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IIpoBeneHO MonenMpoBaHUE CBEPXITPOBOTHUKOBBIX WHTETPAIbHBIX CTPYKTYp B YACTOTHOM AUaria3oHe
300...750 T'Tu aymst Metonamu: 1) ¢ momouibio ABCD-matpull, cornocTtaBisieMbIX KaXKIOMY 3JIEMEHTY CXe-
MBEI, 2) ¢ ucrmob3oBaHueM mporpammbl Ansys HFSS. 3HaueH1sI mOBepXHOCTHOTO NUMIIEIaHCa CBEPXIIPOBO-
TSIIMX TUIEHOK PACCYMTaHbI YMCIEHHO C TOMOIIbIO BhIpaxkeHU# u3 Teopuu Martuca—bapauna. HaiineHo,
YTO ISt 0OPA31IOB C IMIMPUHON MUKPOITOJOCKOBBIX IMHUI MeHee YeTBEPTH JUTMHBI BOJTHBI 006€ MOIE/IN Ha-
XOZISITCSl B KAYECTBEHHOM COOTBETCTBUM APYT C IPYTOM M C OKCIIEPUMEHTaJIbHBIMU NaHHbIMU. [loka3aHo,
YTO TIPU YBEJIMUYCHUH ITUPUHBI TUHUM Y TeOMETPUIECKUX PAa3MEPOB IPYTHX 3JIEMEHTOB CTPYKTYPHI BO3HU -
KaloT MoIepeyHble MOJIbI, a TAKXKe UCKPUBJIEHUE BOJTHOBOTO (DpOHTA PACTIPOCTPAHSIONIMXCS 110 TUHUSIM
BOJIH, YTO OOYCJIOBIMBAET Pa3INIMS MEXKIY IMOJyaHATUTHYECKUM U YMCIIEHHBIM PACYeTOM, KOTOPBIi COB-
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BBEAJEHUWE

YcTpolicTBa COBpeMEHHOI CBEpXIIPOBOOIHUKOBO
3JIEKTPOHUKM HAXOAAT LIMPOKOE IPUMEHEHUE, KaK B
pa3JIMYHBIX TIPUKJIAAHBIX 3adadyax, Tak U B yHIa-
MEHTaJIbHBIX UCCJIETOBAHUSIX BBUIY YHUKATIbHbIX Xa-
pPaKTEPUCTUK, HEAOCTUXKUMBIX TpUOOpaMu Ha Apy-
IUX TMPUHIMIIAX: IIIyMOBasi TeMIlepaTypa CBEpXIpo-
BOJIHUKOBBIX MPUEMHUKOB MOCTUTaeT HECKOJIbKUX
3HAYEeHW KBaHTOBoOro mpenena [1—3], a HeruHEH-
HOCTh BOJIM3U IIEJIEBOTO HAIPSIKEHUST TPU ITOCTa-
TOYHO HU3KUX TemIlepaTypax sBJsieTcsl HauboJjee
CWJILHOM M3 M3BECTHBIX HA CETOMHSIIHUM IeHb [4].
CMecuTen Ha OCHOBE TYHHEJIbHBIX IXK03€(COHOB-
CKUX TIEPEXOJ0B SIBJSIIOTCS OCHOBHBIMU KOMITOHEH-
TaMU B IPUEMHBIX CUCTEMAX Ha TeJecKonax cyomMui-
JIMMETPOBOTO AMalia3oHa Ha3eMHOro Ga3supoBaHUS,
HanpuMep, Ha Tereckonax ALMA (https://almaobser-
vatory.org), APEX (https://www.apex-telescope.org) u B
cTposiieMcs Komruiekce Ha 1iaro Cydda (http://
asc-lebedev.ru/index.php?dep=16). Takke uCIOIb-
30BaHME CBEPXITPOBOJHMKOBBIX CMECUTENEH MIaHu-
pyeTcss U B TPEACTOSIIINX KOCMUYECKUX MUCCHUSIX,
HanpuMep MummmmMerpoH (https://millimetron.ru/).
C noMol111b10 CBEPXITPOBOJHUKOBOTO F€TEPOJMHHOIO

MpUEMHUKA IIPOBOMSATCS MCCIAEAOBAHUS M3Ty4EHUS
YyeJ0oBe4YecKoro tejaa B TeparepuoBom (TI1) muamna-
30He [5]. [lomoGHBIE YyCTpOMCTBA TakKKe IPUMEHSI-
JIMCH IIPY IPOBEIEHNM aHA/IM3a COCTaBa aTMOCdephl
Kak B Jlabopatopuu [6], Tak 1 Ha GOPTY BHLICOTHOTO
aspocrara [7].

