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METOAbI ACM AAl KOHTPOAS KAYECTBA p™—n-NMEPEXOAOB GaAs

Ilocmynuna 6 pedakyuio 15.07.2017

O6napyxcennvie ACM-memodom HeoOHOPOOHOCMU 21eKMPOCMAmMuU4ecK020 nomeHyuaia, npedcmaegasiouwue coool Heeaybo-
Kkue <0,2 3B nomenyuansisie amvl & naockocmu p. —n-nepexoda GaAs(100) npueodsim K 10KANbHOMY NOHUNCEHUIO GbICOMbI
bapvepa 015 ObIPOK U y8eAUHeHU 00PaAMHbBIX MOK08. 3aX6ambvleas NOOBUICHbIEe INEKMPOHbL U ObIPKU, MU NHOMEHUUANbHbLE SMbl
npueodsim makce k Opeiihy emkocmu apcenud-eariuedvix eapukanos. Toku ymeuxu p*—n-nepexodoe onpedensiomes ceoiicm-
B8AMU 3AUUMHBIX HAHONACHOK XUMUHECK020 0KCUAA, KOMOopble 8 J0KAAbHOM NPUOAUNCEHUU 3a8UCAM OM (DPAKMAAbHOU eeoMem -
puu peavea u NOGEPXHOCMHO2O0 NOMEHUUANA UCXOOHBIX aPCeHUD-2aNIUe8blX NOBEPXHOCMEU.

Karouesvie caosa: apcenud earnus, eapukan, pesKui p+—n—nepejcoa, cmamuueckue napamempol, Opeligh emKocmu, amomHo-
CUN08AST MUKDOCKONUSL, (DPAKMANbHAS 2eOMempUsi, 00HOPOOHOCMb P —N-nepexo0a, C80LiCMea XUmMu4eckoeo oKcuoa

BBenenune

DJIeKTpOCTaTUYECKUI MOTEHLIMAad ITOBEPXHOCTU
(nanee — TMOBEPXHOCTHBINM MOTEHLMAN) SIBISIETCS Of-
HUM K3 OCHOBHBIX (PM3NUECKUX OOBEKTOB, IMTO3BOJISIIO-
LIMX XapaKTepu30BaTh JIEKTPOPU3UIECKIEe TTapaMeT-
Pl TIOJYIIPOBOIHMKOBEIX IIpUOOpoB. K TaKuM KOHT-
pOJIMPYEMbIM TapaMeTpaM MOXHO OTHECTU paboTy
BbIXO/1a, HEOJIHOPOAHOCTHU pejibeda U JIEKTPOCTATU -
YeCcKOro MoTeHIMajla MOBEPXHOCTU, MPOBOAUMOCTbD.
Hepaspyatoiiye MeToabl aTOMHO-CUJIOBOM MUKPO-
ckonuu (ACM) no3BoJISIOT OJHOBPEMEHHO C IPYTU-
MU MeTOJaMU M3MEpeHUs ONepaTUBHO OCYILECTBIISATh
KOHTPOJIb 3TUX IapaMeTpoB Ha pabOUYUX IMOJYIPO-
BOJHUKOBBIX IJIACTUHAX MPaKTUUYECKU Ha BCEX TpO-
MEXYTOUYHBIX TEXHOJOTMUYECKHMX OIepaIMsIX IO M3TO0-
TOBJIEHMIO ITOJIYIIPOBOIHUKOBBIX ITprbopoB [1—3].

Mcxons U3 uzoxkeHHOro Bblllie, B paboTe MeToa-
mu ACM 0ObUIM MccliefoBaHbl (PU3NYECKHe MeXaHU3-
Mbl TOSIBJICHUSI TTPOM3BOACTBEHHOro Opaka M3roTOB-
JIEHHBIX Ha OCHOBE PE3KHX p' —n-TIepexonoB apceH -
rauneBbix (GaAs) BapuKaIioB.

MeTtoauueckast 9acTh

B pabore ObUIM MCIIOJB30BaHbI BhIpallleHHbIE ME-
TOIOM razodasHoii smutakcuu pT—n—n" GaAs(100)

CTPYKTYPbI C PE3KHUM HECHMMETPHYHBIM p ' —n-Tiepe-
XOJ0M. DIMUTAKCUATBHBIN #-C0# TOJILIMHOMN ~ 11 MKM
W KOHIEHTpallMell Jerupyloueil npuMecu N[J; ~
~ (1,8...2,5) % 1012 cm™3 BBIPAIABAIIA HA BBICOKO-
sernpoBanHOil n'-mommoxke GaAs(100). 3arem B
peakTope HEIOCPeACTBEHHO ITIepe] HapalldBaHUEM
pt-cnost ocymectBsoch razodasHoe MOATPABIMBA-
HUe (OCBEXXEHME) SMUTAKCUATILHOTO /1-CJIOSI C TIOCIeay-
IOLIMM HApaLIMBAHIEM p ' -CJIOST TOIILIHOM >2,5 MKM
U KOHLIEHTPALUENA JIETUPYIOLIEW TTPUMECU Nj ~5 X
x 108 M3, IMoce BXOMHBIX XUMIYECKHX 006paboToK
TIOBEPXHOCTb p' -CJI0sI TOKPBIBAIACH 3ALLUTHBIM CIIO-
eM SiO,, BBINOJIHAIOCH YTOHEHUE CTPYKTYPhI CO CTO-
POHBI A" -MOINOXKM M 3IEKTPOXUMHUYESCKAM METO-
noM ¢opMUpOBaHUE HAa HEll OMUYECKOT0 KOHTaKTa Ha
ocHoBe AuGe ¢ nocyieayloluM OTXKUIOM B aTMocde-
pe Bonopoga. Ilocie sroro B okHax SiO, ¢ mocieny-
IOINM OTKHUTOM (POPMUPOBAIM OMUIECKIE KOHTAKTHI
K p+—CJ10}O Ha OCHOBe AuZn, ynansuiu IieHKy SiO, u
Mo Macke GoTope3ucTa TpaBWIM Me3y TJTyOMHOM 10
n*-cnosi. Tlocie 3Toro OTKPBITYIO MTOBEpPXHOCTb GaAs
TTOKPBIBAIM 3AIIUTHBIM CJTIOEM XUMWYIECKI OKCUIUPO-
BaHHOI moBepxHocTU (majdee — XOII) ToamuHOM
100...150 um u oTxuranu npu remneparype 300...400 °C
B aTMocdepe azota. [IpuMeHeHue 151 3alLUTHBIX 1e-
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JIell TaKMX IJIEHOK OOYCJIOBJIEHO MPOCTOTOM MX ITOJIY-
YeHUs U J0CTaTouHOi addekTuBHOCThIO. HaHoMmIeH-
k1 XOII snuTakcuajbHOTO Cl0s p+-GaAs(100) mno-
Jnyqanu "ObicTphIM” (~20 HM/MUH) CIOCOOOM OKCUIU-
pOBaHMSI B KUIISIILIEM pPacTBOpe MOIHOBATOKMUCIOTO
Kanus [4]. B 3aBepiiieHre TEXHOIOTUUECKOTO MpOoLiec-
ca TUIACTUHY Pa3iesisuii Ha OTAE/bHbIE KPUCTALIbI U
OCYIIECTBJISTM KOHTPOJIb MX CTATUYECKUX MapaMeTpPOB.

HN3mepeHue cratuyeckux BojbT-amiiepHbIX (BAX)
1 BoONBT-(hapamHBIX xapaktepuctuk (BMdX) peskoro
HECUMMETPUYHOTO p+—n—nepexoz[a GaAs(100) pac-
MOJIOXKEHHBIX Ha IMJIACTMHE KPUCTAIIOB MPOUCXOIUIIO
B PYYHOM pEXHMME W3MEPUTENIEM ITOIYITPOBOTHUKO-
BbIX MpubopoB Agilent B1500 Ha 30HIOBOI cTaHLIMK
Cascade Microtech M150.

IMapamMeTpsl MCXOTHBIX W XUMUYECKU OKCUIMPO-
BaHHBIX mMoBepxHocTeil p'-GaAs(100) wccnenoBamy
MeToJaMU aTOMHO-CUJIoBOM Mukpockonuu (ACM,
mukpockon Solver-HV). U3mepenue penbeda A(x, y)
MPOUCXOAUIO B TMOJYKOHTAKTHOM peXHMe CKaHUPO-
BaHUS C PE30HAHCHOM YacTOTOM KoebaHus OaKu KaH-
tunieBepa 430 kI, DiekTpocTaTMyecKWii MOTEHLMAN
MOBEPXHOCTM — KOHTaKTHYIO Pa3HOCTb MOTEHIMAJIOB
(KPII) A¢ = ¢, — ¢, uamepsiin Meronom KenbBuHa
(roe ¢y — S/IEKTPOCTaTUYECKUI TMOTEHLIMA UCCTIeNye-
MO OBEPXHOCTH, a ¢op— 3JICKTPOCTATUYECKUI TTOTEH-
LIMajl OCTpUsl UTJIbl KaHTUJIeBepa auameTpoM ~30 HM),
MIPOBOAMMOCTDL (TOK pacTeKaHUSI) — B KOHTAKTHOM
Ipr-pexume, a 3HaUeHUE B3aMMOJEHCTBUSI OCTPUS UT-
JIBI KaHTWJIEBEpa C TIOBEPXHOCTHIO (KPUBBIE TTOABOIA U
otBona) — B DFL-pexume [1]. KpuBas mogsoaa onu-
cbiBaeT amruintyny DFL-curnana npu npuOamkeHuu
Wbl KAaHTWJIEBEpa K TMTOBEPXHOCTH, a KpUBasi OTBOIA —
P OTOAJICHUHW UTJBI OT TTIOBEPXHOCTH.

Mexanunyeckue cBoiictBa XOIl mcciaegoBanm me-
TOAAMM HAHOWHIEHTUPOBAHUS C TOMOIILIO CUCTEMBI
"Table top nanoindentation system", mpou3BOICTBa
bupmsl Instruments (IBeinapust).

I'eomeTpurto HEOMHOPOTHOCTEM ITOBEPXHOCTH MCCIIe-
JIoBau B Taob0anbHOM (Tipu [ > L, rne /| — 3HayeHue
U3MEPUTEIbHOTO Maciutaba) v jokaibHoM (I < L)
NPUOVIKEHUSIX C TIPUBJIEYECHUEM MaTeMaTU4yeCcKOro
anrmnapara (pakTajJbHOW TeoMeTpuu IPOOHBIX pas-
MepHocteit 1 < Dg < 2. ®pakranbHas pa3sMepHOCTb
Df =1+ Dg. 3HayeHus pasmepHocTeit mogodus Dguc-
cJIeIyeMbIX TTIOBEPXHOCTEH ONpenesIsiii METOIOM Tpac-
CHUPOBKM OMNpeIeSeHHbIX HEOJHOPOAHOCTE! B IJIOC-
KocTH (X, y) p+—n—nepex0)1a nyTeM mojcyeTa uncia N
MOJYyYEHHBIX HeMNepeceKamlIMXcsl KOHTYPOB 3amoJ-
HeHus (YyCJIOBME TOMOJOTMYEeCKOro CMelldBaHUs) B
3aBUCMMOCTHM OT U3MEHEHHUS JMHEeHHOro Maciiutaba /
B k pa3 [5]:

Dg = In(N)/In(k). (1

JI1st Miccie1OBaHUSI OMHOPOIHOCTH p ' —n-THepexo-
na p+—cn0171 CTpaBJMBaIN A0 TOMIIMHBI <20 HM.
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DKCHepUMEHTAJIbHAS YACTh

CoracHO ITOJTyYeHHBIM pe3yJIbTaTaM IIpsiMblIe If( Uf)
u obparusle [(U,) cratmyeckue BAX cuibHO oTinya-
I0TCST OT OJIM3KUX K ONTUMANBHBIM C ¢p, 1 = 1,11 3B
(puc. 1, a, yuactok I nipsimoii BAX). OcHOBHbIE OT-
KJIOHEeHHUSI 00pa3oBaHbl yyacTKaMu 2 U 3 Ha NPSAMOU
BAX. Yyacrtok 2, 110 Bceil BEepOSTHOCTH, OOYCJIOBJIECH
HOPMAaJIbHBIM paclipeaesieHueM HeOTHOPOTHOCTEM 13-
MEPEHHOI1 BBICOTHI 6apbepa ¢y, » = 0,96...1,11 3B mo
wiouanu pt —n-nepexona, 4to éonposomaech yBe-
JIMYEHUEM TOKOB HachlleHus Jg — J» 1 HEXeaTeb-
HBIM yBeJauueHueMm obpatHeix TokoB /(U,). Hamnune
yuacTka 3 Ha npsimoit BAX 0OBIYHO CBSI3bIBAIOT C T1O-
BEpXHOCTHBIMI TOKAMW YTEYKHW, BO3HUKAIOIINMH B
JaHHOM CJIyyae BCJIEACTBME HEIOCTATOYHOM MPOCYII-
KW 3alllUTHOM TIJICHKM XMMWYECKOTO OKcHua. OTXUT
kpuctaminoB npu temmeparype 300...400 °C B atmo-
ctepe az3oTa 0OBIYHO MPUBOANI K UCUE3HOBEHUIO WU
3HAYNUTEITLHOMY YMEHBIIICHHMIO TOKOB YTEYKM M, KakK
OyzmeT moka3aHo Jajee, UBMEHEHHUI0 OMHOBPEMEHHO C
5TUM U ocTajbHbIX cBoKcTB XOII.

OTtkiioHeHus B noBeaeHun BADX xapakTepusyroTcs
HaymuueM apeiida emxoct C(U,. = —25 B) (puc. 1, b),
TIPOSIBJISIIONIEMCS B TIOCTETICHHOM YBEJIMYEHUM €€ 3Ha-
YEeHWI C TTOCIECOYIONIMM 3KCITOHCHIINATBHBIM BBIXO-
JIOM Ha HachelleHue. IIprMedarebHO, UTO HE3aBUCH -
Mo oT U, BpemeHHble 3aBucumoctu emkocreit C(U,., 1)
BBIXOSIT Ha HACHIIIEHUE CITYCTS MPaKTUYEeCKHN OJMHA-
KOBBIM IPOMEXYTOK BpeMeHM Af = 60 ¢ ¢ MOMeHTa
npwioxenus U,. Tlpu stom koahduunment K (%) or-
HOCUTEJILHOTO yBenmueHus 3HayeHuit C(U,) TeM 00Jib-
1Ie, yeMm OoJibllie 3HaYeHHe oopaTtHoro cMelueHus U,
K(Ur= 0) = (C(Urs 1= 60 C) - C(Ura 1= 0))/C(Ur,
t=0)100 % = 0,001 %, K(U. = =5 B) = 0,24 %,
K(U.= —15 B) = 0,6 %, K(U.= —25 B) = 0,83 %,
K(U.= =50 B) = 1,16 %, K(U.= —70 B) = 1,28 %.

st BeIsIBIEHUST (DU3MYECKUX MIPUYMH HaOmIomae-
MOro OTKJIOHEeHUS ydacTKa 2 npssmoii BAX (puc. 1, a)
C TIpeABapUTEIIBHO OTKOJIOTOM YacTH TUIACTUHBI ObLT
CTpaBJIeH AITUTAKCUATBHBIN p -c10it GaAs 10 TONILIK-
HBI, He npeBbimaomeir 20 am. Pesynbratet ACM-u3-
MepeHUuil penbeda MoJydYeHHO TakuM 0oOpa3oM Io-
BEPXHOCTU (pUC. 2, @, CM. TPETbIO CTOPOHY OOJIOKKM)
Mokasanu Hajauuue 3aMeTHhIX (1o 0,2 3B) u nmpors-
>KEHHOCTbIO [ JIOKaJIbHbIX HeomHopoaHocTeit AKPIT
3JIEKTPOCTATUIECKOTO TOTEHIIMAJa MIOBEPXHOCTH, KaK
MeHbllie (puc. 2, b, UepHBIA KOHTYp U CTpeiKa, CM.
TPEThIO CTOPOHY OOJIOXKKM), TaK M OoJible (puc. 2, b,
Oenblii KOHTYp M CTpesiKa) CpeaHUX 3HayeHUM
(KPIT) moepxHocTu. TeopeTnueckue MccieloBaHUs
noxkasajii, 4TOo MOAOOHOTO poaa HEOZHOPOAHOCTHU
MOTYT OBITh BBI3BaHBI HEPABHOMEPHBIM JIETUPOBAHU-
eM BITUTAKCUAIBHOTO p -ciost. [eiiCTBUTENbHO, s
NA+ <5x%x 108 cu3 MPOTSIKEHHOCTh 00JIACTU TPO-
ctpaHcTBeHHOro 3apsga (OI13) He npeBbiaet 10 HM,
4TO COM3MEPUMO C OCTATOUHON TOJILIHOM p ' -CIIOSL.
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Puc. 1. O6patnas (1(U,)) u npsamas ln(If( Uf)) craruyeckue BAX msrorosiennbix kpuctamios pt T —n-GaAs Bapukanos (a). Yuactok /
npsiMoit BAX: ¢, | = 1,11 3B, n; = 1,38, @, | = 1,53 9B; yuactok 2: ¢, » = 0,96 9B, n, = 1,85, ¢, » = 1,78 oB. Ilpn a10M @) ~ 1 * 9y,

[6]; yuacTok 3 — yreuka. BpemeHHast 3aBUCUMOCTb eMKOCTH (b) TIpu 0OpaTHOCMELIEHHOM p+—n—nepex0ﬂe, C(U.= =25 B) = C(»)

Fig. 1. Reverse (1(U,)) and straight line ln(If( Uy) static VAC of crystals of p™—n-GaAs varicaps (a). Section 1 of the straight line of VAC:
Ppm,1 = 111 eV, n; =138, @, ; = 1.53 eV; section 2: @y, , = 0.96 €V, ny = 1.85, @ , = 1.78 eV. At that, g ~n * gy, [6]; section 3 — leakage.
Time dependence of the capacity (b) at the reverse displacement of p*-n, C( U.==25V) = C(1)

B aTOM ciydae cyliecTByeT BepOSITHOCTh TOTO, UTO MO-
MOOHOTO poJa HEOMHOPOTHOCTH 3JIEKTPOCTATUUYECKO-
ro noreHuuana OII3 OyayT BBIXOAUTH Ha MOBEPX-
HOCTB, (POpMUPYST TaM JIOKaJbHBIE HEOTHOPOTHOCTH,
KOTOpHIE Mbl M HAOJIIOJaeM TIpY U3MepeHUsIX (puc. 2, b).

CornacHo M300paxkeHHOW Ha pUcC. 3, @ DHEPreTU-
yeckoir aguarpamme Oosbiuue 3HayeHuss KPIT nate-
pajJbHBIX HEOZHOPOMHOCTEH COOTBETCTBYIOT Oosiee
rIy6OKOMY 3aeraHuio yposHsi ®epmu B p'-o61actu
gV, > qV, | (cM. puc. 2, b). DTO TIPUBOIUT K TOMY,
4TO 3(PPEKTUBHBIE (M3MEPAEMBIE ¢y, ~ @ bp [6]) BBICO-
Tbl 0APbEPOB [UISA ABIPOK OYAYT MEHBILE @p, 2 < Pppm 1
B TO BpeMsl KaK MCTHHHbIE, OPELCIIsIeMble YPOBHEM
DepMu 1S 3JIEKTPOHOB ¢ = @p,, HA yUaCTKe [ IPAMOIA
BAX, OGynyt 6onbiue ¢y 5 > ¢ | (cM. puc. 1, a). B cBs-
31 ¢ 3TUM Ha yvyactke [ npsimoit BAX Gynet npeobJa-
JIaTh 2JIEKTPOHHBIN KOMIIOHEHT TOKa, a Ha YyJacTKe 2 —
IbipouHblii. [ToHMXeHue 3¢hGEeKTUBHON BBICOTHI Oa-
pbepa B 3TOM ciIydae OyaeT OnpenesiTbCs MOJ0XKEeHM -
eM ypoBHs1 ®Pepmu E Fp VIS IBIPOK (puc. 3, a). Ha sT0
YKa3bIBaeT M TO, YTO Pa3HOCTh MCTUHHBIX BHICOT Oa-
pbepoB yyacTkoB / U 2 npsaMbix BAX mpakTuyecku
cooTBeTcTBYeT HeomHopomHocTsM AKPIT = 0,2 3B
(cM. puc. 2, b Ha TpeTbeli cTopoHe 0010XKM). [1peos-
JTajaHue OBIPOYHON KOMITOHEHTHI TOKa Ha yJacTke 2
MPUBOAUT K YBEJIMYEHUIO TOKOB peKOMOMHALIMK (CM.
puc. 1, @) u, COOTBETCTBEHHO, K YBEIMYCHHNIO TOKOB
Hacellenus Jgy > Jg. bimskoe Kk 2 Ha yyacTke 2
npsiMbix BAX 3HayeHue mokazaTesiss WMIeaJbHOCTU
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ny = 1,85 ~2 takxkKe yKa3pIBaeT Ha OOJIbILON BKJIa IbI-
POYHOI (PeKOMOMHALIMOHHOI) COCTaBIISIIONIEN TOKA.
Takum o6pa3oM, MBI BUAUM, YTO TOBBIIICHUE ON-
HOPOIHOCTHU JIETUPOBAHUSI p+-cno;1 OyzeT crocoOcCT-
BOBaTh YMEHBIIIEHUIO KOJIMYECTBA, pa3MEPOB M 3HAYEC-
Hus KPII natepaibHBIX HEOOHOPOTHOCTEM 3JEKTPO-
CTAaTHYECKOTO MOTEHIMANA B O0JIACTH p' —n-Tiepexona
Y TIOBBIIIIEHUIO €T0 OMHOPOIHOCTU. DTO, B CBOIO OYE-
pelb, MPUBEIET K CHMXKEHUIO TOKOB HACKIIIEHUS B PsI-
ay Jg — Jg ¥ 00LIEMY CHUXEHUIO OOpPaTHBLIX TOKOB
(cM. puc. 1, nyHKTUpHbIe KpUBbIe, TOUKU A — B — C).
Kpome 1noxkanbHBIX M3MEHEHUI BBICOT Oapbepa
pt—n-nepexona, HaGmonaeMble aTepaTbHbIE HEOTHO-
ponHoctu AKPIT MoryT BJISITbCSI KaK JJ1s1 J1IEKTPOHOB
(cM. puc. 2, b, yepHbIe KOHTYp U CTpeiKa), TakK U s
JIBIPOK (CM. pucC. 2, b, Oenble KOHTYp U CTpeJika) He-
ray6oknmu Agg < 0,2 5B MoTeHUMANIBLHBIMU AMaMU CO
cpemrHUMHU TuHeWMHBIMU pasMmepamu / = 200...700 HM.
B pesynbTaTe mpu npuioxXeHU 00paTHOTO CMELLIEHUS
3JIEKTPOHBI C JOHOPHBIX YpoBHe DL p, nonanas B 30-
HY IIPOBOAMMOCTH (2 IBIPKM C aKIIENTOPHBIX YPOBHEMH
DL , — B BaJIeHTHYIO 30HY), He cpa3dy nokunaior OI13,
YTO TMPHUBEJIO Obl K ObICTPOMY YBEJIMUYEHMIO €€ DIeKTPH-
4ecKOro 3apsila U eMKOCTU p' —n-TIepexosa, a 3aiep-
SKUBAIOTCS Ha HEKOTOpPOE BpeMs B OTUX HETITYOOKMX
MOTEHIMAIBHBIX AMax (puc. 3, b, Ag,). [lononHurenn-
HOEe MCCIIeIOBAaHNE 3JIEKTPOCTATHUECKOTO TTOTEHIINAIA
Ha cKoJIe p' —n-Tepexona MOATBEPAIIO HAIMYKE ITO-
TEHLMATBHBIX SIM B IUIOCKOCTH p'—n-mepexoma st
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3JIEKTPOHOB (CM. pUC. 2, ¢, YEpHbIE CTPEJIKU Ha Tpe-
Theil CTOpOHE O0JIOKKM) U ABIPOK (CM. pHUC. 2, ¢, Oelible
cTpesiku). TakuM 00pa3oM, MOXHO MPEANOJ0XUTh, UTO
MMEHHO 3aJepKKa 3JIEKTPOHOB M NBIPOK B Pacriono-
XCHHBIX Ha TPaHULE p' —n-Tepexona HeryGOKHX 10~
TEHUMAIbHBIX AMax Agg < 0,2 5B apngerca npuymHoi
HabmomaeMoro npeiida eMKOCTH B TedeHue Af ~ 60 c.
BBuny npeobiagaHust AbIpOYHOTO KOMIIOHEHTA TOKa,
OCHOBHYIO POJib B Apeiidpe eMKOCTH OYIyT UTPaTh AbIPKHU.

