therefore, the new value of the minimal
Volume Vipin 18 €qual to
- 2y, H
Vmin = Vmin zg . (12)
M

Using for y,, the value 1.2 1074 (SGS) [29], the
value of the magnetic moment of an ion of chrome
of 2.48 Bohr magneton [35] and also the value of
dens1ty of Cr§03 5.22 g/cm we find the value

=4.76-10° A/m and Vi = 2.5 10 Vin =
= 3.6 1072 m? = 3.6-104 nm3. Assuming that
b= 0.5 am, we obtain (ah),;, = 2 - 10* nm?.

Thus, even in the optimal case, when using the ex-
change field, the linear sizes of the bit exceed 100 nm.

Conclusion

1. With account of the superparamagnetic thresh-
old, an estimate is obtained for the minimum bit
volume of the AF- MRAM on the basis of Cr,O;:
Voo =14-10" nm.

2. Requirements are formulated for the magnitude
of the exchange bias which makes it possible to use the
magnetic tunnel junction for reading in a constant mag-
netic field.

3. It is shown that the optimum conditions for re-
placing the external magnetic field by the ferromagnetic
exchange field correspond to such physical parameters
of the ferromagnet that provide the values of the angle
between the antiferromagnetism vector and the easy ax-
is and the tilt angle of the sublattices close to ©/4 on the
Cr,05 surface.
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O6beMHble MONYNPOBOAHUKK: 3/IEKTPUYECKME M OMTUYECKME CBOMCTBA, pefiakcauusi Ho-
cuTenen 3apsina, CBepxbbiCTpble SABIEHUS, 3KCUTOHbI, GOHOHbI, Ga30Bble Nepexoabl, yno-
panoveHue.

MoBepxHOCTb, NMNEHKW, C/IOU: SMUTAKCUS, aTOMHAsA M 3/IEKTPOHHAs CTPYKTypa MOBEPXHO-
CTW, ancopbLms 1 MOBEPXHOCTHbIE peakLmK, NpoLecchl opMmuposaHus (camoopraHusaLmm)
HaHoknactepos, CTM u ACM, onTuyeckass MMKpoOCKonus banmxHero nonsi.

leTepoCTpyKTypbl, CBEpXpPELUeTKU, OJHOMEPHbIE CUCTEMbI: CTPYKTYPHblE U OMTUYECKME
CBOWCTBA, 3NIEKTPOHHbIN TPAHCMOPT.

[lByMepHble CUCTeMbI: CTPYKTYPHbIE, 3/IEKTPOHHbIE, MarHUTHbIE M ONTUYECKME CBOWCTBA,
TYHHeNMpoBaHue, nokanusaumsi, GOHOHbI, M1a3MOHbI, KBaHTOBbIM 3 deKT Xonna, Koppens-
LMOHHble 3P deKTbl.

HynbMepHbie cucteMbl (KBaHTOBbIE TOUYKM, HAHOKPUCTaIbI): SHEPreTUYECKMIA CMIEKTP, ONTU-
YyeCKune CBOMCTBA, TYHHESNIbHbIN TPaHCMOPT.

CnuHoBble fiIBNEHUS, CMUHTPOHUKA, HAHOMArHeTU3M.

Mpumecn u gedektbl (06bEMHbIE NONYNPOBOAHUKM U KBaHTOBO-pa3MepHbIe CTPYKTYpb):
NPUMECU C MENTKUMMU U TNYBOKMMUN YPOBHAMM, MarHUTHbIE NMPUMECH, CTPYKTYPHbIE AedeKTbl,
HeynopAI04YeHHbIe NOYNPOBOAHUKN.

BbICOKOYaCTOTHbIE iBNIeHMs B nonynposoaHukax (CBY u TeparepuoBbIii AuanasoH).

YrnepogHbie u I'padJeHOHOAOGHbIe HaHOMaTepuaJibl, MOHOCJIOU AUXAJIbKOreHUA 0B nep
HbIX MeTaJ1IJ/1I0B, NepPOBCKUTbI, OpraHn4YeCckue nojiynpoBoaHUKU, MOJ1IeKYJiipHble CUCTE

DOTOHHbIE KpUCTas/bl, MUKPOpPE30OHaTOpbl U MeTaMaTepuanbl. HaHopOTOHUKA.

MonynpoBoaHUKOBbIE NPMBOPbI U YCTPOMCTBA: TEXHOOIMS,, METOAbI UCCNEL
npubopbl.

HaHo- 1 onToMexaHuKa.

Tononornyeckme U3onNaTopbl M NonymMeTansbl Benns.

\

D

iia. 2019. Tom 21. Ne 5. 257-320. Wnpexc: 79493 (O6benmuennbii kataor «Ipecca Pocenmy»),

)

8586. HaHo- 1 MUKPOCUCTEMHAST TEXE

SSIN 1813



	obl_NMST5_2019-1pl
	obl_NMST5_2019-2pl
	mc519_web
	obl_NMST5_2019-3pl
	obl_NMST5_2019-4pl


<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles false
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (Gray Gamma 2.2)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Warning
  /CompatibilityLevel 1.3
  /CompressObjects /Off
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages false
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.0000
  /ColorConversionStrategy /LeaveColorUnchanged
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams false
  /MaxSubsetPct 100
  /Optimize false
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness true
  /PreserveHalftoneInfo false
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts false
  /TransferFunctionInfo /Preserve
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
    /TimesET
    /TimesET-Bold
    /TimesET-BoldItalic
    /TimesET-Italic
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages true
  /ColorImageMinResolution 150
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 150
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.03333
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /AntiAliasGrayImages false
  /CropGrayImages true
  /GrayImageMinResolution 150
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 150
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.08000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /AntiAliasMonoImages false
  /CropMonoImages true
  /MonoImageMinResolution 1200
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 300
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /FlateEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile (sRGB IEC61966-2.1)
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName (http://www.color.org)
  /PDFXTrapped /False

  /CreateJDFFile false
  /Description <<
    /JPN <FEFF3053306e8a2d5b9a306f300130d330b830cd30b9658766f8306e8868793a304a3088307353705237306b90693057305f00200050004400460020658766f830924f5c62103059308b3068304d306b4f7f75283057307e305930023053306e8a2d5b9a30674f5c62103057305f00200050004400460020658766f8306f0020004100630072006f0062006100740020304a30883073002000520065006100640065007200200035002e003000204ee5964d30678868793a3067304d307e30593002>
    /DEU <>
    /FRA <>
    /PTB <>
    /DAN <>
    /NLD <>
    /ESP <>
    /SUO <>
    /ITA <>
    /NOR <>
    /SVE <>
    /ENU (Use these settings to create PDF documents suitable for reliable viewing and printing of business documents. The PDF documents can be opened with Acrobat and Reader 5.0 and later.)
  >>
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [637.795 765.354]
>> setpagedevice