IIpakTryecku Bo Bcex paboTax, yKa3aHHBIX BHI-
1II€, CBEPXIIPOBOAHUKOBBIE YCTPOMCTBA BBHIMOJIHEHBI
B BUJIE TUIAaHAPHBIX UHTETPAJIbHBIX CTPYKTYP, COUYeTa-
IOIIMX B ce0¢ MUKPOIIOJIOCKOBEIC JIMHUM, aHTCHHBI
U, COOCTBEHHO, paclpeneieHHbIE 1 COCPEAOTOUYEHHbIE
Ixo3edcoHoBckue mnepexonabl. Ha addekTuBHOCTH
paboThI CBEPXITPOBOAHUKOBBIX IPUEMHUKOB CKa3bI-
BalOTCSI HE TOJIBKO ITapaMeTphbl OTACAbHBIX IXKO3ed-
COHOBCKHUX IIEPEXON0OB, HO M COIJIACOBAHUE MEXKIY
aJIeMeHTaMU Bceii cxeMtl [7, 8]. B cBs3u ¢ aTuM 3ana-
ya TPOEKTUPOBAHUSI YCTPOUCTB C HEOOXOIMMBIMU
napaMeTpaMM 3acJIy>KMBaeT OTJIeJIbHOIO BHUMAaHUSI.

i1 mpoeKTUpOoBaHUS MOAOOHBIX YCTPOMCTB, C
OIHOI CTOPOHBI, MOXXHO BOCIIOJIb30BaThCSI METOIOM
ABCD-Marpuii, IIMPOKO UCTIONB3YEMBIM ITPU pacueTe
aJIeKTprUYeCcKUX 1ereit [9, 10], ¢ apyroit — MOXHO pac-
CUYUTBIBaTb HEITOCPEICTBEHHO pacipencsieHre 1oseii B
CTPYKTYpe B KOMMepuecKux 3D-cuMynsitopax, Hanmpu-
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Puc. 1. M3zob6paxeHne cXeMbl UCCIEAYyeMOil CBEpXIIpO-
BogHUKOBOUM CBY-CcTpyKTyphl, MOJTYYEHHOE C ITIOMOIIIBIO
ONTUYECKOTro MUKpockoria: / — reHepatop CBY-curnana
Ha PIII1; 2 — crynmeHyaThlii TpaHchopMaToOp UMITeIaHCa
mexxny PIIT 1 pa3pbIBOM IO MOCTOSIHHOMY TOKY J3; 4 —
CTYIEHYATHIN TpaHchopMmaTop nMreaanca mexay CUC-
JIETEKTOPOM M Pa3pbIBOM IO TOCTOSTHHOMY TOKY; 5 — pa-
IMaJbHbII 3aMbIKaTeb A1 OTCTpOoiiku eMkoctu CHUC-
rnepexoa.

mep, Ansys HFSS (https://www.ansys.com/products/
electronics/ansys-hfss). B maHHoi1 paboTe mpoBoaUTCS
CpaBHEHUE PE3yJIbTaTOB 00OMX METONOB MEXIY CO-
60I1 U C IKCIIEPUMEHTOM.

1. MOAEJIUPYEMBIE YCTPOUCTBA

CxeMa OmHOIO M3 YCTPOMCTB, HCCICIYEMBbIX B
JIaHHOI padoTe, mpeacTaBiieHo Ha puc. 1. [TogoOHbIe
WHTeTPpaIbHbIe MUKPOCXEMbI TPUMEHSIIOTCS JIST UC-
cJielIoBaHUSI Pa3jIMYHbIX CBEPXIPOBOIHUKOBBIX J€-
TeKTOpoB 1 reHepaTopoB TIi-nuanasona [11, 12], a
TakXe SIBJISIIOTCSI COCTaBHOIM 4acThlO CBEPXITPOBOM-
HUKOBOTO WHTErPajIbHOIO TE€TePONUHHOTO IMpUEM-
Huka [2, 13].