M3mepenust Ipr-MeTo10M TOKOB pacTeKaHUs XMMU-
YeCKHU OKHCJIEHHOI MOBEPXHOCTU p+—GaAs MO3BOJIN-
JIX OTIpeACIUTh (pU3MUYeCKre MPUUMHbBI HA0II0AaEMOTO
OTKJIOHEHUS yJyacTka 3 Ha nipssmoii BAX (cm. puc. 1, a).
CornacHo TOJy4YeHHBIM pe3yabTataMm IuieHku XOIT
UMEIOT JOBOJBHO PBHIXIYIO CTPYKTYpPY, YAEpXKUBalO-
IIYI0 HEKOTOPOE KOJMYECTBO OKHUCIUTEIBLHOTO PacT-
BOpa He TOJIbKO BHYTPU IJIEHKHU, HO U Ha €€ MOBepX-
HOCTH B BUI€ TOHKOTO HAHOMETPOBOTO aaCOPOIIMOH-
Horo cios. Ha Hajiuyue Takoro cjosi yKa3blBaloT
npsMble M3MepeHUs1 KpuBbIX moasoma I (puc. 4, b,
DFL-1, cM. TpeTbl0 CTOPOHY OO0JO0XKHM) U OTBOoAa 2
(puc. 4, b, DFL-2) xantunesepa K rnosepxHoctu XOTII
HEIMOCPEACTBEHHO Mocye ee (GopMUpOBaHUSA. XOPO-
IO BUTHO, YTO TIPY TIPUJTOKEHNUU BHELTHEI CHJTBI TSI
OTBO/IA KaHTUJIEBEpa, €ro OCTpUEe He Cpa3y M3MEHSeT
CBOM KOODAMHATHI (3a7MIIaeT), B pe3yjbTare yero Ha

N

KpUBOI OoTBOma 2 mosBisieTcsl "3ybden” Al, oOycnoB-
JieHHbI1 BaH-nep-BaanbCOBCKUMM CUIaMU TIPUTSIKE-
HUSI MEXXIY OCTPUEM MTJIbI KAHTWJIEBEPA U TOHKUM aJl-
COpOLIMOHHBIM clloeM. B 3ToM cilyyae MOXHO roBO-
PUTb O TUAPOGUILHBIX CBOCcTBaX moBepxHocTu XOIT.
B o6uiem ciayyae mo 3HayeHUI0 Al MOXHO U3MEPSITh
OCHOBHBIE KOJTMYECTBEHHBIC XapaKTePUCTUKHU aicopo-
LIMOHHBIX CJIOEB: TOJIIWHY, BI3KOCTh U CUITy B3aMO-
neiicrBus. Takum obpaszom, DFL-meron ACM MoXHO
HCITOJIb30BaTh JISI KOJIMYECTBEHHOTO OIpeAe/IeHUS
OCHOBHBIX CBOICTB aICOPOLIMOHHBIX CJIOEB U CTEIICHU
TUIPOGUILHOCTH TTOTYIIPOBOTHUKOBEIX ITOBEPXHOCTEI.

HN3mepenust Ipr-mMeTogoM TOKOB pacTeKaHMs I10-
Kaszaju Handne HemmHeTHBIX BAX MexXxny HaHOMET-
POBBLIM OCTPHUEM WIJIBI KAaHTUJIEBEpa U HEIOCYIIEH-
Hoit moBepxHocThio XOII (puc. 4, ¢, kpusbie 1 u 2,
CM. TpeThI0 CTOpOHY 000xKu). Ha puc. 4, a (cMm. Tpe-
ThIO CTOPOHY OOJIOKKM) MOKa3aHbl TOUKU, B KOTOPBIX
CHMMaJIM TpeAcTaBieHHble Ha puc. 4, ¢ I u 2 BAX
KaHTWIeBepa. XOpOoIllIo BUAHO, YTO HAHOIOPHI I 00J1a-
JAIOT OOJIBIIIEH TTPOBOOAUMOCTBIO, YeM OTIEIbHEIE 3ep-
Ha 2 (puc. 4, a u puc. 4, ¢, kpuBble I U 2 COOTBETCT-
BEHHO, CM. TPETHIO CTOPOHY OOJIOXKKM).

OTXUT IUTACTWHEI TIPUBOIUT K MCIApPEHUIO OCTaT-
KOB OKUCJIMTEIBLHOTO PacTBOPA, B pe3yJIbTaTe Yero uc-
ye3aeT M TOHKUI aJcOpOIIMOHHBIN CIOM C IIOBEPXHOC-

Puc. 3. DHepreTHuecKHe IHATPAMMBI P —n-mepexona, cooTBeTcTBylomue ysactkam 1 u 2 npsamoii BAX (a), u sHeprermueckas quarpamMma
P —n-nepexona, cooTBeTcTBYIOmAA y4acTKy 2 npsivoii BAX npu HaIHUMM 0GPATHOrO CMEmIEHHs U, u naTepaibHbIX HEOJHOPOJHOCTEH dJIeK-

TPOCTATHYECKOrO MoTeHuuana p —n-nepexona (b)

Fig. 3. Energy diagrams of p™-n junction, corresponding to sections 1 and 2 of the straight line of VAC (a) and the energy diagram of p™-n junction
corresponding to section 2 of the straight line of VAC in case of the reverse displacement U, and lateral heterogeneities of the electrostatic potential

of pt-n junction (b)
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Puc. 5. I'ucrorpammbl HepoBHOCTe# penbeda h nmoBepxHocTu XOII
Tomunoii d = 130 HM, CHATHIE B IJI00AJLHOM NMPUOIMKEHHH TPH
1> 2L (a) v B nokanbHoM npudmmkenun npu [ < L (b)

Fig. 5. Histograms of the roughnesses of relief h of the COS surfaces with
thickness of d = 130 nm taken: in a global approximation at | > 2L (a)
and in a local approximation at | < L (b)

™ XOII. Ha 3T0, B YacCTHOCTH, YKa3bIBa€T OTCYTCTBHE
"3youa” Ha KpuBBIX noaBoaa 3 u otBoja 4 (puc. 4, b,
DFL-2). Uamepenue BAX Ipr-metomoMm Ha TOBEpX-
Hoctu XOII B 3TOM ciyyae Mokasajo MpakKTUYecKu
MOJIHOE OTCYTCTBME TOKOB pacTeKaHus (puc. 4, ¢, Kpu-
Basg 3). lamee OymeT Mmoka3aHO, YTO OTKMI IIPU TeM-
nepatype 350...400 °C npuBOIUT K U3BMEHEHUIO U JIpY-
rux cBoiicte XOITI.

HecMoTpst Ha JaBHIOI MCTOPHUIO MCIIOIb30BAHMS
mwieHok XOII, MHOrue ux cBOMCTBA A0 CHUX IIOp He-
JIOCTaTOYHO XOpouIo u3ydyeHbl. K Takum Manousy-
yeHHbIM cBoiicTBaM XOII MOXHO OTHECTHU 3HEPIUIO
akTuBauuu obpaszoBaHus E,, Mopdonoruto (peiabed
MOBEPXHOCTU A(X, Y)), dJekTpodusndeckue (IpoBo-
JIMMOCTb, MTOBEPXHOCTHBIN MOTEHUMA () U MEXaHU-
yeckue cBoiicTBa (TBepaocTb H, yrnpyrocts E u Teky-
yectb C) [7].

BpeMeHHBIE 3aBUCUMOCTH TOJNIIUHBI XUMUIECKO-
ro OKCHJA XOPOLIO alMPOKCUMUPYIOTCST SKCITOHEHIIM -

aTbHBIMU 3aBUCHMOCTSIMU M TIPAKTUYECKH BBIXOHST
Ha HacCHIIIEHHE ITOCIe 6 MUH OKCUIUPOBAHUS TIOBEPX-
HOCTH p+—GaAs(100). OueHKa 2HEPruM aKTUBALMU
00pa3oBaHUsI XMMUYECKOI0 OKCUAAa Ha MOBEPXHOCTU
p+—GaAs(lOO) C MCHOJb30BaHUEM 3aKOHa AppeHuyca
nano 3Hauenue E, ~0,3 5B.

HN3mepenue penbeda moBepxHocTy muieHoK XOII
B TJ00aJbHOM TpuONIMXeHuu npu [/ > L mokasaio,
YTO CpeJIHMe 3HAYeHUSI TMCTOTrpaMM paclipeleseHUs
HEpOBHOCTel penbeda A MOAUMHSIIOTCS M3BECTHBIM
KJIACCUYECKUM 3aKOHOMepHocTsIM (puc. 5, a). U3
puc. 5, @ BUAHO, YTO yMEHbIIeHHE [ MPUBOAUT K
YMEHBIIEHUIO JUCTIEPCUU W MOBBILIEHUIO TOYHOCTHU
usmepeHus. [Ipu aToMm cpenHue 3HaYeHUS /1 OCTAIOT-
Csl TIOCTOSIHHBIMU 1 HE 3aBUCST OT cllocoba u3Mepe-
HuUs (puc. 5, a, yKazaHO CTPEIKOil).

B nokanbHOM mpubmkeHuu npu / < L, KaK yka-
3pIBajloch B pabotax [5, 7], cpeaHue 3HadyeHUs h
OyayT 3aBUCETb KaK OT pa3MepoB HM3MEPUTEIHLHOTO
MacuTaba /, Tak 4 OT crmocoda u3MepeHus, T.e. OT TO-
ro, Kakum o0pa3oM ObLI0 MmoayyeHo 3HaueHue /. Eciu
yMeHbllleHWe 3HadyeHuit [ = a/N ocCylecTBIsIOCh
YMEHbLIEHUEM pasmMepoB a X b (a = b, a; = 100 MKM,
ay = 50 MkMm, azy = 30 MKM, a4 = 10 MKM 1 a5 = 3 MKM)
OKHa CKaHWPOBAHMSI TPU ITOCTOSSHHOM YMCJIE TOYeK
ckaHupoBaHust N = const (N = 256), To HabJIIOIaTIOCh
YMeHBIIICHUE CpeaHUX 3HadYeHuit A (puc. 5, b, ykasa-
HO crtpeiakamu). Eciam Xe yMmeHblleHHE 3HaYeHUM
! = a/N ocylecTBISIJIOCh YBeJIMUEHUEM 4Yuciia TOYeK
cka"nupoBanuss N = 64, 128, 256, 512 u 1024 npu
MOCTOSIHHBIX IMHEMHBIX padMepax okHa a = b = const,
TO HaOJIOAATIOCHh YBEJIMYEHME CPEAHMX 3HAUYeHUU h
(mannble He puBeaeHbl). CornacHo [5], 3To aBIseTCs
elle OJHUM ITPU3HAKOM XaoTU4yeckux cucteM. Uccie-
JIIoBaHUS MoKa3aiu, 4To mieHku XOII ynoBieTBopsioT
TaKkxKe M OCTaJbHbIM MPU3HAKAM XAaOTUUYECKUX CHC-
TE€M: CUJIBLHOW 3aBUCUMOCTU COCTOSTHUSI CUCTEMBI OT
HayvaJbHbIX YCJIOBUN U CBOWMCTBAM TOMOJOTMYECKOro
cMmemivBaHus. B pabote [8] Obu10 MOKazaHO, 4TO JJIsI
OIIHO3HAYHOTO OMUCAaHUsI TaKUX OOBEKTOB IMOJYIPO-
BOJIHMKOBOW 3JIEKTPOHUKU B JIOKAJbHOM MpPUOIMIKE-
HUM HEOOXOAMMO WHCITOJIb30BaTh MaTeMaTUYeCKUI
anrmnapar (GpakTaJibHOU reoMeTpUuu APOOHBIX pazMmep-
HOCTEH.

Tabmuua 1
Table 1
3navenus pasmepHocTH nopodus Dg
masa 10 X 10 MKM y4acTKOB MOBEPXHOCTEN
Values of the dimension of similarity of Dg
Jfor 10 X 10 um sections of the surfaces
OOBEKT MOBEPXHOCTH Penbed KPII Ag XOIl
p+-GaAs{100} (puc. 1, a) | (puc. 1, b) (puc. 1, ¢)
Surface object Relief CPD Ao coS
pT-GaAs{100} (fig. ,a) | (fig 1 b (fig. 1, ¢)
Pasmepnocts Dy 1,40 £ 0,05 | 1,65 £ 0,05 | 1,65 % 0,05
Dimension Dg
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Puc. 6. ACM-u306pazkenns 10 X 10 MkM yuacTKoB noBepxuocTH p' -GaAs{100} (a); ero KPII A@(x, y) (b) n peabeda noBepxHOCTH XUMHUYECKOTO
okucaa ToamuHoi 120 um (c)

Fig. 6. AFM images of 10 % 10 micrometer sections of the surface of p*-GaAs{100} (a); its CPD Ap(x, y) (b) and the relief of the surface of the
chemical oxide with thickness of 120 nm (c)
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Puc. 7. ACM-u3oopaxenus 10 X 10 mxm yyactkoB peabeda XOII Tommuuoii 150 HM oToxKKeHHOro B aTMocdepe a30Ta mpu TeMiepaTypax:
a— 350 °C; b — 360 °C; ¢ — 370 °C

Fig. 7. AFM images of 10 % 10 um sections of the relief of COS with thickness of 150 nm annealed in the nitrogen atmosphere at: a — 350 °C;
b — 360 °C; ¢ — 370 °C

Tab6numa 2
Table 2

CpaBHI/ITeJIBHbII‘/JI aHaJIM3 II0Kas3aJl, YTO OTHOCHU-

3navenus reomerpuueckux D¢ u mexanmyeckux (H, En C)
napaMeTpoB XHMHYECKOT0 OKHCJIA TOmMHON 150 HM
B 3aBHCHMOCTH OT TEMIEPATYpPbI OTXKHIa B a30Te
Values of the geometrical Dg and mechanical (H, E and C)
parameters of the chemical oxide with thickness of 150 nm
depending on the temperature of annealing in nitrogen

Temnepatypa otrxxura 7, °C
Temperature of annealing T, °C

[TapameTpbl
Parameters 350 (puc. 2, a)| 360 (puc. 2, b)| 370 (puc. 2, ¢)
350 (fig. 2, a) | 360 (fig. 2, b) | 370 (fig. 2, ¢)
PasmepHOCTh 1,64 £ 0,05 | 1,47 £0,05 | 1,65% 0,05
nopobust Dg
Dimension
of similarity Dg
Tepnocts H, MIla 7977 12106 9506
Hardness H, MPa
Ynpyrocts E, I'Tla 122 118 115
Elasticity E, GPa
Texyuects C, % 1,42 0.45 1,25
Fluidity C, %
72
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TeJIbHbIE OTJAMYUS MOP(OIOTHU, 3TEKTPOPUINIECKUX
u MexaHuyeckux coiicts XOIT Bo MHOroM omnpenessi-
JOTCSI CPEIHUM 3HAYCHUEM 1 TEOMETPHEH JIaTepaTbHBIX
HEOTHOPOMHOCTEM IIEKTPOCTATUUECKOTO MMOTeHIIMAJIa
MCXOHOM ToBepxHOCTH p T -GaAs(100) (puc. 6, b), Ha
YTO YKa3bIBaeT KOPPEIIIS 3HAYCHWI UX pa3MepHO-
creit monobus Dg (taba. 1). Ilpu sToM u onpeneseH-
Hble HAHOWHICHTUPOBAaHNEM MEXaHUYECKHE CBOMCTBA
OKCHUIHBIX IUIEHOK (TBepaocTh H, ynpyroctb E U Te-
Kydyectb C) Takke BO MHOTOM CBSI3aHBI C TeOMeTpHrei
IpOOHOM pPa3sMEpHOCTH WMCXOMHBIX HEOKCHANPOBAH-
HBIX MOBEPXHOCTEH, Ha YTO YKa3bIBAIOT IKCIIEPUMEH-
Tl 10 oTxury XOII u koppensauus 3HayeHuit D¢ B
3TUX ciydasix (puc. 7 u Tabia. 2).

Takum 00pa3zoM, MOXHO MPEANOJOXUThb, YTO UC-
XOIHOE COCTOsTHME moBepxHOcTH p'-GaAs(100), or-
peneasgemMoe (pakTalbHOM TIeoOMETpPUEl MCXOTHOM
HEOKCUIUPOBAHHOI MOBEPXHOCTU BO MHOIOM OIpe-




JIeNIsieT MeXaHU3Mbl pocTa HaHomieHOK XOII u, kak
cJencTBue, ero Mopdosoruio, saekTpodusnyecKre u
MexaHuJyeckue cBoiictBa. M3 aToro ciemyer, 4to Ijis
BOCIIPOM3BOIMMOTO TPOBEACHUS TTPOLIECCOB XUMMYEC-
KOTr0 OKCHUJIMPOBaHUSI HEOOXOAMMO KOHTPOJUPOBATH
cocTostHUE (DIEKTpO(PU3NIECKIEe MapaMeTphl) UCXO/I-
HBIX HEOKCUAMPOBAHHBIX MOBEPXHOCTEM p+—GaAs.

3aKkmoueHne

Pesynbratel ACM uccienoBaHusl pu3nuecKux me-
XaHMU3MOB YBEIMYECHUSI OOPATHBIX TOKOB, ITOKAa3aTess
WUJebHOCTU U Ipelida eMKOCTH BapuKarioB, U3TOTOB-
JICHHBIX Ha OCHOBE PE3KUX p+—l’l—l'IepeXOI[0B GaA:s,
CBSI3aHBI C HEOTHOPOIHBIM JIETUPOBAaHUEM SITUTAKCH -
aIbHOTO p ' -CJ0SL. DTO MPUBOUT K BOSHUKHOBEHUIO
natepaibHbix [ = 300...700 HM HeogHOpPOIHOCTEH
3JIEKTPOCTATUIECKOTO TMOTEHIIMAIA TPEICTaBIISTIONINX
coboii menkue <0,2 3B moTeHUMANIbHBIE SIMBI B TLJIOC-
xoctn p'—n-mepexona. [10D0GHOrO poga HEOLHO-
POIHOCTM MOTYT MOHMXaTh IMOTEHLIMAIbHBINA Oapbep
IUIST ABIPOK, YTO MPUBOIUT K TIPEOOIafaHUIO TBIPOY-
HOW COCTABJISIIONIENW TIJIOTHOCTA TOKA, YBEJIWYECHUIO
TOKOB HACBIIIEHUST U, COOTBETCTBEHHO, HeXXeJaTeb-
HOMY YBEJIMYEHUIO OOPAaTHBIX TOKOB.

Kpome 3Toro, pacnojoxeHHble B IIJIOCKOCTU
p —n-nepexona MesKie MOTEHIUNATbHBIE SIMbI MOTYT
3axBaThlBaTh U YIEpPKUBaTb HEKOTOPOE BpeMs MOA-
BUXKHBIE BJIEKTPOHBI W IbIpKu. B pesynbrate mnpu
MPWJIOXEHUU OOPATHOTO CMELLECHUSI 3JIEKTPOHBI, IO-
najgasi B 30Hy MPOBOAMMOCTH, a IbIPKU B BAJIEHTHYIO
30HY, HE Cpa3y MOKWUIAIOT 00J1aCTh MPOCTPAHCTBEHHO-
ro 3apsiga (oOpaTHoe MpUBEIO Obl K OBICTpOMY — Je-
CSITKM HAaHOCEKYHJ — YBEJIMYEHUIO 3JIEKTPUUYECKOIO
3apsiia U eMKOCTH p' —n-Tiepexofa), a 3a1epKUBaioT-
Csl Ha HEKOTOPOE BPeMsI B 3TUX HETTTyOOKMX MOTEHIIU -
aJIbHBIX SIMax, YTO U MPUBOAUT K Apeiidy eMKOCTU —
IOCTEIICHHOMY €€ YBEJIMYEeHUIO B TeueHue Af ~ 60 c.

Ddusnueckre MeXaHU3MBbl MOSIBJICHUSI TOKOB yTeU-
KU CBSI3aHbl C OCTAaTOYHON MPOBOAUMOCTBIO ILICHKU
XMMUYECKOT0 OKCHUIa, KOTopas MpakTU4IeCKu MOJHO-
CThIO MCYE3aeT IMOCIe OTXKUra B aTMocdepe a30Ta npu
temnepatype 300...400 °C. OnTuManbHast TeMIrepary-
pa OTXXMra OmpeacsseTcs TOJIUMHON U CTPYKTYypOu
rieHoK XOI1. CornacHo TpoBeIeHHBIM MCCIIeIOBaH-
sIM OCHOBHBIe cBolicTBa TaeHOK XOII ompenenstorcs
reomeTpueil n1poOHOU ((ppaKTajbHON) pa3MepHOCTU
HUCXOMHBIX HEOKCUIMPOBAHHBIX TMOBepXHOCTeil GaAs.
IToaToMy f1st BBIOOPA ONTUMANIBHBIX PEXXKUMOB OTKUTA
XOIT B wensix MCKIOUEHUS MOBEPXHOCTHBIX TOKOB
YTEUKM HEOOXOOMMO KOHTPOJMPOBATh (hpaKTabHYIO
reomMeTpurio (opMbl UX pesbeda, cpeaHUe 3HaYeHUs U
reOMETPUI0 HEOTHOPOMHOCTEH 3JIEKTPOCTATUYSCKOIO
noreHuuana. Mcxoast u3 BhILIEU3IOXEHHOIO, MOXHO
MPELJIOXUTh JBa TMyTW MOBBIIIEHWSI BOCITPOU3BOIM-
MOCTH MpPO1ecCcOB (OPMUPOBAHUS 3AILIUTHBIX TIJIEHOK
XOIT: 1160 nmombupathk MaTepHaja ¢ OIMHAKOBOM Ieo-

METpUEHA U OCTAIbHBIMU CBOMCTBAMM HCXOIHOM MO-
BEPXHOCTH, JIMOO TTOCJIE KaXI0T0 pOCTOBOrO Mpoliecca
MPOBOAUTH KOHTPOJIb TEOMETPUU U APYTUX (hpuznyec-
KMX TTapaMETPOB MCXOIHBIX TOBEPXHOCTEU U JIUIIIb 3a-
TEM, OMUPASICh HAa PE3YJbTAaTbl KOHTPOJISI, OCYILIECT-
BJISITb KOPPEKLIUIO PEXMMOB OTXUTa (TeMIlepaTypbl U
JITUTEILHOCTH).

Taxeke ObLIO MOJIyYeHO, YTO B JIOKAJIBHOM IIPUOIN-
>)KEHUM HaHOIUIEHKUW XUMMYECKOTO OKCHUIa TMOBEpX-
HOCTU p+—GaAs(100) MMEIOT BCe IIPU3HAKU XaOTUYeC-
KMX CHCTEM: CBOMCTBO TOIOJOTMYECKOTrO CMENINBA-
HUS, CWIbHAsl 3aBUCMMOCTb CBOMCTB OT HayajbHBIX
YCJIOBUIA U 3aBUCUMOCTb MEPBI OT coco0a 3aJaHus U
JIMHEMHBIX pa3MepoB U3MEPUTEJbHOrO MaciuTaba.
CpaBHUTEIbHBIN aHAINU3 TTOKa3aa, YTO MOPGhOJIOTHS,
BJIEKTPOCTATUUECKUIA TTOTEHLIMAJl 1 MeXaHU4YeCcKue
CBOICTBA (TBEPAOCTb, YIPYITOCTh U TEKYYECTb) HAHO-
IJIEHOK XMMMYecKoro okcuaa p' -GaAs(100) Bo MHO-
TOM OIIPENE/ISIOTCS TeOMEeTpUell ApoOHOI pa3mep-
HOCTU UCXOJHBIX HEOKCUIUPOBAHHBIX TOBEPXHOCTEN
p+—GaAs(100), Ha YTO YKa3bIBAET KOPPEJSILUS 3HAYC-
HUIi pasmMepHocTeii nonodus Dg B 3Tux ciaydasax. Onpe-
JIEJIEHHAsI U3 apPEHUYCOBCKUX 3aBUCUMOCTEN SHEPIUsl
aktupauuu E, oopasosanus XOII cocraBuna ~0,3 5B.

Aemoput evipaxcarom 6aaeodaprocme c. H. ¢. Hoeu-
K08y B. A. 3a akxmuemnyro nomouib 6 npoeedeHuU 30H008bIX
uzmepeHuil.
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The electrostatlc potential inhomogeneity, detected due to AFM method and represented by shallow (<0.2 eV) potential wells
in GaAs(100) p*-n junction plane, lead to a local reduction of the barrier height for the wells and lncrease of the reverse currents.
These potential wells trap the mobile electrons and wells causing a varicap capacitance drift in GaAs. The p™*-n junction loss currents
are defined by the properties of the protective chemical oxide nanofilms, which in a local approximation depend on the relief fractal

geometry and the surface potential of the original GaAs surfaces.
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Introduction

The electrostatic potential of the surface (surface
potential) is one of the basic physical objects allowing
us to characterize the electrophysical parameters of the
semiconductor devices. Among such controlled param-
eters are the work function, heterogeneity of the relief
and electrostatic potential of the surface, and conduc-
tivity. The nondestructive methods of the atomic-force
microscopy (AFM) allow us to carry out an effective
control of all these parameters on the working semi-
conductor plates during practically all the intermediate
technological operations for manufacturing of the
semi-conductor devices [1—3].

Proceeding from the above, in this work with the use
of AFM methods the physical mechanisms were inves-
tigated of occurrence of the production refuse of the ar-
senide-gallium (GaAs) varicaps made on the basis of
sharp p*-n junctions.