B xauectBe reHeparopa CBY-curnasia ucroJib3y-
eTCsI pacHpeneeHHBIN 1K03e(PCOHOBCKUI TIe€pexo
(PAIT), (cMm. puc. 1). MomtHocTh, n3itydaemas PAIT u
MPOXOosiiiasi yepes3 cxemy cornacoBaHus 2, 3 u 4 (cMm.
puc. 1), JeTeKTUpyeTCs MPU MOMOIIM COCPEIOTOUYCH-
HOTO MK03e(DCOHOBCKOTO ITepeX0ia CBEPXIIPOBOTHNK—
nzojisitop—cBepxnpoBogHuk (CHUC, mnonoxeHue
yKa3aHO CTpenkoii). Boibr-amriepHass xapakTtepu-
ctuka (BAX) CUC-nepexona ¢ mogaBiIeHHEBIM C TO-
MOIIIbIO MAarHUTHOTO MOJISI KPUTUUECKUM TOKOM TO-
KazaHa Ha puc. 2. [lon gelicTBeM BHEIITHETo Tiepe-
MEHHOIO 3JEKTPOMAarHUTHOTO IIOJSI CYILIECTBEHHO
MOBBIIIAETCSI BEPOSITHOCTh TYHHEIMPOBAHUS KBa3-
yactull yepe3 Oappep B CHUC-miepexone [14]. DTo
MIPUBOIUT K IOsIBJIeHUI0 Ha BAX Tak Ha3bIBaeMOIi
KBa3WYaCTUYHOM CTYIEHU, OTCTOSIIIIEH 11O HATpsiKe-
HUIO Ha /Af/e oT mieneBoro (f — 4acToTa BHEIIHETO
CUTHAaJIa), a 110 BEJIMYMHE TOKAa Ha HEell OLICHUBACTCS
JOJIsT TIpOLIEAINel 4Yepe3 CXeMy MOIIHOCTU (CM.
puc. 2, IITPUXOBAs IUHUS).

Mexny reHepatopoM Ha PIIT u npuHuUMalommm
CHC-1iepexo1oM B cXeMe IIPeayCMOTPEH pa3phIB 10
MOCTOSTHHOMY TOKY, BBITIOJTHEHHbBI! B BUJIE 111€JI€BO
aHTeHHbI. Takoii cmocoO MO3BOJSET MOAKIIOUUTD UX
HE3aBUCUMO I10 TTOCTOSTHHOMY TOKY, B TO K€ BpeMms

PAAVNOTEXHUKA 1 BJIEKTPOHUKA
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Puc. 2. DkcnepumeHtanbHble BAX CHC-niepexona mon
JIECTBUEM BHELIHEro MepPeMEHHOTO 3JIEKTPOMArHUTHO-
ro mionisg yactotoit 400 I'Tu (1uTpuxoBasi KpuBasi) u 6e3
Hero (CIUIOLIHAs); TTO BeJIMYMHE TOKA HaKauyKu B paboueit
Touke (IToKazaHa CTPEJIKO) OoNpenessseTcsl MpUuXoasiiast
MOIIHOCTh; KPUTMUYECKUI TOK TOAABJIEH C IOMOIIBIO
MarHUTHOTO TTOJIs.

obecneunBast BO3MOXHOCTh nepegaun CBY-curna-
na. s orcrpoiiku emkoctu CUC-niepexona B cxeme
MPUCYTCTBYET paaualbHbINA 3aMbIKaTeb, BHOCSIIIUA
JIOTIOJTHUTEIBbHYI0O MHIYKTUBHOCTh. CXeMa CoIjiaco-
BaHus mexnay PIIT, CUC-neTeKTopoM U pa3pbiBOM
10 MOCTOSTHHOMY TOKY peajiu30BaHa C ITOMOIIBIO
CTyHeHYAaThIX TpaHC(hOPMATOPOB UMIIEIAHCa B BUIE
MUKPOINOJIOCKOBBIX JIMHUN ONpeneJeHHOM TOJIIIM-
Hbl. [eoMeTpuyeckre pas3Mepbl ObLIM MOTOOpaHBI
IUIST KaXKOoro oOpasiia TakuM o0pa3oM, 4TOOKI obec-
MIeYUTh HAWJIY4YIlyIo Iiepeaady CUrHaja B TpeOyeMoM
Jvara3oHe.

TexHOJIOTHSI M3rOTOBJIICHUSI CBEPXIIPOBOIHUKO-
BBIX TOHKOIUIEHOYHBIX MHTErpaibHbIX MHOTOCIOM-
HEBIX CTPYKTYp, HCCIEeOyeMBIX B paboTe, OoIlMcaHa
MHOTUMU aBTOpamu [15—17].

2. OTIMUCAHUE MOJEJIEN
2.1. Iloayanasumuueckas mooens

ITpu MoaenupoBaHUM UCCIIEAYEMBIX CTPYKTYp Me-
tonoM ABCD-matpuir (Wi MaTpull repeaadu), Kax-
NI 2JIEMEHT CXeMbl MPEACTaBISIETCS B BUIE MAaTPU-
el [9, 10, 18]. Ilepemuoxenue ABCD-maTpull Bcex
9JIEMEHTOB B COOTBETCTBYIOLIIEM TTOPSIIKE JACT B pe-
3yJbTaTe MaTpully nepeaadu Bceii CTpyKTyphl. Beipa-
KEeHMS U1 UMMeJaHca 1IeeBOi aHTEHHbI MOXHO
HaliTu, Hafpumep, B [19].

Kak mokazaHo B paborax [20, 21], mocTostHHast
pacrnpoCTpaHEHUs] U XapaKTepUCTUUYECKUI UMIIe-
JIaHC MUKPOTIOJOCKOBOW JIMHUU CO CBEPXITPOBOISI-
IIUMU BJIEKTPOJaMU U3MEHSIIOTCS MO CPaBHEHUIO C
Ne 9
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HUJIeaTbHBIM MHWKPOIOJIOCKOM M3-3a NIPOHUKHOBE-
HUSI MAarHUTHOTIO IIOJISI B 3JIEKTPOALI. AKKypaTHbIE
BBIYKCJICHUS C YIETOM KpaeBbIX 3 (PEKTOB HAIOT BbI-
paxenns [20]:

, Jag(Z+2")

Z(): 20 8 kn 5
2 010 (1)
Jgoko€E, 7"+ 7"
Y= |k + o )
No&i

I1e Mo, — BOJHOBOE CONPOTUBIIEHUE BaKyyma; k, —
BOJIHOBOI1 BEKTOP BOJIHBI B CBOOOITHOM IIPOCTPAHCTBE;
€,p — 2GdEKTUBHAS AMDIEKTPUYECKAs MTPOHULIAE-
MOCTb CJIOSI U30JISITOpa C TIOTIpaBKOiA HA HEOTHOPOI-
HOCTb T0JIS1 B MUKPOIIOJIOCKOBO# JIMHUU; g, YYUTHIBAET
KpaeBble 3¢ (EKThI, CBSI3aHHbIE C KOHEUHOM TOJIIIIM -
HOI 2JIEKTPOJOB U I0JIEM BHE JIMHUM; g, — MMPOHUK-
HOBEHME MarHUTHOTO ITOJISI B 3JIEKTPOIbl. 3HAYCHUS
MOBEPXHOCTHBIX MMIIEJAHCOB Z® u Z" BepXHero u
HIKHETO 3JIEKTPOAa COOTBETCTBEHHO MOCUUTAHBI C
WCIOJIb30BaHMEM BBIpaXXeHUiI Teopuu Marrtuca—
bapnuna [22]. bonee ToHkue 3(pheKThI, CBI3aHHBIE C
KOHEYHBIM BpeMeHeM CBOOOIHOTIO Tpodera [23, 24]
OKa3bIBAIOTCS HECYIIECTBEHHbIMU IIJIsSl TJIEHOK, W3-
TOTOBJIEHHBIX METOAOM MarHeTPOHHOTO HaMbLICHUS
BBUJIY MaJIOCTU IJIMHBI CBOOOJIHOTO pobera [25].

Bonbr-ammniepHsie xapaktepuctuku CUC-nerek-
TOpa MpH BO3IEMICTBUM BHEIITHETO IIEPEMEHHOTO CUT-
Hajla mo u3BecTHOM BAX B OTCyTCTBME HaKauykKu
MOXHO pacCuMTaTh C TIOMOILIbIO BEIpaxXeHuit us [ 14].
JnddepeHInairbHOE COTIPOTUBIICHE BOIM3U padbo-
yei Touku (Ha OJvKanIei K e KBa3u4yacTUYHO!
CTYNIEHM) Ha BBICOKMX YacTOTaX MOXHO CUUTaTh
MpUOIU3UTENBLHO paBHBIM R,. Takke Ha BBICOKUX
yacToTax 00s13aTebHO Y4YUThIBaTh eMKocTh CUC-
nepexona. Kpome toro, Hanmune CUC-tiepexona cy-
IIECTBEHHO M3MEHsIeT TeYCHNE TOKOB B 3JIEKTPOAax
MUKpomnoJjocka. st yueta 3Toro acp@dexra K uMIie-
mancy CHUC-mepexoma mo0aBisieTcss WHIYKTUBHOE
cjlaraeMmoe:

Lspread -

+ A, cth ﬁj+£ In Ruwens ,
7\‘5 7\’}[ RCVIC
rne Ay, A, ¥ d,, d, — IyOMHBI IPOHUKHOBEHUST Mar-
HUTHOTO TOJSI U TOJIUMHBI BEPXHET0 M HUXKHETO
9JIEKTPOJOB COOTBETCTBEHHO; H — TOJIIMHA CJIOS
usossatopa; Reye — panuyc CUC-niepexona; Rye —
XapaKTepPHOE PACCTOSIHUE, Ha KOTOPOM CYLIECTBEHHO
VCKPUBJISIOTCS JIMHUY TOKa. Bo Bcex pacuerax Ry,
OBLIO BEIOpAHO paBHBIM 3 MKM.

d, @)

=4m| A, cth

CyllleCTBEHHBIM OrpaHUYE€HUEM JaHHON MOIeIn
SIBJISIETCSI TPEAIOI0KEHUE O TOM, UTO B JIMHUSIX BO3-
MOXHBI TOJILKO IIpOAojibHble (KBasu-71TFEM) monbl
[21]. WUcnonp3oBaHWE MHOTIOCTYIIEHYATBIX TpaHC-
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dopmaTopoB uMItegaHca, HEOOXOAUMBIX IJISI COTJIa-
COBaHUSI pa3pbiBa IO MOCTOSIHHOMY TOKY, KaK C TeHe-
paTopoM, Tak u ¢ aetektropoMm Ha CUC-mepexone,
MMPUBOAUT K TOMY, YTO Ha TpaHUIE ABYyX MUKPOIO-
JIOCKOBBIX JJUHUI (PPOHT BOJTHBI MOXET CYIICCTBEH-
HO OTJIMYATBCA OT IJI0CKOro. OgHakKo B OOJBbIIUH-
CTBE CXE€M [JINHA TaKWUX YYaCTKOB MHOTO MeEHbIIe
IJIMHBI MUKPOIIOJIOCKOB, Ha KOTOPBIX BOJIHOBOIA
(GPOHT ITOCKUIA, U MO3TOMY OTKJIOHEHUE DKCIIEPU-
MEHTaIbHBIX XapaKTEPUCTUK OT PACUYETHBIX HE3HAa-
YUTEJIBHO.

2.2. Mooeauposanue 6 Ansys HESS

B Ansys HFSS nns naxoxnenuss CBY-noseit B
CTPYKTYpE MCITOJIB3YETCA METOI KOHEUHBIX JIEMEH-
TOB C QIalITUBHOI CETKOI: MPOU3BOIUTCS Cepus TTO-
cJIenoBaTeIbHBIX Pa30MeHUI CTPYKTYPhI Ha TeTpasI-
pBI, IpUYEM KaxXmoe Tocieayolee pa3onueHue BhI-
MOJIHSIETCSl B OOJIACTAX, TAe U3MEHEHME MOoJjsl Mpu
repexoje dyepe3 rpaHully TeTpasApOB Ha TPeabIay-
IIIeM I1are ObLI0 HanOOoJILIIUM. PerieHus ypaBHeHUIA
MakcBeia MIILYyTCsl B BUE MOJMHOMOB HEKOTOPOM
cTereHu (1o yMOJ4YaHUIO, TIePBOIi) C MOMOIIBIO M-

3
HUMHK3aUuK GyHKIMOHaNa Buna [[ @AQd r [26], tae
(¢ — 2IEKTPOCTATUYECKUIA TOTEHIIMAI, 2 MHTETPUPO-
BaHUE IIPOBOAUTCS 10 BCEMY 0OBEMY.

Bo30oyxneHue u mpuem curHaia B 3D-cumynsito-
pax OCYHIECTBIISIIOTCS ¢ TOMOIIbIo TTopToB. [1o cyTun,
MOPT IIPENCTaBiIsieT CO00l HEKOTOPYIO IJIOCKOCTD,
JIJISI KOTOPOii CHavaia MIIyTCsI COOCTBEHHBIE MOJIBI, a
rocJie HaliIcHHOE pellleHUe CTAHOBUTCS IPaHUYHBIM
yCJIOBUEM IJISI TpeXMepHOM 3amaun. B manHoi paboTte
HamnboJiee ymoOHBIM 0Ka3aJI0Ch UCITOIb30BaTh COCpe-
JIOTOYEHHBIE TTOPTHI BBUY TOTO, YTO MOPT, COOTBET-
creytominii CUC-pgerekTopy, TOJDKEH HaXOOUThCS
BHYTPY MOJICIMPYEMOI 00JIacTH, Ile MIOCTaHOBKA
BOJIHOBOTO TTOPTa HEBO3MOXKHA.