Methodical part

In this work the p*-n-n" GaAs(100) structures
were used with a sharp asymmetrical p+—n junction
and grown by the method of the gas-cycle (gas-
phase) epitaxy. An epitaxial » layer with thickness
of ~ 11 um and concentration of the alloying impurity
of ND ~(1,8...2,5) x 105 ecm™3 was grown on a high-
alloy n" substrate of GaAs(100). Then, before growing
of p layer a gas-phase etch of the »n layer was carried
out with the subsequent growing of p+ layer with thick-
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ness of >2.5 pm and concentratlon of the alloying im-
purity of N g =3X% 1018 cm 3. After the input chemical
processing the surface of p* layer was covered by a pro-
tective layer of SiO,, the structure was thinned from the
side of the n* substrate and an ohmic contact was
formed on it by the electrochemical method on the ba-
sis of AuGe with the subsequent annealing in the hy-
drogen atmosphere. After that in SiO, windows the
ohmic contacts to p* layer on the basis of AuZn were
formed with the subsequent annealing, SiO, film was
removed and by a photoresist mask mesa was etched
with the depth down to n* layer. After that, the open
surface of GaAs was covered with a protective layer
of the chemically oxidized surface (further — COS)
with thickness of 100...150 nm, and it was annealed at
300...400 °C in the nitrogen atmosphere. Application
of such films for the protective purposes is explained
by the simplicity of their reception and their sufficient
efficiency. COS nanofilms of the epitaxial layer of
p-GaAs(100) were received by a "fast” (~20 nm/min)
method of oxidizing in a boiling solution of iodine-acid
potassium [4]. In the end of the technological process
a plate was divided into separate crystals and control
was carried out of their static parameters.
Measurement of the static volt-ampere characteris-
tics (VAC) and of the capacity-voltage characteristics
(CVCQ) of a sharp asymmetrical p+—n—GaAs(100) junc-
tion of the crystals located on a plate occurred in a
manual mode by Agilent B1500 measuring instrument




of semi-conductor devices in Cascade Microtech M150
probe station.

The parameters of the initial and chemically oxi-
dized surfaces of p+-GaAs(1()O) were investigated by
Solver-HV atomic-force microscope (AFM). The
measurement of the relief 4(x, y) was done in a semi-
contact mode of scanning with the resonant frequency
of oscillation of a cantilever beam of 430 kHz; the elec-
trostatic potential of the surface — a contact potential
difference (CPD) — A¢ = ¢, — ¢, was measured by
Calvin method (where ¢, — electrostatic potential of
the surface, and ¢ , — electrostatic potential of the nee-
dle point of the cantilever with diameter of ~30 nm),
the conductivity (flow current) was measured in contact
Ipr mode, while the value of interaction of the needle
point of the cantilever with the surface (advance/retract
curves) — in DFL mode [1]. The advance curve de-
scribes the amplitude of DFL signal at the approach of
the needle point of the cantilever to the surface, and the
retract curve — when the needle point is moved away
from the surface.

The mechanical properties of COS were investigated
by the methods of nano-identification by means of
Tabletop nanoindentation system, manufactured by In-
struments Co (Switzerland).

The geometry of the heterogeneities of the surfaces
was investigated in the global (at / > L, where / — value
of the measuring scale) and local (/ < L) approxima-
tions with attraction of the fractal geometry of the frac-
tional dimensions 1 < Dg < 2. The fractal dimension
was D= 1+ Dg. The values of the dimensions of sim-
ilarity Dg of the investigated surfaces were determined
by the method of tracing of the defined heterogeneities
in the plane of (x, y) p*-n junction by calculation of the
number of N of the received non-intersecting contours
of filling (a condition of topological mixing) depending
on variation of the linear scale / in k times [5].

Dg = In(N)/In(k). (1)

For research of the uniformity of p*-# junction p*
layer was etched down to the thickness of <20 nm.

Experimental part

According to the results, the direct /{Up and the re-
verse [(U,) static VAC differ from those close to the
optimal ones with ¢, | = 1.11 eV (fig.1, a, section /
of the straight line of VAC). The basic deviations are
formed by sections 2 and 3 on the straight line of VAC.
Section 2 is, most likely, determined by a normal dis-
tribution of the heterogeneities of the measured height
of the barrier @, 5 = 0.96...1.11 eV on the area of p*
junction, which is accompanied by an increase of the
saturation currents of J;; — J, and an undesirable in-
crease of the reverse currents /(U,). Presence of section
3 on straight line of VAC is usually connected with the

surface leakage currents arising in this case due to insuf-
ficient drying of the protective film of the chemical oxide.
Annealing of crystals at 300...400 °C in nitrogen atmos-
phere usually led to disappearance or reduction of the
leakage currents, and, as we will demonstrate further, to
a simultaneous variation of the other properties of COS.

Deviations in behavior of CVC are characterized by
the presence of a drift of the capacity C(U, = —25 V)
(fig. 1, b) shown in a gradual increase of its values with
the subsequent exponential outcome of saturation. In-
teresting, that irrespective of U, the time dependences
of capacities C(U,, f) come to saturation after practi-
cally identical time interval At = 60 s from the moment
of application of U,. At that, the more is the reverse
displacement of U,, the bigger is coefficient K (%) in
relation to the increase of C(U,): K(U.= 0) = (C(U,,
t=60s)— (U, t=0))/CU, t=0)*100 % = 0.001 %,
KWU.=—-5V)=024%, K(U.= —-15V) = 0.6 %,
K(U.= =25 V) = 0.83, K(U. = =50 V) = 1.16 %,
K(U.=—-70V) =1.28 %.

In order to reveal the physical reasons for the ob-
servable deviation of section 2 of the straight line of
VAC (fig. 1, a) from a preliminary broken off part of the
plate, the p* epitaxial layer of GaAs was etched down
to the thickness which did not exceed 20 nm. The re-
sults of AFM measurements of the relief of the re-
ceived surface (fig. 2, a, see the 3-rd side of the cover)
demonstrated presence of appreciable (up to 0.2 eV)
and with length of / local heterogeneities of ACPD
electrostatic potential of the surface, which were
smaller (fig. 2, b, black contour and arrow), and bigger
(fig. 2, b, white contour and arrow) than the average val-
ues of the (CPD) surface. Theoretical researches dem-
onstrated, that similar heterogeneities can be caused by
a non-uniform doping of the epitaxial p* layer. Indeed,
for N;,r <5 x 10" cm™3 the extent of the area of spatial
charge (ASC) does not exceed 10 nm which is com-
mensurable with the residual thickness of the p* layer.
In this case there is a probability, that such heteroge-
neities of the electrostatic potential of ASC will come
out to the surface, forming local heterogeneities there,
which we observe during the measurements (fig. 2, b,
see the 3-rd side of the cover).

According to fig. 3, a, of the energy diagram, great
values of CPD of the lateral heterogeneities corre-
spond to a deeper position of Fermi level in p+ area of
qu,z > qu,l (fig. 2, b). This leads to the fact that the
effective (measured ¢, ~ ®pp [6]) heights of the bar-
riers for the holes are smaller than ¢, , < ¢, 1, While
the true ones defined by Fermis level for the electrons
9 =@y, in section 1 of the straight line of VAC, are big-
ger @y 5 > @p 1 (see fig. 1, a). In this connection in sec-
tion 7 of the straight line of VAC the electronic com-
ponent of the current will prevail, and in section 2 —
the hole one. In this case a lower effective height of the
barrier will be determined by the position of the level of
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Fermi Ep, for the holes (fig. 3, a). This is also con-
firmed by the fact that the difference of the true heights
of the barriers of sections of / and 2 straight lines of
VAC practically corresponds to the heterogeneities of
ACPD =~0.2 eV (fig. 2, b). Prevalence of the hole com-
ponent of the current in section 2 leads to an increase
of the currents of recombination (see fig. 1, @) and cor-
respondingly, to an increase of the saturation currents
J ¢ > Jg1. The value of the ideal index close to 2 in sec-
tion 2 of the straight lines of VAC of n, = 1.85 =2 also
points to a big contribution of the hole (recombinated)
component of the current.

Thus, we see that the increase of the uniformity of
doping of p* layer will promote reduction of the quan-
tity, dimensions and CPD of the lateral heterogeneities
of the electrostatic potential in the area of p* -n junc-
tion and increase of its uniformity. This, in turn, will
lead to reduction of the saturation currents in the row
of Jg5 — Jg and general reduction of the reverse cur-
rents (see fig. 1, dotted curved lines, points A - B — C).

Besides the local variations of the barrier heights of
p+—n junction, the observed lateral heterogeneities of
ACPD, both for the electrons (see fig. 2, b, black con-
tour and arrow) and for the holes (see fig. 2, b, white
contour and arrow) can be shallow A, < 0.2 €V potential
wells with the average linear sizes of (/) = 200...700 nm.
As a result, when the reverse displacement is applied,
the electrons from the donor levels of DL ), getting into
the conductivity zone (and the holes from the acceptor
levels of DL, — into the valency zone) do not leave
ASC at once, which would lead to a fast increase of its
electric charge and capacity of the p+—n junction, but
stay for some time in these potential wells (fig. 3, b, Agy).
An additional research of the electrostatic potential on
the chip of the p*-n junction confirmed the presence of
the potential wells in the plane of the p+ -n junction for
the electrons (see fig. 2, ¢, black arrows) and for the holes
(see fig. 2, ¢, white arrows). Thus it is possible to assume
that it is exactly the delay of the electrons and holes in the
situated on the border of the p+ -n junction shallow po-
tential wells of Ag, < 0.2 eV is the reason for the observed
drift of the capacity during At~ 60 s. Because of the prev-
alence of the hole component in the current, the major
role in the drift will be played by the holes.

The measurements done by Ipr method of the
spreading currents of the oxidized surface of p™-GaAs
allowed us to determine the physical values of the ob-
served deviation in section 3 of the straight line of VAC
(see fig. 1, a). According to the results, the COS films
have a friable structure preserving a certain quantity of
the oxidizing solution not only inside the film, but also
on its surface in the form of a nanometer adsorption
layer. The presence of such a layer is confirmed by the
direct measurements of the curves of advance I (fig. 4, b,
DFL-1, see the 3-rd side of the cover) and retract 2
(fig. 4, b, DFL-2) of the cantilever to COS surface di-

76 HAHO- 1 MUKPOCUCTEMHAS TEXHUKA, Tom 20, Ne 2, 2018

rectly after its formation. It is well visible, that in case
of application of an external force for the retract of the
cantilever, its edge does not change its co-ordinates at
once (sticks), therefore, on the curve of retract 2 a
"tooth" of Al appears, caused by Van der Waals forces
of attraction between the needle point of the cantilever
and the thin adsorption layer. In this case it is possible to
talk about the hydrophilic properties of the COS surface.
Generally by A/ it is possible to measure the basic quan-
titative characteristics of the adsorption layers: thickness,
viscosity and force of interaction. Thus, DFL method of
AFM can be used for a quantitative determination of the
basic properties of the adsorption layers and the degree of
hydrophilicity of the semi-conductor surfaces.

The measurements done by Ipr method of the
spreading currents demonstrated the presence of non-
linear VAC between the nanometer needle point of
the cantilever and the not dried enough COS surface
(fig. 4, c, curves I and 2, see the 3-rd side of the cover).
Fig. 4, a presents the points presented in fig. 4, b 1
and 2, in which VAC of the cantilever were taken. It is
well visible, that the nanopores 1 have better conduc-
tivity, than separate grains 2 (fig. 4, @ and fig. 4, c,
curves I and 2, accordingly).

Annealing of the plate leads to evaporation of the re-
mains of the oxidizing solution, therefore, the thin ad-
sorption layer also disappears from the COS surface.
This, in particular, is proved by the absence of the
"tooth" on curves of advance 3 and retract 4 (fig. 4, b,
DFL-2). Measurement of VAC by Ipr method on the
COS surface demonstrated practically a complete ab-
sence of the spreading currents (fig. 4, ¢ curve 3). Then
it is proved that annealing at 350...400 °C leads to a
change of the other properties of COS.

Despite the old history of the use of the COS films,
many of their properties have not been studied enough.
Among such insufficiently studied COS properties are
energy of activation for formation of E,, morphology
(surface relief A(x, y)), the electrophysical (conductiv-
ity, surface potential ¢,) and mechanical properties
(hardness H, elasticity E and fluidity C) [7].

The time dependences of the thickness of the chem-
ical oxide are well approximated by the exponential
dependences and practically come to saturation after
6 minutes of oxidation of the surface of p™-GaAs(100).
An estimation of the energy of activation for formation
of the chemical oxide on the surface of p*-GaAs(100)
with the use of Arrhenius equation gave the value of
E,~0.3¢eV.

Measurement of the relief of the surface of the COS
films in the global approximation at / > L demonstrat-
ed, that the average values of the histograms of distri-
bution of roughnesses of the relief (4) submit to the
known classical laws. From fig. 5, a it is visible, that the
reduction of / leads to a reduction of the dispersion
and increase of the accuracy of measurement. At that,




the average values of (4) remain constant and do not de-
pend on the method of measurement (fig. 5, a, marked
by the arrow).

In the local approximation at / < L, as it was spec-
ified in [5, 7], the average (k) will depend both on the
sizes of the measuring scale of /, and on the method of
measurement, i.e. on how / was received. If the reduc-
tion of /= a/ N was achieved by the reduction of the di-
mensions of @ X b (a = b, a; = 100 um, a, = 50 pum,
a3 =30 um, a4 = 10 pm and a5 = 3 um) of the scanning
window at the constant number of the points of scan-
ning was N = const (N = 256), then a reduction of the
average (h) was observed (fig. 5, b, marked by arrows).
If the reduction of / = a/N was achieved due to an in-
crease of the points of scanning N = 64, 128, 256, 512
and 1024 at the constant linear dimensions of the win-
dow a = b = const, then an increase of the average (/)
was observed (data not available). According to [5], this
is one more sign of the chaotic systems. Research dem-
onstrated that COS films satisfy also to the other signs
of the chaotic systems: strong dependence of the state
of a system on the initial conditions and properties of
the topological mixing. In [8] it is shown, that for an
unequivocal description of the objects of the semicon-
ductor electronics in a local approximation it is neces-
sary to use the mathematical apparatus of the fractal ge-
ometry of the fractional dimensions.

A comparative analysis demonstrates, that the rela-
tive differences of the morphology, electrophysical and
mechanical properties of COS are determined by the
average value and geometry of the lateral heterogenei-
ties of the electrostatic potential of the initial surface
pT-GaAs(100) (fig. 6, b), to which the correlation of
their dimensions of similarity Dg (table 1) points. At
that, the mechanical properties of the oxide films
(hardness H, elasticity F and fluidity C) determined by
nano-identification are also in many respects connect-
ed with the geometry of the fractional dimension of the
initial non-oxidized surfaces, to which the experiments
on annealing of COS and the correlation of values of Dg
in these cases (fig. 7 and table 2) point.

Thus it is possible to assume, that the initial state of
pT-GaAs(100) surface determined by the fractal geom-
etry of the initial non-oxidized surface in many respects
defines the growth mechanisms of the COS nanofilms
and, as a consequence, the morphology, the electro-
physical and mechanical properties. From this it fol-
lows, that the reproducible processes of the chemical
oxidation require control of the state (the electrophys-
ical parameters) of the initial unoxidized surfaces of
pT-GaAs.

Conclusion

The results of the AFM research of the physical
mechanisms of the increase of the reverse currents, in-

dicator of ideality and drift of the capacity of the var-
icaps, made on the basis of sharp p+—n junctions of
GaAs, are connected with the non-uniform doping of
the epitaxial p* layer. This leads to occurrence of the
lateral / = 300...700 nm heterogeneities of the electro-
static potential representing small <0.2 eV potential
wells in the plane of p*—n junction. Such heterogenei-
ties can lower the potential barrier for the holes, which
leads to prevalence of the hole component in the den-
sity of the current, increase of the currents of saturation
and, accordingly, an undesirable increase of the reverse
currents.

Besides, the small potential holes located in the
plane of p™—n junction can grasp and hold for some
time the mobile electrons and holes. As a result, when
a reverse displacement is applied, the electrons, which
come to the zone of conductivity, and the holes, which
come to the valency zone, do not leave the area of the
spatial charge at once (otherwise it would lead to a fast,
tens of nanoseconds, increase of the electric charge and
capacity of p+—n junction), but stay for some time in
the potential wells, which leads to the capacity drift, to
its gradual increase during Af =~ 60 s.

The physical mechanisms of occurrence of the leak-
age currents are connected with the residual conduc-
tivity of the chemical oxide film, which disappears
practically completely after annealing in the nitrogen
atmosphere at 300...400 °C. The optimal temperature of
annealing is determined by the thickness and structure
of the COS films. According to the undertaken re-
search, the basic properties of the COS films are deter-
mined by the geometry of the fractional dimensions of
the initial unoxidized surfaces of GaAs. Therefore, for
selection of the optimal modes for annealing of COS
with a view to eliminate the surface leakage currents, it
is necessary to control the fractal geometry of their re-
lief, the average values and the geometry of the heter-
ogeneities of the electrostatic potential. Proceeding
from the above, it is possible to suggest two ways for in-
creasing of the reproducibility of formation of the COS
protective films: either select a material with the iden-
tical geometry and other properties of the initial sur-
face, or after every the growth process implement con-
trol of the geometry and other physical parameters of
the initial surfaces and then, on the basis of the results
of the control, correct the modes of annealing (the tem-
perature and duration).

It was also revealed, that in the local approximation
the nanofilms of the chemical oxide of p+—GaAs(100)
surface have all the signs of the chaotic systems: the
property of topological mixing, strong dependence of
the properties on the initial conditions and dependence
of a measure on the method of setting the task and the
linear sizes of the measuring scale. The analysis dem-
onstrated, that the morphology, the electrostatic poten-
tial and the mechanical properties (hardness, elasticity
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and fluidity) of the nanofilms of p"-GaAs(100) oxide
were in many respects determined by the geometry of
the fractional dimension of the initial unoxidized sur-
faces of pT-GaAs(100), to which correlation of the di-
mensions of similarity of Dg pointed in these cases.
The energy of activation of £, for formation of COS
determined from the arrhenius dependences was equal
to ~0.3 eV.

The authors express their gratitude to Novikov V. A for
his active assistance in making of the probe measurements.
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3AKOHOMEPHOCTU SAEKTPMHYECKOM NMPOBOAMMOCTH
’PAOEH-HAHOTPYBHbIX NMAEHOK: HOBASl YHUBEPCAAbHAA
METOAUKA BbIYNCAEHUNA ®YHKUNU NMPOITYCKAHUA

Ilocmynuna 6 pedaxyuro 07.07.2017

Ilpedcmaesnsiemes Ho6as yHUGepcanrvHas MemoouxKa pacuema QYHKYUU nponyCcKaHus u 31eKmponpoeooHocmu 2D-wamepua-
108, cynepsyelika KOmMopbix HAc4umoleaem comuu u moicauu amomos. C nomousbto 3moti MemoouKu uccaed0o8arsl npogoodsuue
C80lICMBa KOMNO3UMHOU NAeHKU, npedcmasasiouwell coboli nodobue K0a0HHO20 epaghena — 06a cA05 epapena u 6eculoeHo coedu-
HeHHble ¢ HUMU 6ePMUKANbHO OPUEHMUPOBAHHDbIE Y2nepoOHble HAHOMPYOKU.

Karoueevie caoea: 2D-mamepuansi, yenepooHsie KOMNO3UMbL, (YHKYUS NPONYCKAHUS, INeKMPOHHbIE CEOlLICMEa, Memoo He-
paeHosecHbix Gyukyull [puna, K6aHMOBLLI MPAHCAOPM, KO2ePEHMHbIL MPAHCNOPM

BBenenue

Pa3BuTHe TeXHOIIOTHIT CMHTE3a rpapeHOBBIX HAHO-
MaTepHaoB IIPUBEJIO K pacIIMpeHUIO chephl UX TIPH-
MeHeHUs. OMHUM 13 rpadeHOBBIX KOMITO3WTOB, aK-
TUBHO MCCJICAyEMbIX B IIOCJCIHUE HECKOJbKO JIET,
SBIsIeTCSI KOJMOHHBINM TpadeH [1]. OH mpeacraBisgeT
c000ii rpadeHOBBIC CJIOM, COCAMHEHHBIC OCCIIIOBHO
YIJIEPOTHBIMIA OTHOCTEHHBIMU HAaHOTPYyOKaMu. OqHUM
M3 JOCTOMHCTB 3TOr0 MaTrepualia SIBJISIETCSI €r0 BbICO-
Kasl IPOYHOCTh U YCTOMYMBOCTh K MEXaHUYECKHUM Ha-
rpy3kaM. B coueTaHnu ¢ BEICOKOI 3JIEKTPUUYECKOM eM-
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KOCTbIO U 3(PDEKTUBHBIM 3JEKTPOHHBIM TEPEHOCOM
MeX1y rpadeHOBBIMU JUCTAMU 3TOT HaHOMAaTrepuasl
yXe MpPU3HaH MEePCIeKTUBHBIM B KaueCTBE 2JIEKTPO-
Jla aKKyMYJISITOPHBIX OaTapeil U CynepKOHAeCcaTopoB
[2—4]. ITpu 3TOM ocTaeTcss MHOIO BOIPOCOB O IIPO-
BOJISIIMX CBOMCTBAaX KOJJOHHOTO rpacheHa, 3aBUCUMOC-
TU MX OT JUITMHBI M IMaMeTpa HAaHOTPYOoK. Ha maHHBIH
MOMEHT 3KCTIEPUMEHTAIBHBIX TAHHBIX O TIPOBOAUMOC-
THU KOJIOHHOTO TpadeHa HeT, IT03TOMY TeOPETUIECKOE
MPOTHO3UPOBAHNE 3aKOHOMEPHOCTEN DJEKTPUYECKOM
MIPOBOAMMOCTH SIBJISIETCS KpaitHe akTyaabHbIM. OmHa-
KO pacyeT 3JIEKTPONPOBOJHOCTH KOJIOHHOIO rpadeHa




KBaHTOBO-MEXaHMYCCKMMU METOJAMMU 3aTPYAHACTCA B
CBSI3U C MHOTOAQTOMHOCTBIO €I0 CYIIEPIYENKHU.

MeToa mMoaeaMpoBanusi

st pacyeTa 3J€KTPONMPOBOAHOCTU HAMU MpUMeE-
Hsiicd anmapat ¢pyHkuuii 'puna — Kengbima u gop-
Manusm Jlanaayspa — byttukepa [5]. Pacuer sHepruu
U 30HHOM CTPYKTYPHI MPOBOIMJICSI METONOM (PYHK-
LIMOHAaJa TJIOTHOCTU B MPUOJUXKEHUN CUJIBHOM CBSI3U
[5] ¢ camocornacoBaHHBIM BBIYMCICHUEM 3apsiiOoBOM
mwiotHoctu (SCC-DFTB) [7, 8] B pamKax mporpam-
MHoro makera Kvazar [9]; ucnosib3oBaiach napamer-
puzanus pbc-0-3 [10, 11]. DnekTpuueckass mpoBOAU-
MOCTb OIMCHIBAETCS BhIpaKEHUEM
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rane 7(E) — byHKUMs OpOIyCcKaHUsl, XapaKTepusylo-
1asi KBAaHTOBO-MEXaHUYECKYI0 TMPO3PayHOCTb MpPO-
BOIAIIETO KaHajla B 3aBUCHUMOCTU OT DHEPTUU IABU-
KYIIErocsl 10 HeMy 3JIeKTpoHa; u — aHeprust depmu
Marepuaia 3JIEKTPOIOB, K KOTOPBIM ITOACOEIMHEH
uccienyeMblii oObEKT; e — 3apsil JIeKTpoHa; h —
rocrostHHas [1nanka. @yHKIINAS TEIUIOBOTO YITUPEHMS
Fr(E) paccuntbiBaeTcs 110 GopmyJie
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rae k, — nocrogaHHas bonbumMana; T — temneparypa.
DyHKIYS TIPOITYCKAHUSI OMpenelisieTCsl BhIpaXKeHUeM
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rae Gg(E), Gg (F) — omepexatrouiasi 1 3anas3abiBa-
ouasi Matpuibl I'puHa (OnuchiBawOLIKE KOHTAKT C
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ay:

snekrponamu); I'¢(E), I'p(E) — MaTpulbl YIIMPEHU
ypOBHEW ISt UCTOKA M cToKa. DyHkus T(E) oTbIc-
KHUBaeTCsd CYMMHUPOBaHUEM I10 Bcell 30He bpuimosHa
(3b); N — uucio ToueK B 0OpaTHOM ITPOCTPaHCTBE.
Tounocts pacuera T(FE) ompenesnsercs pa30neHUEM
obpartHoro npoctpaHcTBa. OHO OymeT 3 EKTUBHBIM,
KOTJa C YMEHbIIEHUEM IlIara U3MEHEHUSI BOJIHOBOIO
yucnaa k ¢pyHkuus T(FE) He meHsietcsa. Hanpumep, mist
3b B BUae KOoHeuHOro orpeska (a, b) dpyukuus T(E)
CXOJUTCS K CBOEMY UCTUHHOMY BUIY Tipu N > 103. Hnst
MaTepuajoB, Y KOTOPBIX siYeiiKa CONEpKUT IOopsaKa
HECKOJIBKUX COTEH aTOMOB U THICSTYM aTOMOB, pacyeT
B OJIHOM TOYKe, T. €. pyHKUuu T(E) mist pukcupoBaH-
HOTO k, 3aHUMAaeT JOCTATOYHO OOJIBIIIOE BpEeMsI, TAKUM
obpa3zoM, TpoBelacHUE 103 BBIUMCIIECHNMIA CTAHOBUTCS
HeBO3MOXHBIM. Hanmpumep, nys staeiiku 2D-kpucran-
J1a ¢ 472 atomaMu pacyeT (PYHKIIUM TTPOITYCKaHUsI, yC-
peaHeHHo# 1o 288 ToukaM 0O0paTHOIO MPOCTPaHCTBA,
3aHUMAaeT MOYTH YeTBEPO CYTOK Ha MPU NapajieIbHOM
pacuyete B 24 mpouecca Ha npoueccopax. Eciu 3b sB-
JISIeTCSl He OTPEe3KOM, a IBYMEpPHOI/TpexMepHoii (pu-
rypoii, uucyio N Bo3pacTaeT Ha HOPSIKU.
ITpomemMoHcTpupyeM pa3pabOTaHHYI0O METOIUKY
pacuera T(FE) npu manoM N Ha IpuMepe MOHOCIOS
rpadena. Ha puc. 1, a moka3zaHa pacueTHast 00J1acCThb,
T. €. AJIeMEHTapHasl sTueiiKa, MoACOeIMHEHHAS K DJIEKT-
pomaMm. [ToCKOJBKY pacCUMTHIBAETCS MPOBOAMMOCTH
JaHHoro Matepuana (rpadgeHa), TO B KAUeCTBE JIEKTPO-
JIOB BBICTYITAIOT TaKWe Xe STIeHKU. SIUeitkul, IBIIIomn-
ecsl 2JIEKTpoAaMU, TPAHCIUPYIOTCSI HA OECKOHEYHOCTD
BIOJIb HanpaBjieHUs Y, a BIoJb X IBIISIIOTCS OJTy0ec-
KoHeuHbIMU. LleHTpanbHas siueiika TakxKe TpaHCIIU-
pyeTtcst Ha 6ecKoHeYHOCTh o Y. Takum oGpa3om, BoJI-
HOBOE YUCJIO ky MEHsIeTCsl B Tpeenax (—n/ay; n/ay),
Iie a, — pasMep 3JIEMCHTAapHOIl sYCHKK BIOJNb Ha-
npaBieHus Y (Kak mokaszaHo Ha puc. 1, a). Paccuu-
taHHble pyHKUMU T(FE) mo dopmynam (1)—(3) c pas-

Puc. 1. T'paden: ¢ — cxemaTnuHOe U300pakeHNe STYCKM rpadeHa 1 3IeKTPOoHoB; b — DYHKIMS MporyckaHus TpadeHa (CTyreHJyaTass — st

mara dk = 0,1 1/A, ciowHas kpusast — st wara dk = 0,0015 1/A)

Fig. 1. Graphene: a — schematic image of a graphene cell and the electrodes; b — transmission function of graphene (step — for the step of

dk = 0.1 1/4, the continuous curve — for the step of dk = 0.0015 1/4)
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Puc. 2. ®ynkuus nponyckanus: a — rpaduku T(E) st pa3HbIX ky; b — pacripenenieHre ToYeK (DYHKLMU MPOITYCKAHUS IJIsl pa3HbIX SHEPTUii

U BEJIMYUH ky npu hUKcupoBaHHOM 3HaueHUu T(E) = 2

Fig. 2. Transmission function: a — diagrams T(E) for different ky; b — distribution of the points of the transmission function for different energies

and values of k, at the fixed value of T(E) = 2

JIMYHBIM YHCJIOM TouyeK N TpuBeAeHBI Ha puc. 1, b.
Jsig Masoro 1uara pasouenus dk = 0,1 1/A (N = 15)
(hyHKIMA MMeeT CTYIIeHYATHI BUI, TP YMEHbBIIEHUN
urara 1o 0,0015 1/A (N = 984) kpuBas npuHUMAET
MIPaBMILHEIN BUI, XOPOIIIO M3BECTHBIN IJIT MOHOCIIOS
rpapeHa. DyHKLMS IPONYCKAHUS MpPEACTAaBIcHA B
KBaHTax MPOBOAUMOCTU e/ h.