MopenupoBaHue CTpyKTyp B 3D-cumyinsitopax B
HEKOTOPOM CMBICJIE MPOILLE B KOHTEKCTE NMPaBUIbHO-
CTH yueTa KpaeBbIX 2(h(eKTOB 1 pacHpeneaecHUs mo-
JIeH, a TakKe B3aMMHOTO BJIMSIHUSI 3JIEMEHTOB APYr
Ha apyra. OgHako B OOJIBIIMHCTBE KOMMEPYECKUX
NpOorpaMM OTCYTCTBYET BCTPOEHHBIA MOIYJIb, KOTO-
PbIii MO3BOJIMII Obl YYUTHIBATH CBEPXIIPOBOIHUKOBbBIC
CBOMCTBa MaTepualioB.

B xadecTBe pereHUs JaHHOM TTPOGIeMBI TIpemIa-
racrcs 3agaBaTb 'paHUYHBIC YCIIOBHSA HA ITOBEPXHO-
CTSIX OOBEKTOB, COOTBETCTBYIOIIMX CBEPXIIPOBOS-
MM 3JIEKTpOIaM JIMHUH TTepenadn. Kak rmoka3aHo B
paborax [28, 29], npu MpaBUWIbHOM ITOCTAaHOBKE rpa-
HUYHBIX YCJIOBHI, MOXHO HOOMTHCS XOPOIIETO CO-
IJIaCHST MEXKITY pe3yIbTaTaMU MOIETUPOBAHUS U 9KC-
MePUMEHTOM.

Bo Bcex paccmarpuBaeMbix cxemax CHC-mepe-
XOJI UCTIOJIB3YETC IS HEMOCPECTBEHHOTO NETEKTH -

2023
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Puc. 3. Cxema BxmoueHust CUC-nepexona B MUKPOIIOJOCKOBYIO JIMHUIO ITpU MozenupoBanuu B Ansys HFSS (a) u skBuBaneHT-

Has cxema (0).

poBaHus curHazia. /st Toro 4Toobl y4ecTb U3MEHe-
HUE TEYCHUS TOKOB BOJM3U COCPEIOTOYSHHOTO
CUC-nepexona, a Takke YTOOBI 3a1aTh MOPT HEMO-
cpenctBeHHO Ha Hem, CUC-niepexon ObLT yCTaHOB-
JIeH, Kak TokazaHo Ha puc. 3. CocpenoTodyeHHBIH
nopT R, (CM. pUC. 3a) NPEACTABIEH IIPSIMOYIOJIb-
HUKOM, KaCaroLIMMCSI HUXKHETO 3JIeKTpoIa U LINIVH-
Jipa U3 UlieaIbHOTO NpoBOAHMKA R,. BbicoTa 1 paau-
yC r, UAcaIbHO TIPOBOMASIIETO MWINHIpPAa HUKAK He
CKa3bIBAIOTCSI Ha pe3ybTarax pacuera. Bokpyr ume-
aJIBHOTO TIPOBOJHUKA PACITOJIOKEHO KOJIbLO, BHEIII-
HUI panuyc Kotoporo paBeH paauycy CUC-niepexona
B oOpaslie, a BHyTpeHHUI — paauycy uuauHiapa. Ha
KOJIbLIE 3aJaHbl TPAHUYHbIE YCIIOBUS, COOTBETCTBYIO-
KUe UMIENAHCY Zcyc NapauieIbHO COSNMHEHHBIX
emkoctu CHUC-nepexona u R, — CONpOTUBIIEHUS Bbl-
me mead. B mepecdyeTe Ha KBagpaT MOBEPXHOCTU
IPaHUYHBIM YCJIOBUSIM COOTBETCTBYET BBIpaxKeHUE

27
—_— . (3)
In (rCMC/r”)

Ha puc. 36 n3o6paxeHa sKkBuUBajicHTHas cxeMa. Jjis
nepexojia OT MOILIIHOCTH, PETUCTPUPYEMOIA TTOPTOM, K