[nsa ycTpaHeHUsI CTYNEeHYaTOro BMAa HaMM IPO-
BonuTCS MHTepnoasiuus ¢hyHkuuu T(E) Mexay 1Byms
COCeHMMM TOYKaMM OOpaTHOro IpocTpaHcTBa. Ha
puc. 2, a moKa3zaHbl cTyneHuyarbie rpapuku T(E) mis
TpeX pa3HbIX YMUCE ky. B uenom, He3aBUCUMO OT ky
IUIST OCYIIECTBIICHNST MHTEPIIOJISIIIAY Y KaXXIOM TOYKHU
JIOMaHOU TMHUU ONpenesIsTioTcs OvKanilue mo sHep-
TMY TOYKM, UMEIOIINEe TO Xe caMoe 3HayeHne (yHK-
uuu T(E) w npuHamiexaliye COCeIHUM JIOMaHbIM.
KapTtuna pacnpeneiaeHnsI TOYeK IPU 3TOM UMEET BUI,
MoKa3aHHBIIA Ha puc. 2, b, Korga 3apMKCUPOBAHO OJ-
Ho 3HaueHue T(F) = 2. Takum obOpa3oM HaxomsITCs
CHavaJla BC€ TOYKM COCEAHUX JOMAaHBIX, MMEIOIIe
onuHakoBoe 3HauyeHue T(F), a mOTOM IO pPa3HOCTHU
9HEepruii BeiouparoTcs oavkHue. Eciu y nomaHoi nu-
HUU €CTh JIB€ COCEIHUX, TO Y KaXIOM TOUKHU 3TOM JIO-
MaHOM MOXeT ObITb He 0oJjiee OJHON OJIMXKHEN TOUKU
Ha KaXOylo M3 HUX. AHAJOTMYHO B CIyvae eIMHCT-
BEHHOI cocemHell JoMaHOIl OymeT He Oosiee OmHON
OMKHE TOYKY TSI KaXXI0M TOUYKM Ha paccMaTpuBa-
eMmoii jomaHoi. Eciu yHKUMS nMponycKaHUsl UCIIbI-
ThIBae€T He €NMHUYHBIN CKAaYOK, TO JOOABISIOTCS AO-
MOJIHUTEJIbHbIE TOUKU. Hampumep, eciau ajisi HEKOTO-
pOro 3HaYeHUS ky (byHKIIMS MPOIMYyCKaHUS UCTTBITHIBA-
€T CKauyoK IpU MNEPEXOLE OT TOYKM C 3Heprueil E; K
TOYKe ¢ dHepruedt £; . |, nmpuuem 7; 4 | — T, = 2, TO
Ha 3Ty JIOMaHyI0 OymeT JoOaBieHa JOIOJIHUTEIbHAs
TOYKA. DTa TOUKA XapaKTepU3yIOTCS 3HAYEHUEM DHEep-
run 0,5(F; + | + E;) n QyHKUMSA NPOIYCKAHUS B 3TON
Toyke paBHa 7;+ 1. DTO HEOOXOAUMO [T TOTO, YTOOBI
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MOXHO ObLIO HAMTH OJIMXKANIIYIO TOUKY CO 3HAaUeHUEM
(dyHkuuu nponyckanus T; + 1.

Hanee HaiiieHHbIe OMMXKAWIIME TOUKM HCIONb3Y-
10TCS 7151 10OaBJIeHUsT MEXIy HUMM TOIMOJTHUTEIbHBIX
TOYEK, JIeXKaIIX Ha OTPe3Ke, COSTUHSIOMNM 3TH TOU-
Ku. Bce momonHUTeIbHBIE TOUKM MMEIOT TO e caMmoe
3HaueHue 7(F), uto u Onvxaitiue Touku. Yucnio no-
0aBJIEHHBIX TOYEK 3aBUCUT OT JUIMHBI OTpe3Ka, COeAU-
HSIOIIero OMKaiIiie TOYKM Ha pa3HBIX JIOMAaHBIX.
YeMm OoJbliie IJIMHA OTPe3Ka, TeEM OOJIblIE JOTOJIHU-
TeJbHBIX TOUYEK mobaniseTcs. McxomHble TOYKI U 10-
OaBJieHHbIE MCITOJB3YIOTCS AJIS1 TTOCTPOEHUSI UHTEpP-
nonupymoiuein pynkumu. HMHTEepnoaupyolas ABY-
MmepHasa ¢yukuusa T)(E, ky) MO3BOJISIET peain30BaTh
yacTtoe paszdbueHue 1Mo k, odecrieunBasi CriiaXkuMBaHUE
nepBoHavaabHbIX cTyneHek. Ha puc. 3, a npeacras-
JIeHbl KapThl pyHKLMK niponiyckaHus T(E): cBepxy —
[10 TIPOBENEHMS MTPOLIEAYPBI MHTEPITOTMPOBAHUS; BHU-
3y — TocJie TPUMEHEHMST TTOCTPOSHHON WHTEPITOJIH-
pyroweit gynkuuun T (E, ky). CryneHyaTblii XapakTep
noBeaeHus: pyHkuuu T(E) ucue3 MoBCloAy, KpoMme
obmactu BOMM3M ypoBHs 0 3B — ypoBHS ®epmu.
JeiicTBUTEILHO, MOTYT CYILIECTBOBATh "0COOBIE 00J1ac-
TH", IJI1 KOTOPBIX U3HAYaIbHOE pa3oueHue 1o ky ObLIO
CJIUIIKOM TpyObIM. [IJ11 HUX HOMOJHUTEIBHO MPOBO-
JISITCSI pacueThl ¢ 0oJjiee YaCTHBIM pa30MeHUEM, HO yXKe
B Y3KOM JMarna3oHe BeJIMUUH: IS ky —or0100,2 1/A;
mnst E— or —0,3 no 0,3 3B. Cnenyionmm 1marom cTpo-
UTCA HOBasg MHTepnonupyoowmas gynkuusa 7,(E, ky).
Ha puc. 3, b MoxxHO BUIETh KapTy GYHKIIUM TIPOITYC-
KaHU4 nocie npumeHeHus 15(E, ky), a Ha puc. 3, ¢ —
YCPEIHEHHYIO IO BCEM ky dynkuuwo T(FE). Crioii-
Hasl KpuBas TIOKa3blBaeT pacyeT Mpu pa3OUeHUU
0,0015 1/A, myHkTHpHAsg — pe3yJabTaT IIPUMEHEHUS
pazpaboTaHHON MeToauKu. [TorpeirHocTh cocTaBs-
eT 0,52 %. Hamo Takke OTMETUTh, YTO BpeMsl, 3aTpa-
YeHHOE Ha MOoJIyueHUe yCpeaHEeHHbIX (PYHKIUHI mpo-
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Puc. 3. Dpomonusa ¢pyHKnuu npomyckanus rpadena: ¢ — Kapra QyHKUMM TIPOMYCKAHUS ISl IIEPBOHAYAIBHOTO pa30oueHus 110 ky (cBepxy) u
nocJie IPUMEHEHUs UHTepronmpylowei Gynkunn 7 (E, ky); b — kapTa QYHKIIMU IIPOITYCKAHUSI TIOCTIe IIPUMEHEHMST MHTEPIOIUpYIOLIeil (PyHK-
wn T5(E, ky); ¢ — GYHKUMS TPOMYCKaHUs MPU YCPEAHEHUU 10 BCEM ky

Fig. 3. Evolution of the transmission function of graphene: a — map of the transmission function for the initial partitioning by k,, (above) and after

application of the interpolation function T(E, k,
¢ — transmission function in case of averaging by all ky

MyCKaHMsI, pa3janyaeTcs: 75 MUH Ha TOYHBIU pacyeT u
15 MMH Ha MoJlydeHHe KOHEUHbIX 3HAUeHU MHTEPIIO-
JupoBaHHOro rpacduka. OTMETUM, UTO B LIEJIOM Bpe-
Msl, 3aTpayeHHOE Ha M00aBJIeHUE TOYEK, 3aBUCUT OT
00beMa BXOIHbBIX JaHHBIX, @ HE OT YKCJia aTOMOB pac-
CMaTpuBaeMoi CTPYKTYpbl. To €CThb yCKOPEHUE MOXET
OBITH JTIOOBIM — Y€M OOJIblE CTPYKTYpa, TeM OOJIbIAs
pa3HuIla MO0 BPEMEHU MOXKET ObITh JOCTUTHYTA.

PesyabTaThl

C mnomoliplo pa3paboTaHHOW METOAUKHU pacyeTa
(yHKIIMU MpornycKaHUsl ObLIM HCCIeq0BaHbl (YHK-
IIMA TIPOITyCKaHUSl W 3JIEKTPUYECKass MPOBOAUMOCTb

; b — map of the transmission function after application of the interpolation function T)(E, k);

2D-komnio3utoB rpadgen/YHT. Uccnenyemasi rieHka
MOJENIMPOBAIaCh AByMS CIOSIMU TpadeHa, coequHsie-
MbIMU OTHOCJIOMHBIMU TpyOKamMu Tuna armchair (9,9)
auametpoMm 1,23 uMm (Tpyoku muamerpa 1...1,5 HM TH-
MUYHBI JUIST TOJOOHBIX KOMIIO3UTHBIX MaTepUasioB).
PaccrosiHue mexay TpyOokaMu cocTaBisiio 2,1 HM, WIK-
Ha TpyOOK (T. €. pacCTOSIHUE MeXIy CI0sIMU rpadeHa)
BapbupoBayiach ot 1,1 no 2,4 um. Ha puc. 4, a nipen-
CTaBJIeHa aTOMHasl CTPYKTypa IJIEHKN KOJIOHHOTO Tpa-
(eHa mpu paccTosTHUM MexXxay Tpyokamu 2,1 HM.
Tpybku coenuHsoTcs ¢ rpacdeHoM 6eciioBHo — YHT
TUIABHO TIEPEXOIMT B TpadeHOBBIN JIMCT, 2 MECTO CO-
€IMHEHUs] COJAEPXKUT He TOJbKO IeKCaroHbl, HO U Je-
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¢exTel B Buae 5-, 7- u 8§-yroabHMKOB. [l pacueTa
3JIEKTPUYECKON MPOBOAMMOCTHY B HAMpaBiAeHUU X U Y,
Kak ¥ B ciaydae rpadeHOBOTO MOHOCIOS, BBIACIISICTCS
LEHTPAJIbHAS CyIEepsYeiiKa U CyIepsaYerKu 3JE€KTPO-
noB (puc. 4, b). CxeMa pacueTa IpOBOAUMOCTHU Ha pU-
CYHKE CJIeBa COOTBETCTBYET 3JIEKTPOHHOMY TPaHCITOP-
Ty BOojab X (BOOIb Kpas zigzag), Ha pUCYHKE CIIlpaBa —
BIOJb Y (Bmosb Kpast armchair). Cynepsiueiika B 3ToM
ciyyae HacuuTbiBaeT 580 aToMOB IpU PacCTOSIHUU
MexXay rpadpeHOBBIM crossMu 2,4 HM. M3-3a 00JIbLIOro
Yyycjia aTOMOB MPOBOJMMOCTb OblIa pacCuMTaHa ¢ Mpu-
MEHEHMEM pa3pabOTaHHON METOMUKH. 3aBUCUMOCTHU
oT sHeprum pyHkuuii T(F), ycpeIHEeHHBIX 10 BCEM K,

E;=-4.81

T(E)

B CJIydyae 2JIEKTPOHHOIO TPaHCIOpTa B HampaBieHUH X
u Y, npeacTaBieHbl Ha puc. 4, c.

AHaJIOrMYHO OBUIM pacCYUTaHbl (DYHKIIMU IIPOMYC-
kaHust T(E) nns Bcex Moneneit cynepsiueek KOMNo3ura
Ha 6a3e (9,9) npu OTHOM 1 TOM XK€ PACCTOSTHUM MEX-
ny Tpyokamu 2,1 oM. Ha ocHoBe paccuutaHHbix T(F)
BBIYMCJICHBI TIPOBOIMMOCTD M COTIPOTUBIICHUE TIJICHKU
KOJIOHHOro rpadeHa. B Tabnuue mpuBeneHbl COOT-
BETCTBYIOIIME JaHHBIE: JUIMHA TPYOKM, YUCIIO aTOMOB
B TPAHCJIUPYEMOM s4eiiKe, pacCCUMTAHHBIA YPOBEHb
®epmu, TPOBOAUMOCTL U CONPOTUBIIEHNE. YPOBEHD
®epmu, KaK BUAHO U3 TAOJIUIIEI, HAXOOUTCS B MHTEP-
Bane (—4,88; —4,73), T. e. OH cIBUTAaeTCSd BHU3 TIO

0.8
0.7 W
0.6

_05

E@q_,o.4
0.3
0.2
0.1
0.0

E;=-4.81

-5.0 -4.9 -4.8

E, eV

Puc. 4. 2D-komno3ut KosionHoro rpacgena Ha 6aze YHT (9,9) nnunoii 2,4 umM: @ — aToMHasi CTPYKTYpa; b — cxeMaTUdHOe U300paxkeHUe sTueHKU
KOMIIO3UTA U 3JIEKTPOAOB IPHY 3JIEKTPOHHOM TpaHCIOPTe BAOJb X (caeBa) U BAoJb Y (crpaBa); ¢ — (yHKIUU IIPOBOAMMOCTH BIOJIb HAalpaB-

JieHus Baosb X (cieBa) U Brosib Y (cripaBa)

Fig. 4. 2D composite of the pillared graphene on the basis of CNT (9.9) with the length of 2.4 nm: a — atom structure; b — schematic image of a
cell of the composite and the electrodes at the electron transport lengthways of X (left) and lengthways of Y (right); ¢ — functions of conductivity along

the direction of X (left) and along Y (right)
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JlaHHble 00 HCclefyeMbIX KOMIO3UTHBIX IUIEHKaX
M pe3yJIbTaThl MOAEJMPOBAHUS
Data concerning the investigated composite films
and the results of modeling

HmmHa Yuco Hampas- | 3DHep- [MpoBo- | Compo-
TPYOKHU, aTOMOB JIeHue rust JIMMOCTbD, | THUBJIE-
HM B cynep- | TpaHc- | Pepwmu, MKCM HUE,

A4erike JIALUA 3B KOMm
KOMIIO3UTa
Lengthof | Number | Direction| Fermi Conduc- | Resis-
a tube, | of atoms in | of trans- | energy, tivity, tance,
nm a composite | lation eV uS ko
supercell

X 135,93 7,35

0,60 400 —4,74
Y 11,03 90,65
X 32,48 30,79

0,85 436 —4,88
Y 8,32 120,12
X 92,21 10,85

1,10 472 —4,85
Y 24,89 40,18
X 142,96 6,99

1,34 508 —4,73
Y 10,41 96,05
X 72,26 13,65

1,59 544 —4,85
Y 13,19 75,78
X 122,08 8,19

1,84 580 —4,81

Y 19,8 50,5

cpaBHeHUIO ¢ uaeanbHeIMU YHT Toro xe mmamerpa
(—4,66 3B). I1poBOAMMOCTh U CONPOTUBICHHE BEIYT
ce0sT HeMOHOTOHHO. MOXHO cKa3aTh, YTO B HallpaB-
JIeHUu Y comnpoTusieHue Kouebdaercss okoyio 12 kOwm,
a B HanpaBjieHun X — okoJio 90 kKOM, TOJIBKO C 0OJIb-
LIEW aMIUIMTYIOM.

3aKkmoueHne

CosznaHa HOBasl YHUBepcaJlbHasi METOAMKA pacye-
Ta QYHKIMU TIPOMYCKAHUS 3JIEKTPOHOB U 3JICKTPH-
YeCKOH MPOBOAMMOCTH MPU KBAHTOBOM TPaHCIOPTE B
KOMITO3UTHBIX HaHOMAaTepHaiax, KOTopasi IT03BOJISET
HCcClenoBaTh IeKTPOo(hU3NUECKUe CBOMCTBA TSI aTOM-
HBIX CTPYKTYp C COTHSAMHU W THICAYaMU aTOMOB B
TpaHCIMPYEMOI1 cylepsiueiike. Anpooaliyst HOBO Me-
TOAWKW Ha MpUMepe MOHOCJOs rpadeHa mokasana,
YTO TMOTpenrHOoCTh cocrtapisgeTr 0,52 % u 1o3BOIISIET
3HAYUTEJIbHO YMEHBIINUTh BpeMsl pacdyeTa (yHKIIUU
MPOIYCKAHUSI.

PaccuutanHble saeKkTpuyeckask MPOBOIUMOCTb M
COIMPOTUBJIEHUE IUIEHKU KOJOHHOro rpadeHa B Ha-
npaBJieHus1 armchair u zigzag rpacdeHoBOro JucTa mno-
Ka3bIBaIOT, YTO IPOTEKAHUsI TOKA BHOJb zigzag-Kpas
(puc. 4, b) Gonee npeamnouTuTesbHO. B 3TOM Harmpas-
JICHUW COTIPOTUBJICHUE MEHSIETCS HE3HAYMTEIBHO U
MOXHO CKa3aTb, HE 3aBUCHUT OT DPACCTOSIHMSI MEXIY
rpaeHOBBIMU CIOSIMU (T. €. OT IMHBI TpyoKu). Cpen-
Hee 3HayeHMWe COIMPOTUBIEHMST cocTamiseT 12 KOw,

YTO OJIM3KO K 3HAUYEHUIO COMIPOTUBIICHUS UACATbHOU
HAHOTPYOKH. DTO MOXHO OOBSICHUTb BBICOKOH 3JIEK-
TPOIMPOBOAHOCTHIO TpaceHOBBIX HAHOJIEHT C Kpaem
zigzag, MPOBOJAUMOCTb KOTOPBIX HE 3aBUCUT OT LLIUPU-
HbBI JIEHTBI U CJ1a00 3aBUCUT OT €€ TOTOJIOTHM.

B nanpapnenuu armchair-kpasi rpadgpeHOBOrO Juc-
Ta BJEKTPONPOBOJHOCTh 3aMETHO 3aBHUCUT OT TOIO-
Jjorun miaeHku. Kak BuaHO u3 TabIMLIbl, COMPOTUB-
JIEHUE CUJIbHO MEHSETCs ¢ yBesmyeHueM JinHbl YHT.
ITpumeHsist aHanoruio ¢ rpacheHOBBIMU HAHOJIEHTAMMU,
MOXHO 3aMETUTh, YTO 3aKOHOMEPHOCTU 3JIEKTPOHHO-
ro TpaHCIOpTa BIOJb Kpasi armchair onpeaensiiorcs
LLIMPUHON JIEHTHI U €€ MOP(OJIOTUEI.

B uenoM MOXHO MPUIATU K BaXKHOMY BBIBOIY, UTO
IUIEHKX KOJOHHOIO rpadeHa ¢ HaHOTpyOKaMu Aua-
MeTpoM 1,23 HM XapaKTepusylTCs CpaBHUTEJIbHO
BBICOKOI 2JIEKTPUYECKOU IIPOBOAUMOCTBIO. B CBSI3M C
BBICOKOI MPOYHOCTHIO U MPOBOIUMOCTbIO OHU MOTYT
C YCIIEXOM MPUMEHSITHCS B BJIEKTPOHHBIX YCTPOMCTBAX
M B KauecTBe BJIEKTPOAOB aKKyMYJISITOPHBIX OaTapeid,
00yiamast pa3BUTON MOBEPXHOCTHIO U TOpaMU ISl Ha-
MOJIHEHUSI HEOOXOAUMBIMU COETUHEHUSIMMU.

Paboma ewvinoanena npu ¢unamcoeoli noddepicke
PODU-0pu _m Ne 15-29-01025.
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Introduction

Development of the technologies of synthesis of the
graphene nanomaterials led to expansion of the sphere
of their application. One of the recently investigated
graphene composites is the pillared graphene [1]. It
represents graphene layers seamlessly connected by
one-wall carbon nanotubes. One of the advantages of
the material is its high durability and resistance to me-
chanical loads. In combination with a high electric ca-
pacity and effective electron transfer between the
graphene sheets this nanomaterial is already recognized
as promising for the electrodes of the storage batteries
and supercapacitors [2—4]. At that, there are many
questions concerning its conducting properties, their
dependence on the length and diameter of the nano-
tubes. The experimental data about the conductivity of
the pillared graphene are not available, therefore, the-
oretical forecasting of the regularities of the electric
conductivity is the extremely topical. However, calcu-
lation of the electric conductivity of the pillared graph-
ene by the quantum-mechanical methods is problem-
atic because of its large supercells.

Modeling method

For calculation of the electric conductivity, the
Green-Keldysh function method and Landauer-Butt-
iker formalism were applied [5]. Calculation of the en-
ergy and the zone structures was done by the density
functional method in tight-binding approximation [5]
with a self-consistent calculation of the charge density
(SCC-DFTB) [7, 8] within the framework of Kvazar
software package [9]; pbc-0-3 parametrization was used
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[10, 11]. The electric conductivity is described by the
following expression:

2 ©
=L =< [ MEFH(E - wdE. (1)
where 7(F) — transmission function, characterizing

the quantum-mechanical transparency of the conduct-
ing channel, depending on the electron energy moving
via it; u — Fermi energy of the material of the elec-
trodes, to which the investigated object is connected;
e — charge of an electron, # — Planck constant. The
function of the thermal broadening Fy(E) is calculated
according to the following formula:

_ 1 2 F
Fr(E) = ——=sech’ —— 2
B = e 7 @
where k, — Boltzmann constant; 7'— temperature. The
transmission function is defined by the following ex-
pression:

_ 1 N A R
I(E) = N}EITF(FS(E) Ge(E)YT(E) G (E)), (3)

where Gé (E), Gg (E) — Green's advancing and re-
tarded matrixes (describing a contact with the elec-
trodes); I'g(E), I p(E) — matrixes of broadening of the
levels for a source and a drain. Function of T(FE) is
found by summation in all the Brillouin zone (BZ) and
N — number of points in the reciprocal space. The ac-
curacy of calculation of 7(F) is defined by partitioning
of the reciprocal space. It will be effective, when with
a reduction of a step of the change of the wave number
of k the function of T(E) does not vary. For example,
for BZ in the form of a final segment (a, b) the function




of T(F) converges to the true form at N > 103. For the
materials, a cell of which contains about several hun-
dreds and thousands of atoms, the calculation in one
point — i.e. the function of 7(F) for the fixed k, takes
a rather long time, thus, carrying out of 103 calcula-
tions becomes impossible. For example, for a cell of a
2D crystal with 472 atoms the calculation of the trans-
mission function, averaged by 288 points of the recipro-
cal space, takes almost 4 days, but in case of a parallel
calculation in 24 processes on the processors. If BZ is not
a segment, but a two-dimensional/three-dimensional
figure, the number of N increases tenfold and over.

Let us demonstrate the developed method for cal-
culation of 7(F) at a small N on the example of a
graphene monolayer. Fig. 1, a presents a calculated ar-
ea, i.e. the unit cell connected to the electrodes. Since
the conductivity of the given material (graphene) is cal-
culated, the role of the electrodes is played by the same
cells. The cells, which are electrodes, are translated to
infinity along the direction of Y, while lengthways of X
they are semi-infinite. The central cell is also translated
to infinity via Y. Thus, the wave number ky varies within
the limits of (—n/ay; Tr/ay), where a,, — size of an ele-
mentary cell along the direction of Y. The functions of
T(F) calculated under formulas (1)—(3) with various
quantities of points N are presented in fig. 1, b. For a
small subinterval of partitioning dk = 0.1 1/A (N = 15)
the function has a step appearance, in case of a reduc-
tion of the step down to 0.0015 1/A (N =984) the curve
assumes the correct appearance, well-known for the
monolayer of graphene. The transmission function is
presented in the conductivity quanta of ez/h.

In order to eliminate the step form we used an in-
terpolation of the function of 7(£) between two neigh-
boring points of the reciprocal space. Fig. 2, a presents
the step diagrams of T(F) for three different numbers
of ky. In general, irrespective of ky for realization of in-
terpolation at each point of the broken line the points
are determined, which are most close to them by energy
and have the same values of 7(E) function and belong-
ing to the neighboring broken lines. The picture of dis-
tribution of the points looks like it is shown in fig. 2, b,
where one value is fixed 7(F) = 2. Thus, at first, all the
points of the neighboring broken lines are found with
the identical values of T(F), and then the closest ones
are selected by the difference of energies. If a broken
line has two neighboring ones, then each point of this
broken line can have not more than one close point on
each of them. Similarly, in case of a single neighboring
broken line there will be not more than one close point
for each point on the considered broken line. If the
transmission function has not a single jump, the ad-
ditional points are added. For example, if for a certain
value of ky the transmission function has a jump
during transition from a point with energy of E; to a
point with energy of E; , |, at that, 7; . | — T; = 2,
then an additional point will be added to this broken

line. This point is characterized by the value of energy
0.5(E; + | + E;) and the transition function in this point
is equal to 7; + 1. This is necessary in order to make it
possible to find the nearest point with the value of the
transition function of 7; + 1.

Then, the found nearest points are used for adding
between them of the additional points laying on the
segment connecting these points. All the additional
points have the same value of T(F), as the nearest
points. The number of the added points depends on the
length of the segment connecting the nearest points on
different broken lines. The longer is the length of a seg-
ment, the more additional points are added. The initial
points and the added ones are used for construction of
an interpolation function. The interpolation two-di-
mensional function of T}(E, ky) allows us to realize a
frequent partitioning by k, which ensures smoothing of
the initial steps. Fig. 3, a presents maps of the trans-
mission function 7(E): top — before the procedure of
interpolation; bottom — after application of the con-
structed interpolation function Tj(E, ky). The step
character of behavior of function 7(F) disappeared eve-
rywhere, except the area near the level of 0 eV — Fermi
level. Indeed, there can be "special areas”, for which the
primary partitioning by ky is too rough. For them cal-
culations with more quotient partitioning are carried
out in addition, but already in a narrow range of values:
for k, — from 0 up to 0.2 1/A; for £ — from —0.3 up
to 0.3 eV. The next step is construction of a new inter-
polation function 75(E, ky). Fig. 3, b presents a map of
the transmission function after application of 7,(E, ky),
and fig. 3, ¢ — the function of 7(F) averaged by all ky.
The continuous curve shows calculation at partitioning
of 0.0015 1/A, the dotted line shows the result of ap-
plication of the developed technique. The error equals
to 0.52 %. We should also point out that the time spent
for reception of the averaged transmission functions
differs: 75 min for an exact calculation and 15 min for
reception of the final values of the interpolated sched-
ule. We should point out that in general, the time spent
on adding of the points depends on the volume of the
input data, and not on the number of the atoms in the
considered structure. That is, an acceleration can be
any — the bigger is the structure, the more is the dif-
ference in time, which can be achieved.

Results

By means of the developed method for calculation
of the transmission function and the electric conduc-
tivity of 2D graphene/CNT composites were investigat-
ed. The investigated film was modeled by two layers of
graphene, connected by single-layer tubes of the arm-
chair type (9.9) with diameter of 1.23 nm (the tubes of
diameter of 1...1.5 nm are typical for such composite
materials). The distance between the tubes was 2.1 nm,
the length of the tubes (i.e. the distance between the
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graphene layers) varied from 1.1 up to 2.4 nm. Fig. 4, a
presents the atom structure of a film of a pillared graph-
ene at the distance between the tubes of 2.1 nm. The
tubes are connected with the graphene seamlessly —
CNT transforms smoothly into a graphene sheet, while
the junction contains not only hexagons, but also de-
fects in the form of 5, 7 and 8 angle forms. For calcu-
lation of the electric conductivity in the direction of X
and Y, just like in case of the graphene monolayer, the
central supercell and the supercells of the electrodes are
taken (fig. 4, b). The scheme of the calculation of the
conductivity in fig. at the left corresponds to the elec-
tron transport along X (along the zigzag edge), in fig. on
the right — along Y (along the armchair edge). In this
case the supercell contains 580 atoms at the distance
between the graphene layers of 2.4 nm. Because of a big
number of atoms the conductivity was calculated with
application of the developed technique. The depend-
ences on the energy of functions 7(FE), averaged by all k,
in case of the electron transport in the direction of X
and Y, are presented in fig. 4, c.

The transmission functions 7(F) for all the models
of the composite supercells on the basis of (9.9) were
calculated similarly at the same distance between the
tubes of 2.1 nm. On the basis of the calculated T(E) the
conductivity and the resistance of the film of the pil-
lared graphene were calculated. The table presents the
corresponding data: lengths of the tubes, number of at-
oms in the translated cells, calculated Fermi level, con-
ductivity and resistance. Fermi level, as is evident from
the table, is within the interval of (—4.88; —4.73), i.e.
it moves downwards in comparison with the ideal CNT
of the same diameter (—4.66 eV). Conductivity and re-
sistance behave non-monotonously. It is possible to
say, that in the direction of Y the resistance fluctuates
around the value of 12 kQ, and in the direction of X —
around 90 kQ, only with a bigger amplitude.

Conclusion

A new universal method was created for calculation
of the function of transmission of the electrons and
electric conductivity at a quantum transport in the
composite nanomaterials, which allows us investigate
the electrophysical properties for the atomic structures
with hundreds and thousands of atoms in a translated
supercell. Approbation of the new technique on an ex-
ample of a graphene monolayer demonstrated, that the
error was 0.52 % and this made it possible to reduce
considerably the time for calculation of the of trans-
mission function.

The calculated electric conductivity and resistance
of a film of the pillared graphene in the armchair and
zigzag directions of a graphene sheet show, that the
courses of a current along the zigzag edge (fig. 4, b) are
more preferable. In this direction the resistances varies
insignificantly, and, one can say, it does not depend on
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the distance between the graphene layers (that is, the
length of the tube). An average value of the resistance
is 12 kQ, which is close to the value of the resistance of
an ideal nanotube. This can be explained by a high elec-
tric conductivity of the graphene nanoribbons with a
zigzag edge, the conductivity of which does not depend
on the width of a ribbon and depends little on its to-
pology.

In the armchair edge direction the electric conduc-
tivity of the graphene sheet depends noticeably on the
film topology. As one can see in the table, the resistance
varies greatly with an increase of the length of CNT. By
applying an analogy with the graphene nanoribbons, it
is possible to notice, that the regularities of the electron
transport along the armchair edge are determined by
the width of the ribbon and its morphology.

In general, it is possible to draw an important con-
clusion, that the films of the pillared graphene with na-
notubes of 1.23 nm in diameter are characterized by a
rather high electric conductivity. Due to their high du-
rability and conductivity, they can be applied success-
fully in the electronic devices and as electrodes of the
storage batteries, because they possess a ramified sur-
face and pores for filling by the necessary compounds.

The work was done with the financial support of the
RFFI-ofi m Ne 15-29-01025.
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KPUTEPMM ONTUMUBALIMM KOHCTPYKLUIMU
MUKPOMEXAHUYECKOTO KAIOYA CBY AHUATTIA3OHA
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Paszpaboman 0606uennbii kpumeputi onmumuzayuu B4 MIOM C-karoua, no3eonarouuli peaiu308ams KOHCMPYKYUIO NOOBUNC-
HO020 21eMeHma ¢ Haubonee GblUPLIUHBIM COOMHOUCHUEM INeKMPOMEXAHUHECKUX NAPAMempPO8 045 3A0AHHO20 MEXHOA0SUYECK 020
npoyecca. C ucnonv3oganuem 0anHo20 Kpumepus 0biaa CHPOEKMUPOBAHA KOHCMPYKYUSL KAIOUA C NOOBUINCHBIM INEMEHMOM HA OC-
HoBe naeHKU Kapouoda KpemHus ¢ 08yMs YCMOUMUBLIMU COCMOSHUAMU U "8HYMPeHHUM " 3aKpenieHueM mopcuoHHbx nodeecos. Pas-
pabomara opueuranvHas mexronoaus uzeomoenenuss B4 MOM C-karoua Ha ocHoee naenku kapouoa kpemuus. IIpoananusuposaro
BAUAHUE COCMABA amMMOCpepHo20 GoHa 6 npoyecce pocma HAEHKU Kapouoa KpemHus MemooomM MazHempoHHO20 PACHbIACHUs HA

KpUeu3ny Nn00BUICHO20 I1eMeHmAa.

Karoueevie caoea: B4 MOMC-karou, KoHcmpyKyus, Kpumepuii OnMmumu3ayuu, Kapouo KpemHus, mexHoi02us

BBenenune

Kntoun ssasitotrcs kiaccuyeckumMu MOBOMC-yer-
porictBamu aist BY npunoxeHuii. B atux yctpoiicTBax
MeXaHUYEeCKOe JBVXXEHUE UCMOJb3YeTCS IJISl 3aMbl-
KaHusl Win pa3mbikaHust BY nuHum niepenay (ajst 3a-
JNIAHHOM MOJIOCHI YacToT). JpyrumMu ciioBamu, MOJTHOE
BXOJHOE cornpoTusieHue BY nuHuM nepenaun ynpas-
JIIeTCSl MEXaHWYECKUMMM JBWXEHUSIMU MOJABMXKHOTO
snemMeHTa MOMC-kmoua. Ilepseie MOMC-kmoun
M3rOTaBIMBAIMCH HA KPEMHUH U TIOJIMKPEMHUM U UC-
MOJIb30BAIMCh B HU3KOUYACTOTHBIX TIPIIOKEeHUsIX [1, 2].
Ho gns BY cxeM ¢ HUBKMM yPOBHEM II0TePb KPEMHUIA
U MOJMKPEMHUI B KauyecTBe MaTepUalioB KOHTAaKTOB
HEMpUMEHUMbl BBUIY CBOEro IOCTATOYHO OOJIbIIOrO
YIEJBbHOTO CONPOTUBIEHUS. DTO MOCTYKUIO TOITUIKOM
K pazButuio MOMC-ycTpoiicTB Ha OCHOBE METaJlJIOB
C BBICOKOH YAEJbHON IMPOBOAMMOCTBIO: ATIOMMHUS,
30J10Ta, MeAW, HUKeJISI M TUIaTUHBL [3—3].

MBOMC-ximoun TOAXOAAT IUII WCHOJB30BaHUSA B
BY cucreMax ¢ HUBKMM ypOBHEM ITOTEPh, KOTOPBIE HE

TPeOYIOT BEICOKOI CKOPOCTH MePeKIToueHus [6], moc-
KOJIbKY 00J1afaloT CAeAYIOIIMMU TOCTOMHCTBAMM:

e HM3KOE dHepromnorpediieHue;

e HU3KHME BHOCHMBbIE MMOTEPU BO BKIIOUEHHOM COCTO-

SIHWU;

e XOpolIas U30JIUS B BBIKJIIOYEHHOM COCTOSIHUMY;
e BBICOKAs KOMMYTUPYEMasi MOIIIHOCTb;
e JIMHEHHOCTb (HU3KUE WHTEPMOAYJSILIMOHHbIE MC-

KaXKeHMs).

K negocrarkam B4 MOMC-kiioueil OTHOCSTCS:
e HM3Kasl CKOpocTh IepekioueHust (15...200 mkc);
e BBICOKOE HanpspkeHue nepekinoueHus (20...100 B);
e HaJIEXHOCTh (< 10° uukinoB nepexkiaoyeHus) [7].

B Hacrosgiee BpeMsi TPOBOAUTCS Psii UCCIIENOBA-
HUI B LEJSIX CHUXKEHMST HATIPSIKEHUS U BPEMEHU TIe-
pexmodeHusd [8, 9]. 11 mpoeKTUPOBaHUS ONTUMAIb-
HOWl KOHCTPYKLUMM HEOOXOOUM KpUTEepUH, KOTOPBIN
MO3BOJIWI OBl OMPENEIUTh HAUTYYIIEE COOTHOIIEHWE
3JIEKTPOMEXaHUYECKHX MapaMeTpOB.

Takum o6pa3oM, 1IeJIbI0 JAaHHOM PaOOTHI SIBJISIJIACH:
a”Hanu3 KoHcTpykuyun MOMC-kimoya m1g BY nuana-
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Puc. 1. Tunosoii BapuanT Kiaccuueckoi KoncTpykuun BY MOMC-kmoua

Fig. 1. Typical version of the classical design of the RF MEMS switch

30Ha, pa3paboTka 0OOOIIEHHOIO KPUTEPHUS €€ ONTHU-
MU3aLMU U TEXHOJIOTHUeCcKasl peaan3als MUKpOIpu-
0Oopa Ha OCHOBe KapOuaa KpeMHUS ¢ YYETOM MpPeAIio-
JlaraeMbIX 3KCTPEMaJIbHbIX PEXMMOB 3KCILIyaTallUu.

Kpurtepuii onTumMusanum
IS KJIACCMYECKOH KOHCTPYKIHH

OaHUM U3 TUIIOBBIX BapUaHTOB KJACCUUYECKOM
KOHCTPYKIIMU KOHTaKTHOro MOMC-kioua sIBisieTcst
cTpyKTypa (puc. 1), KoTopasi COCTOUT U3 MOABUXKHOTO
9JIeMEHTa — TOHKOW IJIACTUHbBI, 3aUKCHPOBAHHOM
Ha OIHOM KOHIIE XU CBOOOTHO HaBHCAIOIIei Ham Me-
TAJIJIMYECKON IMHUEH Tiepead Ha pacCTOSTHUU ~ 1 MKM.
Mexny nuHuei nepegad M GUKCUPOBAHHBIM KOHIIOM
KOHCOJIM HAxXOAWUTCS METaJUIMYECKUIN 3JeKTPOJ, BbI-
MOJTHSIIOLIMI POJIb TSHYILIET0 BHU3 MEXaHU3Ma.

¥, um
~

Puc. 2. Cratuueckasi 3aBHCUMOCTD MPOrH0a NOABHKHOM 00KJIAJAKH OT
N0IaBAEMOr0 HA Hee YNPABJSIOMIEr0 HANPSKEHUS

Fig. 2. Static dependence of bending of the movable plate on the control
voltage applied to it
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B Takoil KOHCTPYKIIMM WCHOJb3YeTCSI aKTIATop
9JIEKTPOCTATUYECKOrO TUMA, XapaKTepU3yloluics Ma-
JIbIM BpeMeHEeM TMePeKI0YeH s 0 CPAaBHEHUIO C aHa-
JIOTaMH ¥ TIPaKTUIEeCKU HYJIEBBIM SHEPronoTpeoIeHN -
eM. Yrpapisoliiee HarpsoKeHUe 3aCTaBisieT TUIacTUHY
OIyCKaTbCsl BHM3 [JIsI 3aMbIKaHUSI JIMHUM Tiepeaad.
K mocTomHcTBaM MaHHOW KOHCTPYKIIMM MOXKHO OT-
HECTH BBICOKYIO KOMMYTUPYEMYIO MOILIIHOCTb U 1LIMPO-
KW 1rarna3oH pabo4yux 4acToT.

HanpsixeHue BKIIOUYEHUMSI OLIEHUBAETCSI MO 3aBU-
CUMOCTH TIporuda MOoABMKHOM YIIPYroil OOKJIagKu OT
MOJaBaeMOro Ha Hee YIpaB/sSIoIero HaNpsoKeHUSs
(puc. 2). JaHHasi 3aBUCUMOCTb OTpeAesieTcsl U3 cTa-
TUYECKOTO PABHOBECHUSI CHMJIBI YIIPYIOro ToaBeca M
3JIEKTPOCTATUYECKON CUJIBI TIPUTSKEHUST OOKIIa0K:

£y SU”
ko =¥ = —
2y

rae kK — Ko3(PUIIMEHT XKeCTKOCTH TTOIBVKHOTO 3JIe-
MEHTa; J) — HayaJIbHBIA 3a30p MEXY YIPaBJISIOLIN-
MM 3JIEKTPONAMHU; y — TEKyllasd KOOpAWHATa MOIBUXK-
HO¥ OOKJIaIKU; £) — SJIEKTPUYECKAs MIOCTOAHHAS; S —
IUIONIAAb IOABMXKHOM OOKIAmKU.

AHanu3 HeJIMHEMHON 3aBUCUMOCTU (puC. 2) I103-
BOJISIET OINPEAEIUTh KPUTUUECKOE HATIPSIKEHUE BKITIO-
yeHus U, xapakTepusyouieecs HeoOpaTUMbIM Taje-
HUEM IIOIBMXKHOM OOKJIaAKM Ha IMOMIOXKY (pexXuM
Pull-In). Kputnyeckoe 3HaueHHE OCTAaTOUHOTO 3a30pa
OMpeeNAeTCss COOTHOUIEHUEM Y, = 2/3 ), a KpUTH-
4yecKoe HampsbkeHue BiodeHus U, MOXHO mpeacra-
BUTH B CJIEAYIOILLIEM BUJE:

U - 8ky;
K 27805.
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M3 dopmynsbl (1) BUAHO, YTO IJ11 YMEHbILIEHUS Ha-
NPSKeHUST BKJIIOYEHUST HEOOXOMUMMO OOECIeUYUTh MU-
HUMAJIbHBIA HaYalbHBIA 3a30pD yj MEXAY YIPaBJIAIO-
IIMMU 2JIEKTPpOJaMU, MaKCUMaJbHYIO ILIOLIAAb IO~
BIDKHOM OOKJIagKM S ¥ MUHUMAJbHBIN KO3(pGULINEHT
>K€CTKOCTU MOABMXXHOIO 3JieMeHTa k (MOoCienHui na-
paMeTp oIpenenaseTcss TUIIOM KOHCTPYKLIMW M BbI-
OpaHHBIM MaTepuajioM). B ob1em ciydae Koadduiim-
€HT >KEeCTKOCTHU MPSIMO MPOMOPLMOHATIEH MOIYJIIO YII-
pyrocty Marepuasia.

Bpewmst BKITI0OU€HNSI MOXET OBbITh OLIEHEHO 13 COOT-
HoureHus [10]

(=L 't
e 2fO UBKJI’

TI€ fy — PE30HaHCHad YacToTa KOJIeOaHWi NMOABUXK-
HOI oOknanku; Uy, — ucCnoib3yeMoe paboyee Ha-
MpsSKEHUE BKIIIOYEHMSI, KOTOPOE OOBIUHO IMPEBbIIIACT
U¢ B 1,2...1,5 paza. Bpemsa BBIKIIOYEHUS (PasMbIKa-
HUSI), KaK MpaBWiIo, 0OJblle BPEMEHM BKIIOUEHUS U
OTIpEeIeNIATCS YacThIO TIeproaa CBOOOTHBIX KOJIeOaHMIA
NoaBMXKHOI ookiaaku [10]:

_ 1
Topicn = ZZ(')

Takum o0Opasom, BpeMsI IIEpPEKIJIIOUYCHHUS TIpU

Ugn = Uy XapakTepusyeTcs BbIpaKeHUEM
t =t + ¢ =1
nepeK BKJI BBIKJT 7
fo

Pe3oHaHCHas yacToTa MOABMXXHOTIO 3JEMEHTa fO’ B
CBOIO O4YCpCab, OIPCACIIACTCA OTHOLICHUEM XKECTKO-
CTHU KOHCTPYKIIMHU K €ro Macce:

7= 5 oSk @

Ie p — IUIOTHOCTb MaTepuayia MOJABUKHOTO 3JIeMEeH-
Ta; # — TOJIIMHA MMOABMXXHOTO dJIeMEHTA.
AHanusupys BelpaxkeHus (1) u (2), MOXHO clienaTth
BBIBOJ, YTO IMPU MPOEKTUPOBAHUU KOHCTpyKuuu BY
MODMC-knoua BO3HMKAeT MPOTUBOpPEUHE: C OJHOM
CTOPOHBI, JIJISI TOHUXEHUS YIIPABISIOLIErO HaIpsKe-
HUS KO3 OUILIMEHT KeCTKOCTU IMOABUXKHOTO 3JIeMEHTa
clieayeT CHU3UTh, C APYroid — IPU CHUKEHUM KEeCT-
KOCTM yMEHbIlaeTcsl pe30HaHCHas yYacToTa U, Kak
CJIeJICTBHUE, YBEJIMUYMBACTCS BpEMSl IEPEKIIOUCHMUSI.
Takum o0OpazoM, HEOOXOAMMO BBECTH OOOOIIEHHBII
KpUTEpUN ONTUMU3ALNU, UCKIIOYAIOIINN XEeCTKOCTh
KOHCTPYKUMU. TakuM KpUTEpUeM SIBJSETCS OTHOLIE-
HUE PE30HAHCHOM YacTOThl MOJBUXHOTO 3JIEMEHTa K
KPUTUYECKOMY HalpsKeHWIO BKIoUeHus. B nanbHeit-
1eM JJIs1 ynoOCcTBa aHaiv3a U CpaBHEHUST OyaeM pac-
CMaTpuBaTh KBaapaT JAaHHOTO OTHOLIEHMSI.

JJ1st Knaccuyeckoi KOHCTpYyKUMU (cM. puc. 1) kpu-
TEepUil ONTUMU3ALMU MPUHUMAET CACIYIOIIUIA BUI;

2
b -t g

raie C, — mapameTp, XapaKTepU3yIOLIMi TUIl KOHC-

TPYKIIUM TOIBYDKHOTO 3JIEMEHTA.

CornacHo pacueraM, napamerp C, g K1accuyec-
KOI KOHCTPYKILIMM paBeH KOHCTaHTE 27/(32n2). Cre-
JIOBaTEJIbHO, YTOOBI MaKCUMM3UPOBaTh Kpurepuii (3),
HEeoOXOAMMO YMEHBIIUTh 3a30p M TOJIIVHY MOABMK-
HOTO 3JIEMEHTa WJIM BbIOpaTh MaTepuan ¢ 0oJjiee HU3-
KOU TUIOTHOCTBIO.

ToniuHa MIeHKU BMSeT Ha XECTKOCTb IMOIBe-
ca, BUOPOYCTOMUYMBOCTb M MPOYHOCTb KOHCTPYKIIUU.
KectkocTh nmoaBeca MpoIopLMOHaIbHA KyOy TOMIIM-
Hbl KOHCTPYKLIMU, TTO3TOMY MPU Ype3MEPHOM YMEHb-
IIEHWM TOJIIIMHBI MOXHO OKa3aThCs 3a IpeaeaMu
TpedyeMoro auarna3zoHa 3HaYeHUH BpeMeHU MepeKIto-
yeHms1. bosee Toro, mpm Majoit XeCcTKOCTH KOHCTPYK-
LIMKM TIOBBILIAETCS BEPOSITHOCTH CaMOIPOU3BOJBLHOIO
3aMbIKaHMSI KJIIO4Ya IIpU KoMMyTauuud moinHoro BY
curHazia. 2KecTKoCTb KOHCTPYKIIMM TIPU MajbIX TOJI-
IIMHAX MOXHO YBEJIMYUTD, MCITOJb3YS MaTepra C Bbl-
COKMM 3HAYE€HUEM MOJIYJISI YIIPYTOCTH.

Pasmep Bo3mynIHoOro 3azopa y, MeX1y ynpasJsio-
UMMM 3JIEKTpoAaMu HauboJjiee CUJIbLHO BIIMSIET Ha
KpuTepuii ontuMusauuu (3), ero HauMeHblliee 3Ha-
yeHue OIpeesieTcs, B IepBYyI0 oYepeb, KeJaeMblM
3HAYEHUEM M3OJISILIMU B BHIKJIIOYEHHOM COCTOSIHUU, a
TaKXKe TEXHOJOTMIECKUMU OTPaHWICHMSIMM, CBSI3aH-
HBIMU C BBITPABJUBAHUEM XEPTBEHHOI'O CJIOSI U3-TI0]
TTOABIKHOTO MEXaHWYECKOTO djieMeHTa. PekomeHmy-
eMbIii 1Mana3oH 3HAYeHU TOMIIWH MOABUXKHOTO 3Jie-
MEHTa 1 XEPTBEHHOIO CJIOsi cocTaBiseT 1...2 MKM.