Z

o=
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nojiHoii MolumHocTtu, npuxoasiieit Ha CHUC-nepe-
X0, HEOOXOAMMO BOCIIOJIb30BAaTLCS BbIPaXKEHUEM,
MOJIydeHHBIM T10 TipaBuiay Kupxroda:

opt Re(Z,
sche _ gnow +101g(1+M], (4)

TIOpT

rae R;,,; — CONPOTUBIIEHUE TIOPTA, KOTOPOE BO BCEX
CUMYJSIIUSX ObLIIO BEIOpaHO paBHBIM 1 MOM — MHO-
ro MeHsble Re(Zqy o).

3. OBCYXKXKIEHHME
ITOJIYYEHHBLIX PE3YJIbTATOB

PacyeTs1, BBITTIOJTHEHHBIE C TTOMOIIIBIO 00EMX MO-
nelieil, a TakxKe SKCIIepMMEHTAJbHBIE Pe3yIbTaThl
mpeacTaBieHbl Ha puc. 4. Bcero ObUIO MpoOBeneHO
MoznenrpoBaHue 6ojiee 10 CTpyKTyp ¢ pa3IMUHOM TO-
nojiorueii 1 mapamerpamu CHUC-nepexonos. I1lnora-
nu CHUC-nepexonoB B MccienyeMbIX oOpasiiax jJexar B
auanasone 0.5...2.5 MKM?, a TNIOTHOCTY TYHHEILHOTO
TOKa — 5...25 KA/cMm?. Kaxaplii 06pasel] CripoeKT-
pOBaH TakK, YTOOBI 0GECIeYNTh HAaMJTy4Illee COTIaco-
BaHUe B TpeOyeMoM muamna3oHe. [Ijasg OombImImHCTBA
Ne 9
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Puc. 4. Tlonyananutndeckuii pacuer (cruiolHast Kpusasi) 1 pacueT B Ansys HFSS (mrpuxosast) mapamerpa Sy, i Monenn-
PYEMBIX CTPYKTYP, @ TAKXKE SKCIIEPUMEHTAIbHBIE IaHHBbIE [, (UEpHbIE KBaApaThl); MO KaXAbIM IPa@UKOM MPUBEIEH YePTEX
COOTBETCTBYIOIIECH CTPYKTYPHIL: a, T, € — 00pa3libl C OMHOCEKIIMOHHBIM TpaHchopMaTopoM umiienanca mexny CHUC-agerekTo-
POM 1 pa3pbIBOM IO IIOCTOSTHHOMY TOKY (cM. 4 Ha puc. 1); 6, B, 1 — ¢ iByxceKimoHHbIM. [Ltorranu CUC-netekTopos: 0.67 (),

2.55 (6), 0.87 (B), 0.69 (1), 1.05 (1), 1.3 MKM? (e).

CTPYKTYP MOJIOKEHUE OCOOCHHOCTEN Ha KPUBBIX 55,
pacCcUMTaHHBIX C TIOMOIIbIO 00eUX Mojelieii, coBIa-
JaeT Mo YacToTe ¢ M3MepeHHBIM OTKIIMKoM CUC-T1e-
pexona.

CremyeT OTMETUTD, UTO TeHepaTOp Ha pacIipene-
JIECHHOM KO3€(DCOHOBCKOM IIepeXoAe SIBIISICTCS
CJIOKHOM ITUHAMMYECKOI CUCTEMOM, B KOTOPOM Tak-
K€ TIPUMCYTCTBYET CMJbHAasl HeJluHeiHocThb. M3-3a
3TOr0 B HEM MMOMMMO CHUTHAJIa HA OCHOBHOI 4YacTOTe
BO3HUKAIOT TaKKe U BOJIHBI C KpaTHBIMU YaCTOTaMMU.
DTuUM 00yCJIOBJIEHAa pa3HMIa MEXAy pacueTaMu U
sKcrnepuMeHTOM Ha yacTtoTax Hrke 350 I['Ti. Ouen-
Ka MoImHocTH, reHepupyemoii PIII, Takke 3aTpyn-
HUTEJIbHA, II03TOMY MOXHO TOBOPUTH JIMIIIb O Kade-
CTBEHHOM COBMAJCHUU PACUYETOB C IKCIIEPUMEHTOM.
Ne 9
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Kak 6b110 0OTMEUeHO B pasi. 2, mojiyaHaJIuTUde-
CKUi1 pacueT IIpeariogaraeT, 4To B JUHUSIX PacIpo-
cTpaHsieTcsa KBasu-7EM-BonHa, MHBIMU CJIOBaMM,
IMOBEPXHOCTHU IIOCTOSIHHOM (pa3bl MMEIOT IJIOCKUIA
(GpOHT, IEePpHEHINKYISIPHBIA KpasM MUKPOIIOJIOCKO-
BbIX TUHMI. [ToaToMy 1151 0Opasiia Ha puc. 4e pe3yib-
TaThl MOJIyaHAJIMTUIECKOTO pacyeTa He COOTBETCTBYIOT
aKcriepruMeHTATbHBIM 1 Ansys HFSS. Mckpusienne
¢dopmMbl BoiHOBOTO (hbpoHTa Mexkay CUC-nepexoqom u
paguaabHBIM 3aMbIKaTeJIeM IIOKa3aHOo Ha puc. 5.