Cpenu mMaTepualioB ¢ HU3KOHM TIJIOTHOCTBIO U BBI-
COKUM 3HAYeHMEM MOIYJSI YIIPYTOCTH MOXKHO BBIAC-
JINTb KapOoua kpeMHUs1 (puc. 3), KOTOpbIii obyiagaer
CJIEIYIOIIMMH JOCTOMHCTBAMM:

e BBICOKOE 3HAYeHUEe MOAYJSI YIIPYTOCTU U, KaK CJie/I-
CTBME, MOBBIIIIEHHAST XECTKOCTb KOHCTPYKIIUU;

e HHU3Ka# IUVIOTHOCTH (II0 CPaBHEHUIO C MeTaJllaMu),
YTO 00eCIeYnBaeT BHICOKYIO PE30HAHCHYIO YaCTOTY
KOHCTPYKIIUM 1, KaK CJIEICTBUE, BEICOKOE OBICTPO-
JICUCTBUE;

e BBICOKME 3HAUEHUs TEIUIONMPOBOAHOCTU U TEMIIe-
patypbl JleGasi, 4TO MO3BOJISIET 3HAUUTEIBLHO pac-
IIMPUTh AMAIa30H pabouYnX TeMmeparTyp.

OmHaKo eCJIM U3TOTaBIMBaTh YCTPOMCTBA B paMKax
3alaHHOM TEXHOJOIMU, TO pa3Mep 3a30pa, TOJIIMHA
MTOABIKHOTO 3JIEMEHTA M TUIOTHOCTD SIBIISIIOTCS (DUK-
CUPOBaHHBIMU BeIMuMHaMu. M eciu B aTOM ciydae
MBI WCIIOJIb3YeM pPa3IMIHbIe KOHCTPYKIIMU 3JIeMEHTa
KJIaCCUYECKOTro THUIIa, MOMO0HbIE MOABMKHOM OOKIIaI-
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Puc. 3. CpaBHeHHEe OCHOBHBIX CBOMCTB KapOM/Ia KPEMHH, 30J10Ta M KPEMHHS KaK 0a30BbIX MATEPHAJIOB MOABIKHOTO djieMenta MO MC-kimovei
Fig. 3. Comparison of the basic properties of the silicon carbide, gold and silicon as the base materials for a movable element of the MEMS switches

Ke Ha ymnpyrom nogsece (cM. puc. 1), B KOTOPbIX Me-
HSIETCSA TOJIBKO XEeCTKOCTh, TO U3MEHEHHE TOIOJIOTUN
KOHCTPYKLMU HE NMPUBOAUT K YIYUIIEHUIO MO KPUTE-
PUIO ONTUMU3ALIMY.

Kpurepnii onTHMA3aNAA 111 KOHCTPYKIIAH
C IBYMSl YCTOWYMBBLIMH COCTOSTHHSIMH

CylIecTBYIOT BapMaHTBl KOHCTPYKLWH, OTIMYaiO-
LIMECST OT KJIACCUYeCKOM, 0COOEHHO MHTEepeCHa KOHCT-
PYKIIVST HA OCHOBE TOPCMOHHBIX TTOABECOB C IBYMST yC-
TOMUMBBIMU cocTostHusIMU [11] (puc. 4). B manHoit
KOHCTPYKIIMM TIOABIKHBIN 3JIEMEHT BpaIlaeTCs BOK-
pyr ocu, TIpoxoAsileil yepe3 LEeHTPaJbHYIO TOUKY 3a-
KPEIJICHUS, ¥ €CTh ABa YCTOMYMBBIX MOJIOXKEHUS, T10-
Tomy B4 MOMC-xi1104 Ha ee OCHOBE CITOCOOEH KOM-
MYTHPOBATh ABE JTUHUU TIepeaadm.

I1epBoe "xomogHOE" BKIIIOYEHNE OYIET XapaKTepu-
30BaTbCd KPUTHMYECKUM HAIPSKEHUEM BKIIIOUECHMUS

[
e
O

‘ : Moveable element

Tonsaxnbli "““’“_J

DAeKTpoab! noaoxenns Nel
Actuator of position Nel

DaexTpoanl noaoxeaan Ne2
Actuator of position Ne2

Puc. 4. CxemaTnyHoe H300paxeHne MOABHKHOIO 3JEMEHTa HAa 0OC-
HOBE TOPCHOHOB B pa3pe3e

Fig. 4. Layout view of the movable element on the basis of torsions in
section
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IPpU JOCTUXKEHUU BpALLAIOLLUMCA 3JEMEHTOM yIja
MOBOPOTa KPUTUYECKOTO 3HaueHus o, (puc. 5). I[lpu
CcHATUU HanpsKeHusa U, KOHCTPYKILMA MEPEKITIOYaeT-
Csl BO BTOPOE MOJIOXKEHUE, TTPOXO/Isl TI0 MHEPLIMHU TOJIO-
JKEHUE PAaBHOBECHS, MPU 3TOM JOCTATOYHO MOAATh Ha
BTOPYIO Mapy OOKJIaJ0K HaNpsKeHUE yaepKaHuUs Uyﬂ.
ITpu nepexintoueHUM U3 BTOPOTO TMOJOXKEHUS B TIEPBOE
Tak>Xe JOCTAaTOUHO CHSTh YIpaBIsiollee HalpsoKeHUe
CO BTOPOI1 Iapbl OOKJIANOK U TOAATh HanpsikeHue Uy,
Ha IepBYyIl0 Iapy oOKJIagoK. Takum oOpaszoMm, Iepe-
XOJI KJI104Ya M3 MepBOro MojoxeHust BO BTopoe (M Ha-
000poT) OyneT onpeneasThCs HaNpsLKeHUEM yaepka-
Hust Uy, a He KPUTHYECKUM HANpPSDKEHUEM BKIIOYe-
Hud U, IIpy 3T0M COOTBETCTBYIOIINI MaKCUMAJIbHBII
YroJl MOBOpOTa OYAET OINpPEeAesTbCS BbIpakKeHUEM
Omax = X O/ 13'

BripaxkeHue njisl pacueta HaNpsoKeHUST yAepXKaHUS
B 9TOM CJlyyae BBITJISIAUT CAEAYIOIIMM 00pa3oMm:
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rae k, — Koo(pGUUMEHT XECTKOCTU Ha KpydeHue; B —
LIMPpUHA TIOABUXHOIO 3JIEMEHTA; /| — pacCTOsIHUE
MEXy OCbIO BpallleHUsl 1 Onuxkaiilieir rpaHulen ym-
PABJIAIOILIEr0 3JIEKTPOAa; /) — pacCTOAHUE MEXIY

OCBIO BpallleHUd U JAJIbHEW TPAHULIEN YIIPABILIOLIETO
3JIEKTpONaA; /3 — IUIMHA TOABMXXHOIO 3JIEMEHTA.
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Puc. 5. 3aBucMMOCTb yrjia BpaumieHusi NOABHXKHOrO 3jiemeHta BYU
MO MC-Km04a OT NPUKIAABIBAEMOT0 HANPSIKEHUS

Fig. 5. Dependence of the angle of rotation of the movable element of
the RF MEMS switch on the applied voltage

Pe3zoHaHcHast yactota OymeT ompenaessiTbCsl OTHO-
LIEHUEM XECTKOCTU KOHCTPYKLIMU K MOMEHTY MHEp-
LIMA OTHOCUTEJIBbHO OCH BpallleHUSsI:

- 4)

C yuetom ¢opmyi (4) u (5) MoaydyuM BbIpaXeHUe
ons kputepusi ontumudauuu BY MBMC-xioua ¢
MOJABUXHBIM 3JIEMEHTOM Ha OCHOBE TOPCUOHOB:

2

oo_¢ o 6)
2 a3

Ugy Yoph

rie C, — mapaMmeTp, XapaKTepHU3YIOLIMI TUIT KOHCT-
PYKLUMU MOABUXKHOIO 3jeMeHTa (CM. puc. 4).
Bripaxenue (6) MIEHTUYHO BhIpakeHUIO (3) ¢ TOU-
HOCTBIO 10 K03 duumeHTa. OnHAKO B CJyyae UCIOJb-
30BaHMsI OMCTAOMJIBHON KOHCTPYKUMM IOABHXKHOTO
3JIeMEHTa Ha OCHOBE TOPCUOHHBIX ITOABECOB ITapaMeTp
C,, yXe He KoHCcTaHTa (B oinyue or Cy), a 3aBUCUT OT
TEOMETPUM U Pa3MeEPOB KOHCTPYKIUU (puc. 6):

1[5
I3
C, = - +In

SRR

i nosbieHus koadduunenta C, HEOOXOAUMMO
YBEJINYMBATH /) U yMEHBIUATD /j, T. €. MAKCUMU3UPO-
BaTh JJIMHY YIPaBJISIOLIETo 3JIeKTpoaa. MOXHO TakxKe
CHUXAaTb /3, HO MUHUMAaJIbHOE 3HaueHue OyleT orpa-

3 1 1

HUYEHO 3HAYEHUEM [, U JJIMHON 3aMBIKAIOLIETO KOH-
takTa. KpoMe Toro, MUHMMaabHOE OTHOLIIEHUE pa3Me-
POB OTPaHUYEHO TEXHOJOTUYECKUMHU BO3ZMOXHOCTSIMU
JuTorpaduu.

Bapbupyst pasMepbl paccMaTpuBaeMOl KOHCTPYK-
UM, MOXHO TIOJIYYUTh BBEIUTPHIII IO KPUTEPHUIO OIT-
TUMU3alMK (00JaCTh Ha puc. 6 BBIIIE IITPUXOBOM JIH-
HUM) MO CPaBHEHMIO C PACCMOTPEHHOM paHee TUIIO-
BOI KJIACCUUYECKOM KOHCTpyKIMei (cM. puc. 1). DToT
BBIMTPBIII JOCTUTAETCS 3a CYET 3aMEHBI B KPUTEPUHU
ONTHMMU3AIMU KPUTUUYECKOTIO HAMpPSIKEHMST BKIIOYE-
Husa U, Ha HalpsKeHUE yAepXKaHUs Uyﬂ. MoxHO yT-
BepXKIaTh, YTO AaXKe B paMKax OTHON TEXHOJOTMHU MC-
MOJIb30BAaHUE TOJBUXHOTO 3JIeMEHTa C ABYMSI YCTOM-
YUBBIMU COCTOSIHUSIMU Ha OCHOBE TOPCHMOHHBIX MO[-
BECOB MPEANOUYTUTESIbHEE.

HcnonbszoBanue mieHku SiC B KauecTBe MaTepua-
Jla TIOABUKHOTO 3JIEMEHTAa HaKJIambIBaeT IOIIOJHU-
TeJIbHbIE OIPAaHUYEHHUSI HA KOHCTPYKIIMIO. MI3BeCTHO,
YTO KOMITO3MIIMS "KapOua KpeMHUS Ha uzonusitope”
o0JiagaeT OTpULIATEIbHBIMU (CXKUMAIOIIMMK) MEXaHU -
YECKMMU HAPSDKEHUSIMU TIpU (DOPMUPOBAHUHM €€ Me-
TOJOM MarHeTpoHHOTro ocaxueHus [12]. st KomIieH-
calMM OTpULIATEIbHBIX HAMPSKEHUI B OMCTaOUJIbHOM
KOHCTPYKUMU (cM. puc. 4) 6bU10 pa3paboTaHO KOHCT-
PYKTUBHO-TEXHOJIOTUUECKOE pellieHre ¢ "BHYTPpEHHUM"
3aKperieHUeM TOPCUOHHBIX IMOABECOB (pHUC. 7, CM.
YETBEPTYIO CTOPOHY OOJIOXKKU).

Kputepuii onTMMHU3alMy TaKOH KOHCTPYKIIMH BBI-
[JISSOUAT CIIeAYIOIUM 00pa3oMm:
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Puc. 6. 3aBucumocts napamerpa C, OT KOHCTPYKTHBHO-TeOMETpPH-
YeCKMX MapaMeTpoB MOABMIKHOIO dJIeMEHTA

Fig. 6. Dependence of parameter C,, on the design-geometrical parameters
of the movable element
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TakuM 00pa3oM, repeMelleHre 001acTu 3aKperie-
HUS "BHYTPb' MOJBUXKHOIO 3JIEMEHTA MO3BOJISIET MOJTY-
YUTh JTOMNOJHUTENbHBIN BBIUTPBILI MTOPSIKA HECKOJb-
KMX TIPOLICHTOB 3a cueT cjiaraemoro [1 — (11/13)3]_1.

CorracHo pacuetaM, 3aMeHa KJIACCHYECKOM KOHC-
TPYKIIMH C TIOABIKHBIM 3JIEMEHTOM THIIA "TIOABYKHAS
0o0KJIaIKa Ha yIpyromM mnojapece” Ha KOHCTPYKLMIO C
MMOABVKHBIM 3JIEMEHTOM C IBYMSI YCTOMUMBBIMU CO-
CTOSTHUSIMU U "BHYTPEeHHUM ' 3aKpeIUIeHNEeM TOPCHOH-
HBIX MOABECOB (pUC. 7, CM. YETBEPTYIO CTOPOHY 00-
JIOXXKH) TIO3BOJISIET TIOIYIUTh 3HAYMTEIBHBIN (IISATH-
KpaTHBII) BEIUTPHIIT TT0 KPUTEPUIO ONITUMU3AIINH.

HUsrorosiaenne B4 MODMC-kinoua
HA OCHOBE ILICHKH KapOHMaa KpeMHHUs

Ontummzauus KoHcrpykuuun BY MOMC-xkmoua
BCeTIa UMeeT OIpene/ieHHbIe TEXHOJOTUYECKHe orpa-
HuyeHus. Tak, MUHMMaJlbHOE 3HAYEHUE 3a30pa MeX-
Iy YIIPaBJISIONIMMU 2JIEKTPOAAMU OTPaHUYEHO METO-
JIOM BBITPABIMBAHUSI XEPTBEHHOIO cjos. B Halem
cJyJae TIpY MCITOJIb30BaHUHU XUIKOCTHOTO TPaBJICHMS
TpeboBasics 3a30p Ooiee 2...2,5 MKM, Toraa Kak ra3o-
BOE TpaBJiIeHUE MO3BOJISIJIO CHU3UTD 3TOT MOpOT OoJiee
yeMm B 5 pa3. Ilpu pa3paboTke Kiiroya C KOHTAKTOM
"MeTa/uI—MeTalll" 3aMbIKAIOUIUN ITOJIOCOK CJeayeT
M3TOTaBIMBaTh M3 MaTepuaja ¢ BBICOKOM YAEeIbHOMU
MPOBOIUMOCTBIO, I €ro MOBEPXHOCTb JOJKHA OBITH
CTOIKOI K oKuciieHnto. Kpome Toro, mist MUHNMHI3a-
LIMM KOHTaKTHOT'O COMPOTUBJICHUS U, KaK CJIEACTBUE,
MWHUMU3AINM BHOCHMBIX TOTEPh BO BKIIIOUCHHOM
COCTOSIHUM CJIEyeT MCIOJb30BaTh MaTepuaa C HU3-
KoM TBeproctbio. Mcxoas u3 atux TpedoBaHUt MOKHO
CUYMTATh, YTO ONTUMAJIbHBIM MAaTepUaIOM JIJIs KOHTaK-
THOI 00JIACTU SIBJISIETCS 30JI0TO.

[dnsa peanmn3aliuy CIPOSKTUPOBAHHOM KOHCTPYK-
uu (puc. 7, CM. YETBEPTYIO CTOPOHY OOJIOKKM) C yue-
TOM U3JIOKEHHBIX TpeOboBaHUII ObLIa pa3paboTaHa
TexHoJiorus usrorosyienus: B4 MOMC-kitoua Ha oc-
HOBe IUIEHKU KapOuga KpeMHUs (pHUC. 8, CM. 4eTBep-
TYI0 CTOPOHY 00JI0XKHK). E€ OCHOBHBIMU OCOOEHHOC-
TSIMU SIBJISIIOTCS:

e M30JMpYIOLIAs MOMJOXKA C ABYCTOPOHHEH MOJIU-

POBKOW;

e UeTbipe ornepainuu GoToauTorpaduu;
e OIVH JIBYXYPOBHEBBIM XXEPTBEHHBIN CJION;
e TIOABIKHBIM 3JIEMEHT Ha OCHOBE CJIOS KapbOuia

KPEMHMUS;

e Ta30BOE TPaBJIICHNE XEPTBEHHOTO CJIO;
e KOHTakT "Au—Au";
e BaKyyMHasl repMeTHU3alysl.

B xome peanuszanuu pa3paboOTaHHON TEXHOJOTHUM
OBLIO YCTAHOBJIEHO, YTO MEXaHMYEeCKNE HAIPSKECHMS
B KapOuie KpeMHMST HEpaBHOMEPHO pacrpeeseHbl Mo
TOJIIIIMHE TUTEHKHW. B pe3ynbraTe IponCcXoanT HeXela-
TeJbHbIN U3rM06 KOHCTPYKUMU (puc. 9), YTO NPUBOAUT
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Puc. 9. Ilpakrnyeckas peammsanus BY MOMC-kimoya Ha OCHOBe
TUIEHKH KapOuaa KpeMHusi

Fig. 9. Practical realization of the RF MEMS switch based on the silicon
carbide film

K MOBBIIICHUIO YIIPABJISIOIIET0 HAIPSDKEHMS, CHILKE-
HUIO OBICTPONEMCTBUS W HAIEKHOCTH.

OnHUM 13 OCHOBHBIX MEXaHU3MOB (hOPMUPOBAHUS
MEXaHWYECKUX HaMpPSKEHUI MOXKET SIBISATHCS TLIa3-
MOCTUMYJIMPOBAaHHOE OKUCJICHUE DPACTYIIEH IUICHKMU.
DKCIePUMEHTBI TTOKa3aJIM, YTO M3MEHEeHUe aTMocdep-
Horo ¢)oHa B KamMepe MarHeTPOHHOM YCTaHOBKHU B
Mpoliecce pocTa MPUBOAMT K HEPaBHOMEPHOMY pac-
TpefeIeHUI0 MeXaHMIeCKMX HAIIPSDKEHU 10 TOJIIIIH -
He TwieHKu. [lpuM aHaiIM3e 3KCIEPUMEHTAIBHBIX pe-
3yJIBTATOB OBUTO YCTAHOBJIEHO, YTO KPUBHU3HA TTOBEPX-
HOCTH ITOJIBMXHOIO 3JIEMEHTa CHUXKAETCsI IIPH YMEHb-
IIEHUN Pa3HOCTH AABJICHUI OCTATOUYHOUN aTMOCheph
0 Havaja U II0CJIe OKOHYAHMSI OCAXKICHUS ILUICHKHU
KapOuaa KpeMHUSI.

AHaIM3 3JeKTPOMEXaHUYSCKUX IIapaMeTPOB 3KC-
MePUMEHTAJIbHBIX 00pa3IoB KiI04Ya C ITOIBYKHBIM
3JICMEHTOM, C JABYMSI YCTOMYMBBIMU COCTOSIHUSIMU U C
"BHYTpeHHUM" 3aKpeIUIEHNEM TOPCUOHHBIX TTOIBECOB
MOKa3bIBaeT IBYKPaTHOE IMPEHMYILIECTBO 110 KpUTE-
PUIO ONITUMM3AINHA (B CPAaBHEHHNU C TIOIBYKHBIM BJTe-
MEHTOM KJIaCCMUYECKOro Tuma). MiMeroliee MecTo He-
3HAYUTEIbHOE OTJIMYME SKCIEPMMEHTAIBHBIX U pac-
YETHBIX JAHHBIX MOXHO OOBSCHUTh HaJIMYUEM KpH-
BU3HBI IOBEPXHOCTU TTOABUKHOTO 3JIEMEHTA.

3akiouyeHune

IIpennoxeHHbIA 0000IIEHHBII KPUTEPUA ONITUMMU -
3anun KoHcTpykKumun BY MOMC-xmioua mo3BoOJIsIieT
peanu3oBaTh KOHCTPYKIIMIO C HauboJjiee BHIMTPBILLIHBIM
COOTHOLIEHUEM DBJIEKTPOMEXaHUUYECKUX IMapaMeTpoB
B paMKaX KOHKPETHOT'O TeXHOJIOTMYECKOro mpoliecca.




CorznacHo pacyeTaMm, TakKoi KOHCTPYKIIUEN SIBIISIET-
Cs TIOABVKHBINM 2JIEMEHT Ha OCHOBE TUIEHKM KapOuma
KpEMHUSI C ABYMSI YCTOMYUBBIMU COCTOSIHUSIMU U
"BHYTpEHHHM" 3aKpeTlJICHNEM TOPCHOHHBIX TTOABECOB.

Pazpaborana TexHojorus wusrotoBiaeHus BY
MOBMC-kio4eil ¢ HOABUXHBIM 3JIEMEHTOM Ha OCHO-
Be IUICHKM KapOuaa KpeMHUs. YCTaHOBJIEHO, YTO He-
JKeJlaTeJIbHbI M3rM0 KOHCTPYKIMM, BO3HUKAIOUIMIA
M3-3a2 HEPaBHOMEPHO paclpeaeeHHbIX MeXaHuYec-
KUX HaMpsKeHWI 10 TOJIIMHE TICHKH TTOABIKHOTO
3JIEMEHTa, MOXHO CHU3UTH IyTeM YMEHBIIEHMS pa3-
HOCTU JaBJEHUI OCTAaTOYHOU aTMochephl A0 U MOCIe
OCaxIeHusl.

ITpakTrueckast peanu3anysi KOHCTPYKLMU KJTto4a ¢
MMOABIKHBIM 3JIEMEHTOM C IBYMS YCTOMUMBBIMU CO-
CTOSITHUSIMU U C "BHYTPEHHUM" 3aKpeIuieHUueM TOpPCH-
OHHBIX IOBECOB IMO3BOJIMJIA SKCIIEPUMEHTAIBHO TO-
KaszaTb €€ MPEeUMYILEeCTBO B CpPaBHEHUM C TUTIOBBIM Ba-
PUAHTOM KJIaCCMYECKOW KOHCTPYKLIMU.
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A universal criterion for optimization of the electromechanical parameters of RF MEMS switch was developed, allowing us to
realize a design of a movable element with the optimal correlation of the electrotechnical parameters for a set technological process.
The given criterion was used to design a switch with a movable element on the basis of the silicon carbide film with two stable states
and "inside” fixation of the torsion suspensions. An original technology was developed for manufacturing of RF MEMS switch based
on the silicon carbide film. The influence of the composition of the atmospheric background in the process of growth of the silicon
carbide film by the method of magnetron deposition on bending of the movable element was analyzed.
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Introduction

Switches are classical MEMS devices for RF appli-
cations. In these devices a mechanical movement is
used for closing or opening of a RF transmission line
(for a set band of frequencies). In other words, total in-
put resistance of a RF transmission line is controlled by
the mechanical movements of a movable element of a
MEMS switch. The first MEMS switches were made on
silicon and polysilicon, and were used in low-frequency
applications [1, 2]. But silicon and polysilicon as the
contact materials are inapplicable for RF circuits with
a low level of losses, because of their rather high specific
resistance. This gave an impetus to development of
MEMS devices on the basis of metals with a high spe-
cific conductivity: aluminum, gold, copper, nickel and
platinum [3—3].

MEMS switches are good for the use in RF systems
with a low level of losses, which do not demand a high
speed of switching [6], because of their following ad-
vantages:

e low energy consumption;

e low insertion loss in the turned-on mode;
e good insulation in the turned-off mode;

e high switching power;

e linearity (low intermodulation distortions).

Among the drawbacks of the switches are the fol-
lowing:

e low speed of switching (15...200 ps);
e high voltage of switching (20...100 V);
o reliability (< 10° cycles of switching) [7].

A number of research works were done to reduce the
voltage and time of switching [8, 9]. A criterion is nec-
essary for development of the optimal design, which
would allow us to define the best correlation of the elec-
tromechanical parameters.

Thus, the aims of the work were: analysis of a design
of the RF MEMS switch, elaboration of a generalized
criterion for optimization and technological realization
of a microdevice on the basis of silicon carbide, taking
into account the extreme modes of its operation.

Criterion for optimization of the classical design

One of the typical versions of the design of a contact
MEMS switch is the structure (fig. 1), which consists of
a movable element of a thin plate fixed on one end and
freely hanging over a metal transmission line at the dis-
tance of 1 um. Between the transmission line and the
fixed end of the console there is a metal electrode,
which plays the role of the mechanism pulling it down-
wards.

The design employs an actuator of an electrostatic
type, characterized by a brief switching time, compared
with its analogs, and a zero energy consumption. The
control voltage forces the plate to move downwards and
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close the transmission line. Among the advantages of
the given design it is possible to mention a high switch-
ing power and a wide range of the working frequencies.