3AKJIIOUEHHME

Brut0 mpoBeneHO MoIeTMPOBaHNUE CBEPXIIPOBOI-
HUKOBBIX MHTETPAIBHBIX CTPYKTYP ABYMST CIIOCOOAMMU,
pe3yabTaThl KOTOPBIX HAXONSTCSI B KayeCTBEHHOM

2023
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Puc. 5. PacnipeneneHuie aMIiMTy bl 3J1€KTPUUECKOTO MO-
J1s1 Ha yactoTe 500 I'Tu 86au3u nepexona ot CUC-geTek-
TOopa K paauajbHOMY 3aMbIKATEJTIO C BHEIITHUM PaINyCOM
48 MM, paccuutanHoe B Ansys HFSS; noBepxHocTtu 1mo-
CTOSIHHOM (ha3bl CUIIbHO UCKPUBJICHBI.

comjlacuM Kak OApyT C OPYIrOM, TakK M C pe3yjbTaTaMU
SKCIEPUMEHTOB. Pean3oBaHHBIE ITPOrpaMMBI YKe
TTO3BOJIMUIMA CITPOECKTUPOBATL 00pa3mbl, ITOKPHIBAIO-
mue moaHocThio auamaszoH 400...650 I'T1x mo ypoBHIO
He Hke —3 £ 1 ob. YacTh 00pa31noB Oblia M3rOTOB-
JIeHa W YCIIEITHO aIrpoOMpoBaHa, HECKOIBKO HOBBIX
00pa31IoB TOTOBSTCS K U3TOTOBJICHUIO. MeToIbI, U3-
JIOXXEHHEBIE B JaHHOM paboTe, IIPUMEHUMEI IS 111 -
POKOTO KJlacca CTPYKTYP M yKe MCHOJIb3YIOTCS TIPH
MPOEKTUPOBAHUU CXEM CBEPXITPOBOIHUKOBBIX MMPU-
€MHUKOB M T€HEPaTOPOB.

ABTOpBI 3asIBJISIIOT 00 OTCYTCTBMM KOHQJIMKTA
WHTEPECOB.

BJIIATOJAPHOCTHU

ABTODBI OJ1aro1apHbI 3@ BO3MOXKHOCTh TOCTYIa K 000-
pPYIOBaHUIO YHUKAJIBHOI HaydHOU ycTaHOBKU “KpuowH-
terpan” (Ne 352529), koropoe ObLIO MCIIOJB30BAHO MPU
U3TOTOBJIEHUM 00Pa3loB U NTPOBEAEHUMN U3MEPEHUIA.

PMHAHCHUPOBAHUE PABOThI

Pazpaborka 1 ucciaegoBaHUe CTPYKTYP BBIITOJIHEHBI
npu ¢GUHAHCOBOM Tmomiaepxke Poccuiickoro HaydyHOTO
donma (mpoexkr Ne 23-79-00019, https://rscf.ru/proj-
ect/23-79-00019/). YuciieHHbIe pacyeThl MPOBEACHBI TPU
Or0I>KEeTHOM (DMHAHCUPOBAHUY B paMKaxX rocynapcTBEH-
Horo 3amaHus. OyHKIMOHUPOBAHUE YHUKAJIBHON Hayd-
HoOi yctaHOoBKU “KpuouHrterpan” mommepxaHo MuHU-
CTePCTBOM HayKHU M Bbiciiero oopasoBaHust P® B pamkax
cornmamenust (RF-2296.61321X0041).
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