The turn-on voltage is estimated by the dependence
of bending of the movable elastic plate on the submitted
control voltage (fig. 2). The given dependence is de-
fined from the static balance of force of the elastic sus-
pension and the electrostatic attractive force of the
plates:

£y SU”
2 b

k(yo—y) =
2y

where k — coefficient of rigidity of the movable ele-
ment; y, — initial gap between the control electrodes;
y — current coordinate of the movable plate; g, — elec-
tric constant; S — area of the movable plate.

An analysis of the nonlinear dependence (fig. 2) al-
lows us to define the critical turn-on voltage U, char-
acterized by irreversible falling of the movable plate on
the substrate (Pull-In mode). The critical value of the
residual gap is defined by correlation y, = 2/3y,, while
the critical turn-on voltage U, can be presented as the

following:
3
[ 8kyy
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From the formula (1) it is visible, that for a reduc-
tion of the control voltage it is necessary to ensure the
minimal initial gap y, between the control electrodes,
the maximal area of the movable plate S and the min-
imal coefficient of stiffness of the movable element &
(the last parameter is defined by the type of the design
and the selected material). In a general case the coef-
ficient of stiffness is in direct proportion to the modulus
of elasticity of the material.

The turn-on time can be estimated from the follow-
ing correlation [10]:

(o= L U
i 2f6 UBKH’

where f; — resonant frequency of fluctuations of the
movable plate; U, — employed working control volt-
age, which usually 1.2...1.5 times exceeds U,. The time
of turn-off (disconnection), as a rule, is more than the
turn-on time and is defined by a part of the period of
the free fluctuations of the movable plate [10]:




Thus, at Uy, = U, the switching time is character-
ized by the following expression:

tnepem = Ik

The resonant frequency of the movable element f;
is defined by the relation of the rigidity of a design to
its weight:

_ 1 k
) 2 NpSh’ (2)
where p — density of the material of the movable ele-
ment; 4 — thickness of the movable element.
Analyzing the expressions (1) and (2), it is possible
to draw a conclusion that during designing of RF
MEMS switch a contradiction appears: on the one
hand, for a smaller control voltage the stiffness coeffi-
cient of the movable element should be lowered, on the
another hand — a decrease of rigidity lowers the reso-
nant frequency and, as a consequence, the switching
time increases. Thus, it is necessary to introduce a gen-
eralized criterion for optimization excluding the rigidity
of a design. Such a criterion is the relation of the res-
onant frequency of the movable element to the critical
turn-on voltage. Hereinafter, for convenience of the
analysis, we will consider a square of the given relation.
For a classical design (see fig. 1) the criterion for op-
timization acquires the following form:

2
oo, 3)
U, Yoph

where C, — parameter characterizing the type of the
movable element.

According to calculations, parameter C, for a clas-
sical design is equal to the constant of 27/32n2. Hence,
in order to maximize the criterion (3), it is necessary to
reduce the gap and the thickness of the movable cle-
ment or select a material with a smaller density.

The thickness of a film influences the rigidity of the
suspension, vibration resistance and durability of a de-
sign. The rigidity of the suspension is proportional to
the cube of the thickness of a design, therefore, in case
of an excessive reduction of the thickness it is possible
to appear beyond the limits of the demanded range of
the time of switching. Moreover, in case of a small ri-
gidity of the design the probability of a spontaneous
closing of the switch increases during switching of a
powerful RF signal. The rigidity of the design with a
small thickness can be increased, using a material with
a high value of the module of elasticity.

The size of the air gap y, between the control elec-
trodes influences most strongly the criterion of optimi-
zation (3), the lowest value of it is defined, first of all,

by the desirable value of isolation in the switched-off
mode, and also by the technological restrictions con-
nected with etching of the sacrificial layer from under
the movable mechanical element. The recommended
range of the values of thickness of the movable element
and the sacrificial layer is 1...2 um.

Among the materials with a low density and high
value of the module of elasticity it is possible to single
out the silicon carbide (fig. 3), which has the following
advantages:

¢ high module of elasticity and, as a consequence,
heightened rigidity of the design;

o low density (compared with metals), which ensures
a high resonant frequency of the design and, as a
consequence, high operation speed;

e high heat conductivity and Debye temperature,
which make it possible to expand considerably the
range of the working temperatures.

However, if we manufacture the devices within the
framework of the set technology, the size of the gap,
thickness of the movable element and density remain
fixed. And if in this case we use different designs of the
element of the classical type similar to the movable
plate on the elastic suspension (see fig. 1), in which only
rigidity varies, then a change in the topology of the de-
sign wll not lead to improvement of the criterion for op-
timization.

Criterion for optimization of the design
with two stable states

There are versions of the designs, different from the
classical one. The design on the basis of the torsion sus-
pensions with two steady states is of special interest [11]
(fig. 4). In the given design the movable element rotates
around the axis, which passes through the central point
of fastening, and there are two steady positions, there-
fore, the RF MEMS switch can switch two transmis-
sion lines.

The first "cold" turn-on will be characterized by a
critical turn-on voltage during achievement by the ro-
tating element of the turn angle of a critical value o
(fig. 5). When voltage U, is removed, the design switch-
es into the second position, passing through the posi-
tion of equilibrium due to its own inertia, at that, it is
enough to supply the holding voltage Uyﬂ to the second
pair of plates. During switching from the second posi-
tion to the first one it is also enough to remove the con-
trol voltage from the second pair of plates and to submit
voltage Uyﬂ to the first pair of plates. Thus, the transi-
tion of the switch from the first position into the second
one (and vice-versa) will be determined by the holding
voltage U instead of the critical turn-on voltage U,.
At that, the corresponding maximal turn angle will be
determined by expression o ., = Yo/h-
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The expression for calculation of the holding voltage
acquires the following form:
-1
a0
/
U, = +1n 3

S CHERCCE
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13 13 13
where k, — coefficient of stiffness for torsion; B —
width of the movable element; /; — distance between
the axis of rotation and the nearest border of the control
electrode; /, — distance between the axis of rotation
and the distant border of the control electrode; /3 —

length of the movable element.

The resonant frequency will be determined by the

relation of the rigidity of the design to the moment of
inertia in relation to the rotation axis:

3
2kay0 1 1

, (4)
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Taking into account the formulas (4) and (5), we
will receive expression for the criterion of optimization
of the RF MEMS switch with a movable element on the
basis of the torsions:

f g
=G (6)

where C, — parameter characterizing the type of the
movable element (see fig. 4).

Expression (6) is identical to expression (3) with the
accuracy up to the coefficient. However, in case of a
bistable design of the movable element on the basis of
the torsion suspensions C, is already not a constant
(unlike C,), but depends on the geometry and the di-
mensions of the design (fig. 6):

C, = 3 L 1 i

i EC R
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I3 I3 I3

In order to increase the coefficient C it is necessary
to increase /, and to reduce /;, i.e. to maximize the
length of the control electrode. It is also possible to re-
duce /5, but the minimal value will be limited by /, and
the length of the closing contact. Besides, the minimal
relation of the dimensions is limited by the technolog-
ical possibilities of the lithography.

By varying the dimensions of the considered design
we can gain on the optimization criterion (the area
above the dashed line in fig. 6) in comparison with the
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considered typical classical design (see fig. 1). This gain
is reached at the expense of replacement of the critical
turn-on voltage U, with the voltage of holding Uyﬂ in
the criterion of optimization. It is possible to say, what
even within the framework of one technology the use of
a movable element with two steady states on the basis
of the torsion suspensions is more preferable.

Use of SiC film as the material for the movable el-
ement imposes additional restrictions on the design. As
is known, the composition of "the silicon carbide on an
insulator” has a negative (compressing) mechanical
stresses during its formation by the method of the mag-
netron deposition [12]. For compensation of the neg-
ative stresses in the bistable design (see fig. 4) a design-
technological solution was developed with an "internal"
fastening of the torsion suspensions (fig. 7, see the 4-th
side of cover).

The criterion for optimization of the design looks
like this:

/i € 1
= G S

Thus, a shift of the area of fastening toward the in-
terior of the movable element allows us to get an
additional gain of several percent due to the summand
[1— (/BT

According to calculations, replacement of a classical
design including a movable element of "a movable plate
on an elastic suspension” type with the design involving
a movable element and two steady states and "internal”
fastening of the torsion suspensions (fig. 7) allows us to
get a considerable (fivefold) gain on the criterion of op-
timization.

Manufacturing of RF MEMS switch on the basis
of a silicon carbide film

Optimization of the design of the RF MEMS switch
always has certain technological restrictions. Thus, the
minimal value of the gap between the control electrodes
is limited by the method of etching of the sacrificial lay-
er. In our case involving the use of a liquid etching a gap
of more than 2...2.5 um was required, whereas the gas
etching made it possible to lower the threshold more
than 5 times. In case of development of a switch with
a "metal-metal" contact the closing band should be
made of a material with a high specific conductivity,
and its surface should be resistant to oxidation. Besides,
for minimization of the contact resistance and, as a
consequence, of the losses introduced in the turn-on
mode, it is necessary to use a material with a low hard-
ness. Proceeding from these requirements, it is possible
to consider, that the optimal material for the contact
area is gold.




For realization of the developed design (fig. 7, see
the 4-th side of cover) with account of the above re-
quirements, the manufacturing technology of the RF
MEMS switch was developed on the basis of the silicon
carbide film (fig. 8, see the 4-th side of cover). Its basic
features are:

e insulating substrate with a bilateral polishing;
e 4 operations of photolithography;
e one two-level sacrificial layer;

e« movable element on the basis of a layer of silicon
carbide;

e gas etching of the sacrificial layer;
e "Au—Au" contact;
e vacuum hermetic sealing.

During realization of the developed technology it
was discovered, that the mechanical stresses in the sil-
icon carbide were distributed non-uniformly within the
thickness of the film. As a result there was an undesir-
able bend of the design (fig. 9), which led to an increase
of the control voltage, and decrease of the speed and re-
liability.

One of the basic mechanisms for formation of the
mechanical stresses can be plasma-stimulated oxidation
of a growing film. Experiments demonstrated that a
variation of the atmospheric background in the cham-
ber of a magnetron installation in the course of growth
led to a non-uniform distribution of the mechanical
stresses within the thickness of a film. An analysis of the
experimental results revealed that the curvature of the
surface of the movable element decreased simultane-
ously with the reduction of the pressure difference of
the residual atmosphere before the beginning and after
the termination of deposition of a silicon carbide film.

Analysis of the electrochemical parameters of the
experimental samples of the switch with a movable el-
ement, two stable states and "internal" fastening of the
torsion suspension shows a twofold advantage on the
optimization criterion (compared with the movable el-
ement of the classical type).

The insignificant difference between the experi-
mental and the calculated data can be explained by the
presence of a curvature of the surface of the movable
element.

Conclusion

The proposed generalized criterion for optimization
of the design of the RF MEMS switch allows us to re-
alize a design with the most advantageous correlation of
the electromechanical parameters within the frame-
work of a concrete technological process. According to
calculations, such a design is the movable element on
the basis of a silicon carbide film with two steady states
and "internal" fastening torsion suspensions.

A technology for manufacturing of the RF MEMS
switches with a movable element on the basis of a sil-
icon carbide film was developed. It was discovered, that
the undesirable bend of the design caused by a non-uni-
formly distributed mechanical stresses within the thick-
ness of the film of the movable element, can be lowered
due to reduction of the pressure difference of the re-
sidual atmosphere before and after deposition.

A practical realization of the design of the switch
with a movable element with two steady states and "in-
ternal” fastening torsion suspensions made it possible to
demonstrate experimentally its advantage in compari-
son with the typical version of a classical design.
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NMPUMEHEHME WWNMHbI AMATHOCTUKU B 3AAAYHE CAMOPEMOHTA
BAOKOB CTATUMECKOM ONMEPATUBHOM NAMSATU
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Paccmampueaemcs apxumekmypa ycmpoucme 6CMpoeHH020 CaMOPeMOHMAa NAMAMU ¢ UCHOAb308aHUeM OUASHOCMUYECKOLl UH-
gopmayuu. Iloxazano npeumyuecmeo no 6pemery 8biNOAHeHUsA ONEPayUY CamopPeMOHmMa NPU UCHONb308AHULU WUHbI OUACHOCIUKY
emecmo pnaza cmamyca. Ilpednoxcena pearuzayus anatu3amopa pemMoHma 01z pe3epenvix cmoabyos, 6asupyrowancsa Ha u3eecn -
Hol apxumekmype 045 pe3epeHulx cmpok. Ilpednocer Ho8bL N00X00 K aHAAU3y OUACHOCMUYECKOU UHGOPpMAUUU, YHUMbIEAIOUUL
8EPOSAMHOCMb HAAUMUSA COUMOL, HO He OMmKA3asuieli A4elKy namsamu.

Karouesnie caosa: cmamuueckoe onepamueHoe 3anomunaroujee ycmpoicmeo (CO3Y), pesepsuposarue, pezepéHvie cmoadubt,
yempoticmeo ecmpoeHo2o camopemonma namsamu (YBCP), camopemonm, camomecmuposanue, 0mKazoycmou4ueocms, Cucmema

Ha kpucmanne (CrK)

BBenenune

IMTpumenenne cy6-100 HM TEXHOJIOTMUECKUX IIPO-
116CCOB CTAHOBUTCSI HEOTHEMJIEMOI YaCThIO TTPOU3BOI-
CTBa MUKPOCXEM JISI UBTOTOBJIEHUSI COBPEMEHHBIX BbI-
COKOIIPOM3BOAUTENbHBIX cucTteM [1]. B cBs3u ¢ aTUM
HEYKJIOHHO pacTeT CTeleHb MHTEerpaly 1 TUIOTHOCTD
pa3MelleHUsT 2JIEMeHTOB Ha kpucrasuie. [1o oneHKkam
aKcrepToB rpymnnbl Semico Research Corp aneMeHThI
CTaTUYECKMX ONEPATHBHBIX 3aIIOMUHAIOIINX YCTPONUCTB
(CO3Y) B Onuxaiiiiem OymylieMm OyayT 3aHUMATh 10
75 % 1ulolamd COBPEMEHHBIX CUCTEM Ha KpUCTaJUIe
(CHK) [2]. Ha mpakTuke 3TO 3Hau€HUE MOXET Baphb-
upoBaThes oT 50 10 90 % 1utomanu MUKpocxeMbl. I1o-
aToMy BbIxo[ rogHbix (BI'/1) 1 nosiBasionyecs: B rpo-
1ecce IKCIUTyaTauuu nedekTbl — 3TO B MEPBYIO Ove-
peab cOOU U OTKa3bl 3JIEMEHTOB MaMATH. BbixogoM u3
9TOM CUTyallMU SIBJISIETCS] HAJIMYKE B COCTaBe OJIOKOB
CTaTUYECKOT0 OINEpPaTUBHOIO 3allOMUHAIOIIEIO YCT-
poiictBa (CO3Y) pe3epBHBIX 3JIEMEHTOB.

HMnes o6 uMcnonb30BaHUU PE3EPBHBIX DJIEMEHTOB
Obla BbICKa3aHa B KoHile 1960-x rr. [3], a peanuso-
BaHa B 1970-x rr. [4]. PesepBupoBaHue 2J1IeMEHTOB Ma-
MSITU MOXHO pa30MTh Ha 1B OCHOBHBIX TMIIA: OIHO-
MepHoe (1-D) u aByxmepHoe (2-D). Ilom omHoMmep-
HbIM TUIIOM MOHMMAIOT PEe3epPBUPOBAHKE CTPOKAMU
WM CcTOJNOLIAMU, a MO ABYXMEPHBIM TUIIOM — CTPO-
KaMu M cToJiouamu [5].

ApXuTeKTypaM YyCTPONCTB BCTPOEHHOI'O caMope-
MoHTa namaTtu (YBCP) ¢ aByxMepHbIM pe3epBUpOBa-
HHEM TIOCBSILIEHO MHOXECTBO paboT, Hauboyee U3-
BECTHOI M3 KOTOPBIX SIBJISIETCSI CTAaThsl, OMMCHIBAOIIAS
anroputM CRESTA [6]. PasButueM sToro momxona
SBJISIETCS METOMOJIOTHSI, onucaHHas B padote [7]. On-
HaKO HepeaKko pa3paboTyMKaM MPUXOAUTCS CTaTKU-
BaTbCsl C OJIOKAMU MaMSITU, UCIOJIb3YIOIIMMU OJHO-
MepHoe pe3epBupoBaHue [8]. B To BpeMs Kak cy-
LLIECTBYIOT OMUCAHHBIE CITOCOOBI TPUMEHEHUS PE3ePB-
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HBIX CTPOK M aHaJIu3a PEeMOHTONPUTOAHOCTU OJOKOB
X WCIIOJb3yIomux [9], mpobiema peann3aly yCT-
pOICTB, 00ecneuynBaloMX paboTy TOJBKO C PE3epB-
HBIMM CTOJIOIIAMHU, OIMCaHa HeJOCTaTOYHO.

B nanHO#T paboTe NPUBOAMTCS CpPaBHUTEILHBIN
aHaJIN3 BpEMEHW, 3aTpauyrMBaeMOro IIPW aHAJIM3e pe-
MOHTOIPUTOIHOCTU MaMSITU C Pe3ePBHBIMM CTOJIOIA-
MM C UCTIOJIb30BAaHNEM IITMHBI TUATHOCTUKYI 1 0e3 Hee.
IIpennaraercs peanusanusl aHaau3aTopa peMOHTa IS
pEe3ePBHBIX CTOJIOLIOB IO MPUMEPY M3BECTHOTO YCT-
poricTBa 111 pe3epBHBIX CTpPoK. Takke mpemioxeH
HOBBIH ITOIXOM TECTUPOBAHUS MTAMSITA TIPU TIPUHITUN
pelIeHUsT O €€ PEMOHTOIIPUTOIHOCTH, YUUTHIBAIOIIUIA
HaJIMYWe COUTBIX, HO HE OTKA3aBIIMX sYeeK MaMsITH,
HazBaHHBII CB-OT YBCP (Co6o0ii-Otkaz YBCP).

IIpeuMymecTBO MMHBI AUATHOCTHKH
Han ¢uarom craryca tecra

Eciu ycTpoiicTBO BCTPOEHHOrO CaMOTeCTUPOBa-
Hus namaTtu (YBCT) He uMmeeT BbIXOIa, OTpaxKkarole-
ro MOBPEXIEHHBI OUT XpaHUMOTO MH(OPMALIMOH-
HOTO CJIOBA, T. €. IIIMHY IUaTHOCTUKH, TO O pe3yjIbTaTe
TecTa MOXHO cyauTh Juib no ¢iaary OK/FAIL, or-
paxarlieMy cTaTyc MpoiaeHHOoro Tecta. B aToM ciy-
yae YBCP npu oTpuniaTeIbHOM MCXOAE TecTa Ha OC-
HOBHBIX BJIEMEHTaX TPUIETCS TOACTABIATh Pe3epB-
HBII 3JIEMEHT TepeOopOM M OXMIATh IOJOXHUTEIIb-
HOro ucxoja. DTOT CIOCO0 mpeajaraeTcsl aBTOpamu
pabdotel [10]. YcnoBHO 3TOT BapmaHT 00O3HAYaeTCs
Cnocob6 1. B pa6ote [11] otucano YBCP, paboraroliee
¢ GJIOKOM TMaMsITU, UMEIOIIMM 110 OTHOMY Pe3€PBHOMY
BJIEMEHTY JJIs1 cTapllieil U Maaalieil yacteit nHdopma-
LIMOHHOTO CJIOBa, XpaHSILEerocss B MacCUBe. YCJIOBHO
5TOT BapuaHT obo3HavaeTcst Cnocob 2.

Ecnu YBCT umeeT mIMHY AMarHOCTUKU B KAUeCTBE
BBIXOJla, Pa3MEPHOCTb KOTOPOM paBHA pa3MEepPHOCTU
XpaHUMOTO MH(MOPMAIIMOHHOTO CJIOBA, TO JUIS Olepa-
LIMM CaMOPEMOHTA MOHAN00STCSI MAaKCUMYM JIBE OIle-




paluy TECTUPOBAHMS: TIepBasi — ISl BBISBICHUS TTOB-
pPEXIEHHBbIX 2JIEMEHTOB U BbIHECEHUsI 3aKJIIOUYEHUS O
PEMOHTOIIPUTOTHOCTH OJIOKA MaMSITH, a BTOpasi, B CITy-
yae ec/y OJI0K MPpU3HAH MPUTOAHBIM ISl pEMOHTA, —
JIJIS TIPOBEPKU KOPPEKTHOM padOThl MaMsITU C pe3epB-
HBIMU 3JIEMEHTAMU. YCJIOBHO 3TOT BapMaHT OOO3Ha-
yaetcst Cnoco6 3.

JI1st oLleHKY BpeMeHU, HeOOXOAMMOTO IUISI IIPOBe-
JIEeHUs onepalid CaMOPEMOHTa, PACCMOTPUM XYILUIMI
cllyyail pacroyIoXeHHUsI TTOBPEXIEHHBIX sSUyeeK, KOTO-
pblii 0OHapyXXUBaeTCs IIPU MOCAeAHEN ITepedrupaeMoit
koMOuHauuu. ITpu ucnonszoBanuu Cnocoba I v Ha-
JIMYUM JBYX PE3EPBHBIX CTOJIOIIOB YMCJIO MaKCUMaJlb-
HO BO3MOXHBIX ONepaluii caMOTeCTUPOBaHUS OyaeT
BBIYUCIISITBCS 110 (hOpMyIIe

N(N+1) 1

: : (M

a Tpu ucrojib3oBaHuu Crnocoba 2 o ¢opmyie

(g)z +1, )

rae N — pa3aMepHOCTb MH(MOPMAIIMOHHOTO CJIOBA.

st 06omx crmoco0oB IpHOaBIeHNE €AMHULIBI 03-
HayaeT MepBylO ONepaluio caMOTeCTUPOBAHUS Ha OC-
HOBHBIX 3JIEMEHTAaX.

B Ta6s. 1 npuBeneHbl [aHHbBIE O MAKCMMAaJIbHO BO3-
MOXHBIX KOJIMYECTBAX Ollepaluii CaMOTECTUPOBAHUS
TpeX CIIOCOOO0B TIPU MCITOIB30BAHUM JIBYX PE3epPBHBIX
3JIEMEHTOB.

M3 maAHBIX Taba. 1 MOXHO cHelaTh BBIBOH, YTO
OTCYTCTBME IIHWHBI AUATHOCTUKHU YBEJIWYMBAET BpeMs
MpoBeaeHUs1 onepaluuu camopemoHTa B 14...1009 pas
npu ucrojb3oBanuu Cnocoba 1 B 8...513 pa3 nipu uc-
nojbs3oBaHuu Cnocoba 2.

YBCP c ucnojp30BaHHEeM IIMHBI JHATHOCTHKH

Kak Obuto otMedeHo Bhoille, noctpoeHnio YBCP
JIJISI OMHOMEPHOIO CII0C00a pe3epBUPOBAHUS B TEX-
HUYECKOI JUTepaTtype yIAeIeHO Ha IMOPSIAOK MEHbIIe
BHUMaHUS, 4eM IJIs AByxMmepHoro. bojiee Toro, mom-
POOHO apXMTEKTypa MOCTPOCHUSI aHAIM3ATOPOB JJIsI

Tabauua 1
Table 1
MakcumMasbHO BO3MOXKHOE YHCJIO ONepanyii CaMOTeCTHPOBAHMS
IS TPEX CMOCO0O0B MPH MCHOJb30BAHUM JBYX PE3ePBHbIX JJIEMEHTOB
Maximal possible quantities of the self-testing operations
for the three methods employing two redundant elements

N Croco6 1 Crocob 2 Crmocob 3
Method 1 Method 2 Method 3
8 29 17 2
16 121 65 2
32 497 257 2
64 2017 1025 2

Tabnuua 2
Table 2
DJjIeMEHTbI, UCMOJIb3yeMbl€e /ISl PeaM3alMH AHAJIN3ATOPA PEMOHTA
namsATH, ucnojb3ywmeii 1-D pesepBupoBanue cToJ0HaAMK
Elements used for realization of the memory repair analyzer,
using 1-D redundancy by columns

KonnuectBo, | PasmepHocTs (st
DneMeHT T perucTpoB), 6ut
Elements Number, Dimension (for the
pieces registers), bit
AU (IIAr — ATID) 1
DC (DB — ADE)
2-Bx-XOR ([logyN] + 1)*p
2-input-XOR
([logyN] + 1)-Bx-OR )/
({log,N] + 1)-input-OR
p-Bx-OR 1
p-input-OR
CIID 1 [logyN] + 1
CDE
AL (CIID — P3 AIID) 1
DC (CDE — RR ADE)
AIID D [logoN] + 1
ADE
n-Bx-MUX(p B 1) 1
n- input-MUX(p in 1)
AL (AI1D — KP3) 1
D (ADE — RER)
n-ex-DMUX(1 B p) 1
n- input-DMUX(1 in p)
A KPS V4 [logyN] + 2
ARER

pe3epBHBIX CTOJIOLIOB TMPaKTUUYECKM HE OIrucaHa, 3a
WCKJIIOUEHUEM CXeM HaKoIUleHus WHopMaluu o0
olmmbKax U crnocobax 00xoa MOBPEKIEHHBIX sYeeK
namsatu [12].

B xauectBe ocHOBHI mist noctpoeHust YBCP ¢ pe-
3epBHBIMU CTOJIOIIAMU BbIOPAHO YCTPOMCTBO, MpenHa-
3HAYEHHOE IIJISI CAMOPEMOHTA TIaMSITU C Pe3epBHBIMU
crpokamu [13].

OCHOBHBIMU CTPYKTYpHbIMU YacTssMU Y BCP sBisi-
10TCS:

o yhpasnisiouiee ycrpoiictso (YY), pearu3oBaHHOE B

BUIe KOHeuyHOoro aproMarta (KA);

e YBCT c BbIXOAHON LIMHON AMArHOCTUKM;
e aHAJIM3ATOp PEMOHTA.

B marenTte [13] Takxke MpUBOAWTCS CIMCOK YCT-

pPOMCTB, M3 KOTOPHIX COCTOUT aHAIM3AaTOp PEMOHTA:
e CYETYMK TMOBpEXIeHHBIX 3jieMeHTOB (CIID);
e PETUCTPBI, XpAHSIIHNE ampeca MOBPEXKIEHHBIX 3JIe-

MeHTOB (AIID);

e PETUCTPBI AaKTUBALIMM PE3EPBHBIX 3JIEMEHTOB

(A, KPD).

OnHako MOIpOOHO apXUTEKTypa aHajiuzaTopa aB-
TOopoM He paccmoTpeHa. [ToaToMy B Tab. 2 nmpuBeaeH
CMUCOK COCTaBHBIX YaCTeil, UCITOIb3YEMbIX ISl peayiu-
3alMM aHaJau3aTopa PEeMOHTA MaMSITH, TPUMEHSIO-
et 1-D pesepBupoBaHue croadbuamu. st peruct-
pPOB JOMOJTHUTEILHO OYyAeT yKa3aHa pa3MepHOCTb,
HWCXOJSl U3 TOTO, YTO 1 — Pa3MepPHOCTb MHMOpMaLIU-
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OHHOT'O CJIOBA, XPaHSIIIETOCs B MAMSITH, a p — YHCIIO
pE3€pBHBIX CTOJNOIOB. AOOPEBUATYPHI, UCIIOJIb3yEMbIE
B Tabm. 2:

1MHa nuarHoctuku — HIJIr;

pa3peuieHue 3anucu — P3;

npewgparop — JIII.

Ha pucyHke mpuBeaeHa cxeMa aHajauM3aTopa pe-
MOHTA HaMsITH, UCIOob3yIolleil 1-D pesepBupoBaHue
CTOJIOLIaMU.

IIpencraBneH aHanIM3aToOp PEeMOHTA ST TTAMSTH,
KOTOpasi UMeeT JIBa pe3epBHbIX cToaoua. Peanuszanus
JIJIsI MUHOTO 4HKcjia pe3epBHBIX CTOJOLIOB JOCTUTAETCS
BBEACHUEM JOIOJHUTEIbHBIX 2JIEMEHTOB, UMEIOIINX
WHIEKC Ha cxeme. [lajiee KpaTKO M3JIOXKEH MPUHLIUIT
paboTHl aHaIM3aTopa.

B xone tectuposanust namsitu Ha L /Ir MmoryT mo-
SIBJISIThCS (p1aru ommoOok, aeTekTupoBaHHBIX YBCT.
C nomoubio pemudpparopa (IIAr — AIID) reHepu-
pyeTcs aipec OBPEXIEHHOTO 3jieMeHTa (cTo1011a). 3a-
TeM creHepupoBaHHbI AIlID momamaer Ha p OJIOKOB,
KaXIblii U3 KOTOPBIX comepkut ([logy,N] + 1)-2-Bxo-
noBbIX 371eMeHTOB XOR. Ha pucyHke B LiesIX KOM-
MaKTHOTO OTOOpaxKeHusl ISl KaXKI0i TpyIbl 0003Ha-
yeH oauH syemMeHT XOR. Eciau creHepupoBaHHBIM
ATIID euie He ObLT 3alKMcaH B PETMCTPhI aHAIU3ATOPA,
TO XOTS Obl oguH pe3yiabTaT omepauuu XOR Oymer
cojepxXaTrh JOrMyeckyo eauHuily. Iloatomy xoTs Obl
oauH u3 ([log, N] + 1)-Bxonosbix s1emenToB OR Oyner
Ha BbIXOJI€ UMETb JIOTUYECKYIO €AMHUILY U 3TO TMOCTY-
XUT curHajioM paspelneHus 3anucu CITD (P3 CIID)
u CIID unkpemeHTupyercs. Jlajgee, B COOTBETCTBUU

co 3HaueHueMm CIID, OyaeT creHepupoBaH curHaia P3
AIID B onuH u3 AIlD.

3atem B cooTBeTcTBUMU ¢ CIID MyJnbTUILIEKCOPOM
OyneT BbIOpaH HOBBI AIID mis reHepaluu HOBOM
KOH(UTypaluu pe3epBHbBIX 3JIEMEHTOB, KOTOpasi OyaeT
3amucaHa B cooTseTcTBYIOIMi A KPD.

YBCP, yuntpiBaiomee BepOsITHOCTh HAJWIUSA COMTOIA,
HO He oTKa3zasmieil sueiiku mamarn — Cb-OT YBCP

HecMmoTpst Ha Gosibllioe yKciIo MyOavKaluid, moc-
BSIIIEHHBIX TTpO0JIeMe CaMOPEMOHTA TaMsITH, He pac-
CMOTPEHHOI ocTaeTcsl mpobyieMa OOHapyKeHUs cOu-
TOW, HO HE OTKAa3aBIlEl JYEUKU MaMITU B XOIE OIle-
palyyd TEeCTUPOBAHUS IJI NaJbHEUILIEH OIlepaluu
peMOHTA.

CylecTBYIOT paboThl, TTOCBSILIEHHBIE CXOXEH Mpo-
OJieMe BOBHMKHOBEHMSI OTKA3aBIIMX WJIM COUTBIX sTye-
€K MaMsTH, OHAKO peuyb B HUX UAET O MOMEHTE aK-
TUBHOU paboOTHI, KOTAa OCYLIECTBUTh 3aMEHY HEBO3-
MOXHO. B 3THX ciydyasix Ha MOMOILb MPUXOIST yCT-
poiicTBa Ha 0a3ze KOJOB OOHAPY:KEHMSI U KOPPEKIUU
oun6ok (ECC). DdbdekT oT COBMECTHOTO UCIOJIb30-
BaHUs pe3epBHBIX 371eMeHTOB 1 ECC Ha3zBaH cuHep-
retudyeckuM [14]. OnHUM M3 cITOCOOOB COBMECTHOTO
KCIIOJIb30BaHMsI pe3epBHBIX 3j1eMeHTOB 1 ECC saBisi-
eTcs Kiaccudukalusi 0OHapy>KeHHbIX B XOJIe TECTUPO-
BaHWS OIMMOOK HAa KOPPEKTUPYIOIIHMECS C ITOMOIIBIO
ECC u HekoppekTupytoiuecs [15].

M3BecTHbIE aIrOPUTMBbI TTPOBEEHMS OTlepalliu ca-
MOPEMOHTAa OCHOBBLIBAIOT CBOE pPEIlIEHWE O HaJuIuu
OTKa3aBllleil ssYeliKu MaMsITU TOJIbKO 1O pe3yjbTaTaM

OIHOTO TecTupoBaHusA. OTHAKO, ec-
JIM OLIMOKY BbI3Baja siueiika Ha ca-
I MOM JieJie He OTKa3aBIllas, TO BOC-

CxeMa aHA/IM3aTOPa PEMOHTA MaMATH, HcnoJb3yomeid 1-D pe3epBupoBanune cTodnamMu
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PE3CPBHBIMU JJICMCHTAMMU. Yucno
TCCTMpOBaHI/Iﬁ nmaMAaTHh B 3aBUCHU-
MOCTH OT UCXOO0B MOXKET BaApbMUPO-
BaTbCd OT ABYX 10 YCTHIPCX.




IlepBoe TecTupoBaHMWE ITPOBOAUTCS IJIST OCHOBHBIX
aneMeHToB. Eciu Tect mpoiieH ycneumHo, To naMsTh
Oynet cKoH(puUrypupoBaHa JJji1 paOOThl C pe3epBHBIMU
ajieMeHTamMu. Eciu TecT 3aBepluuiicsi ¢ OLIMOKOM, TO
MaMSTh C YMCJIOM TIOBPEXIEHHBIX 2JIEMEHTOB, KOTO-
poe He MPEeBbIIAET YMCJIa pe3ePBHBIX 2JIEMEHTOB, OY-
JIeT CKOH(UTrypupoBaHa IJjisi paboThl C pe3epBHBIMU
ajieMeHTamMu. Eciiv 4rciio MOBpeXIeHHBIX 3JIEMEHTOB
MPEBBILIAET YUCIO PE3EPBHBIX, TO IJISI MaMSITU OyaeT
MPOBENEHO BTOPOE TECTUPOBAHUE MJIsI WCKIKOUYEHUS
COUTBIX 2JIEMEHTOB.

Bropoe TecTupoBaHMe MaMSATU C UCIIPABHBIMU OC-
HOBHBIMM 3JIEMEHTaMU TPOBOAUTCS s TIPOBEPKU
pe3epBHBIX 3JIEMEHTOB. B ciyyae ero ycneuHoro npo-
XOXJeHUSI Bce (OCHOBHBIE M PE3E€PBHbBIE) BJIEMEHTHI
MPU3HAIOTCS UCMPABHBIMU, MHA4ye OyAeT MpOoBeIeHO
TPEThe TECTUPOBAHUE TSI NCKITIOUEHNUS BO3MOXHOCTH
HAJIMYMST COUTBIX s;U€eK B PE3EPBHBIX dJEMEHTaX.

Hdns ciyyas oOHapy>XeHUsI B XO/€ MepPBOIro TeCTU-
pPOBaHUS YMCJIA MOBPEXICHHBIX JIEMEHTOB, HE TIpe-
BBIIIAIOIIET0 YKMCIO PEe3epBHBIX 3JEMEHTOB, BTOPOE
TECTMPOBAaHUE TIPOBOIUTCS IJISI TIPOBEPKU KOPPEKT-
HOCTHU PabOThl Pe3epPBHBIX 2JIEMEHTOB HA MECTE OTKa-
3aBIIMX. B ciydae ero ycremnrHoro mpoxoxXiaeHUsT KOM-
OMHALIMSI OCHOBHBIX M PE3ePBHBIX 2JIEMEHTOB ITpU3HAa-
€TCS WCIIPaBHOI, B MPOTUBHOM cClydae HEOOXOIUMO
MPOBECTU TPEThE TECTUPOBAHUE TSI UICKIIIOUEHUST BO3-
MOXHOCTH HaJIMUUSI COUTBIX SUeeK B Pe3ePBHBIX BJie-
MEHTax.

st cmydast oOHapy»KeHusI B XOJ¢ IEepPBOIO TECTU-
pOBaHUsI TOBPEXIEHHBIX 3JEMEHTOB B KOJMYECTBE,
MPEeBBILIAIOIIEM YHCIIO PE3EPBHBIX 3JIEMEHTOB, BTOPOE
TECTHPOBaHUE MPOBOAUTCSI BHOBb [IJISI OCHOBHBIX 2JIe-
MEHTOB, YTOObI UCKJIOUUTHb BO3MOXHOCTb HalUUMSs
cOUTBIX siueek. B ciiyyae ero ycmemHoro mpoxoxmie-
HUS OyAeT NpoAyOaMpoBaH CLiEHApUU TECTUPOBaHMUS
MaMsTU C MUCIPaBHBIMU OCHOBHBIMU DJIEMEHTaMMU.
HMHaue mpoBepsieTcsl YUCIIO TTOBPEXIECHHBIX 3JIeMEH-
ToB. ECciiv UX 4KCca0 onsiTh MpEBbILIAET YUCIO pe3ep-
BHBIX 3JIEMEHTOB, TO MaMsTh NPU3HACTCS HEWCIIPAB-
HOI, HO eClIi HeT, TO OyJeT MHULIMUPOBAHO TPEThE
TECTUPOBaHUE IS KOMOMHAIIMM OCHOBHBIX U Pe3ePB-
HBIX 2JIEMEHTOB.

TpeTbe TeCTUpOBaHUE AJIS CJIydast YCIEIIHOTO Tec-
Ta OCHOBHBIX 3JIEMEHTOB U HEYCIICIIIHOTO TeCTa KOM-
OMHALIMM OCHOBHBIX U PE3EPBHBIX JIEMEHTOB MPOBO-
IUTCS IS UCKITIOYEHUST BOBMOXHOCTH HAJIMYUST COM-
TBIX STYE€EK B pe3epBHBIX 2jieMeHTax. Eciu tecT 3aBep-
IIEH C MOJIOXUTEIbHBIM CTaTyCOM, TO Bce (OCHOBHBIE
U pe3epBHbIE) BJEMEHTbl MPU3HAIOTCSI UCIIPaBHBIMU,
WHaye MCMpPaBHBIMM TPU3HAIOTCS TOJBKO OCHOBHBIE
BJIEMEHTHI.

st ciaydyast Hey1auHOTro TeCTMPOBaHUS KOMOUHA-
LIMM OCHOBHBIX M PE3EPBHBIX JIEMEHTOB MPU BTOPOI
HUTEepaLMU TPEThE TECTUPOBAHUE MPOBOAUTCS IJIsI UC-
KJTIOYEHUsI BO3MOXHOCTM HalUyMsl COMTBIX STYEEK B

pe3epBHBIX dJIeMeHTax. Eciiu TecT 3aBepiiieH ¢ MmoJjo-
JKUTEJbHBIM CTaTYyCOM, TO KOMOMHAIIMsI OCHOBHBIX U
pe3epBHBIX 3JIEMEHTOB MPU3HAETCS UCIIPABHOM, MHAYE
0JIOK cUMTaeTcsl HepaboTOCITOCOOHBIM.

st cirydast ooHapyXKeHHUs YKCia OLIMOOK, He Tpe-
BBILIAKOLIETO YUCJIO PE3EPBHBIX 3JIEMEHTOB, MIPU BTO-
pPOM TECTUPOBAHUM TPEThsl WUTEpPAIUS] ITPOBOIMTCS
JUIs1 KOMOMHALIMY OCHOBHBIX U PE3€PBHBIX 2JIEMEHTOB.
B cnydyae ero ycnelurHoro mpoxoxXneHus: KOMOWHAIIMSI
OCHOBHBIX U PE3EPBHBIX 3JEMEHTOB MPU3HAETCSI MC-
MpaBHOM, B TPOTMBHOM CJIy4yae HeOOXOIMMO IPOBECTU
YeTBepTOE TECTUPOBaHWE s UCKIIOUEHUS BO3MOX-
HOCTU HAJIMYMSI COUTHIX STU€eK B PE3ePBHBIX DJIEMEH-
tax. Eciin OoHO 3aBepiliaeTcsl yCHelHo, TO KOMOWHa-
LIS OCHOBHBIX M PE3EPBHBIX 3JIEMEHTOB MPU3HAETCS
WCIIpaBHOU, MHaye OJIOK MpU3HAETCS] HepabOTOCIIO-
COOHBIM.

MogaeaupoBaHne W aHAJIN3 Pe3yabTATOB

Hns1 vccnenoBaHusl XapakKTepUCTUK IPEIIOXKeH-
Heix YBCP Obuin pa3paboTaHbl MOAEIM Ha SI3BIKE
Verilog HDL. /st olieHKM 3aHMMaeMOii Ha KpUCTaJlie
TUTOIIAAN Y MAaKCUMAJIbHOM 3aepKKHU pacIpocTpaHe-
HUsI curHaia ObuM BeIOpaHbl YBCP, npenHaszHaueH-
HBIE U PabOTHI ¢ 6JI0KaMU TTaMSTH, XPAHSIIUMU WH-
(opmaroHHEIE cJTOBa HanMboJIee pacIpPOCTPaHEHHBIX
pasmepHocTeit: 8, 16, 32 u 64 6ur. beur nposeaeH
cuHTe3 paspaboTtaHHbix ycTpoiictB B CAITP Cadence
Encounter RTL Compiler mist mpoeKTHO-TEXHOJIO-
ruyeckoir HopMmbl 28 HM KMOII npu HopMalbHBIX
yenoBusax akerryarauuu (V. = 1,0 B, 7= 25 °C).
B T1a61. 3—6 npuBeneHBI SKCITEpPUMEHTATBHBIC JaHHBIE.

ITo monydyeHHBIM JaHHBIM COCTaBJIeHa Tabia. 7, de-
MOHCTpPUpYIOIIasgd MaKCUMaJIbHOE YBEJIWUYCHNE 3aIep-
KKJ TIPOXOXKAEHWs CUTHAJA W TUTOINAAUN I KaskKaoi
W3 paccMaTpUBaeMBIX pa3MepHOCTe MHGOPMAIIMOH-
HOTO CJIOBa.

Tabauua 3
Table 3

YBCP g 0J0Ka namMsaTH,
xpansiero 8-pa3psiiHoe HH(OPMANMOHHOE CJIOBO

BISR for the memory unit storing 8-digit information word

VBCP (6e3 Cb-OT) CB-OT YBCP
BISR (without D-NF D-NF BISR
PesepBHbIe
CTOJIOLBI, LUT Makc. Makc.
Redundant | sanepxka, | TITOMWAIE, | sanepxka, | 110D,
columns, pieces e MKM2 e MKM?
Maximal | greq Hm2 Maximal | greq umZ
delay, ps ’ delay, ps ’
1 504 468 509 561
2 539 513 542 631
3 578 630 586 754
4 624 721 628 845
5 636 793 638 915
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Tabauua 4

Table 4
YBCP a1 0;10Ka namsTH,
xpausiero 16-paspsaaHoe ungopmMauoHHoe CJI0OBO

BISR for the memory unit storing 16-digit information word

VYBCP (6e3 Cb-OT) CBb-OT YBCP
PesepBHbie BISR (without D-NF) D-NF BISR
CTOJIOLBI, LIT _ _
Redundunt Make. 3a- | TInomans, | Maxce. 3a- | Tnowans,
. JIepKKa, TIC 2 JIepKKa, TIC 2
columns, pieces Maximal MKM 5 Maximal MKM 5
delay, ps | Area, um delay, ps | Area, nm
1 609 637 596 725
2 652 739 651 848
4 701 957 715 1093
8 758 1372 756 1591
10 782 1619 788 1834
Tabnuma 5
Table 5

YBCP ans 0Jioka naMsarTu,
xpansiero 32-pa3psanoe HHGOPMALHOHHOE CJIOBO

BISR for the memory unit storing 32-bit information word

VBCP (6e3 CB-OT) CB-OT YBCP
Pe3epBHbIE BISR (without D-NF) D-NF BISR
CTI?Q?EZ&;]#T Make. 3a- | TTnowans, | Maxe. 3a- | Tnowans,
y ; JEPKKa, TIC w2 | AepXKa, 1ie M2
columns, pieces| " g1 | Maxima ,
delay, ps | Area, um delay, ps | Area, um
1 666 1041 664 1185
2 706 1165 705 1273
4 759 1372 782 1488
8 829 1912 827 1922
10 838 2236 852 2248
Ta6nuua 6
Table 6

YBCP a1 0;10ka namsTH,
xpaHsiero 64-pa3psnHoe uH(popMaLMOHHOE CJIOBO

BISR for the memory unit storing 64-digit information word

YBCP (6e3 Cb-OT) CBb-OT YBCP
PesepBHble BISR (without D-NF) D-NF BISR
CT;;??E;};”L;T Make. 3a- | 11 NToLIAD, Makc. 3a- Tromam,
J . JepxKKa, I1C MKM2 JiepxKa, 1c MKM2
columns, pieces |~ proinal o | Maximal ,
delay, ps | Area, um delay, ps | Area, nm
1 728 1577 732 1630
2 782 1739 787 1835
4 848 1983 859 2031
8 898 2566 908 2572
14 951 3535 962 3551
Tabmuua 7
Table 7

MakcuMajbHble 3HAYCHAS YBEJIHYEHAS 3a/1€PKKH
NPOXOKIEHHS CUTHAJIA M TUIOMAIN
Maximal values of the increase of the delay
of a signal passage and the area

PaszmepHOCTH YBenuueHue YBenuuyeHue
MHGOPMAIIMOHHOTO CJIoBa |  3amepxkKu, % miomanu, %
Dimension Increase Increase
of the information word of the delay, % of the delay, %
8 1,4 23,0
16 2,0 16,0
32 3,0 13,8
64 1,3 5,5
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3akiouyeHue

B naHHoOi1 paboTe paccMOTpeHa apXUTEKTypa yCT-
pPOMCTB BCTPOEHHOIO CaMOpPEMOHTAa IIaMSITU C MHC-
MOJIb30BaHUEM JUarHocTuyeckoilt uHgopmauuu. I[pen-
CTaBJIEHBI JaHHBIE O BPEMEHM BHITIOJIHEHUS OTlepaliuu
CaMOPEMOHTa C MCIIOJb30BaHUEM AMAarHOCTUYECKOM
uHpopmanuu 1 6e3 Hee. [lokazaHo, YTO B 3aBUCUMO-
CTU OT Croco0a 3aMeHbl OCHOBHBIX 3JIEMEHTOB Pe3epB-
HBIMU TIPEUMYILECTBO MO BPEMEHU MOXET JIOCTUTaTh
1000 pas.

Takxe mnpencraBieHa apXUTEKTypa aHaau3aTopa
pEeMOHTa pe3epBHBLIX CTOJIOIOB, Oa3upymrolIascs Ha
U3BECTHOM apXUTEKType IJIs1 pe3epBHBIX CTPOK. Ha ee
OCHOBE MPEMJIOKEH HOBBIM aJITOPUTM, Ha3BAHHBINA
Cb-OT YBCP, yuuTsIBaolnii BEpOITHOCTb HATUUUS
cOUTOIi, HO HE OTKA3aBIIeH SYEHKN IaMsITA. DTO MO-
JKeT MOBBICUTD BBIXOJ TOJHBIX YCTPOMCTB 3a CUET MPHU-
3HaHUSI PabOTOCIMOCOOHBIMU MHUKPOCXEM, CoaepKa-
IIMX COMTHIE, HO HE OTKa3aBllue stueiiku nmamsitu. [1o-
Ka3aHO, YTO POCT 3aJepPXKM MPOXOXKIEHUs CUTHAja
npu peanusanuu CB-OT YBCP coctasuser 1o 3 %, a
yBeJIMdeHue 1ioman — a0 23 %.
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Memory elements are the most dominating elements in the modern system-on-chips. Usually redundant elements are used for
yield improvement after manufacturing testing. This article is devoted to the repair of static random access memory with redundant

elements, more precisely, with redundant columns.

The 2-D redundancy problem has received much more attention than I-D one. Furthermore, analyzer architecture for 1-D col-
umn redundancy can be hardly found in articles. That’s why this article proposes analyzer architecture for 1-D column redundancy

on the basis of well known 1-D row redundancy architecture.

Moreover, a new TEPE (transient error — permanent error) BISR approach is provided. Its main goal is a new algorithm, which
is able to distinguish transient errors from permanent errors. It’s important for manufacturing testing for yield improvement not to

recognize chips with transient errors as a useless device.

For the investigation, the most popular word widths were selected: 8, 16, 32 and 64 bits. The simulation results show that the
maximum difference between TEPE and non-TEPE variants does not exceed 3 % for arrival time and 23 % for area.
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Introduction

Application of sub-100-nm technological processes
is an integral part of the production of microcircuits for
manufacturing of modern highly efficient systems [1].
In this connection the degree of integration and density
of placement of elements on a crystal grows steadily.
According to experts from Semico Research Corp., in
near future the elements of the static random access
memory (SRAM) will occupy up to 75 % of the area of
a system on chip (SoC) [2]. In practice this value can
vary from 50 up to 90 % of the area of a microcircuit.
Therefore, a product yield (PY) and the defects appear-
ing in the process of operation are first of all failures of
the memory elements. A way out from this situation is

the presence of the redundant elements in the com-
position of the units of a static operative memory
(SRAM).

The idea to use the redundant elements was ex-
pressed in the late 1960s [3], and realized in 1970s [4].
Redundancy of the memory elements can be divided
into two basic types: one-dimensional (1-D) and two-
dimensional (2-D). The one-dimensional type envisag-
es reservation by lines or columns, and the two-dimen-
sional one — by lines and columns [5].

A big number of works were devoted to the archi-
tectures of the devices of the built in self-repair memory
(BISR) with two-dimensional redundancy, the most
known of them is the article describing CRESTA algo-
rithm [6]. The methodology described in [7] is the de-
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velopment of this approach. However, quite often the
developers have to face the memory units using the
one-dimensional redundancy [8]. Meanwhile, there are
the above mentioned methods for application of the re-
dundant lines and analysis of the repairability of the
units, which use them [9], the problem of realization of
the devices, which ensure operation only with the re-
dundant columns, has not been described sufficiently
enough.

The given work presents an analysis of the time
spent during an analysis of maintainability of the mem-
ory with redundant columns, with the use of a diagnos-
tics bus and without it. The author proposes realization
of an analyzer for repair of the redundant columns in
accordance with the example of the known device for
the redundant lines, and a new approach to testing of
memory during decision-making concerning its main-
tainability, considering the presence of the damaged,
but not failed memory cells, dubbed as D-NF BISR
(Damaged-Not Failed BISR).

Advantage of the diagnostics bus
over the flag status test

If the device of the built in self-test memory (BIST)
has no output reflecting the damaged bit of the stored
information word, i.e. diagnostics bus, it is possible to
judge about the result of a test by OK/FAIL flag re-
flecting the status of the passed test. In this case, BISR
at a negative outcome of the test on the basic elements
will have to substitute a redundant element by a search
and expect a positive outcome. This method is pro-
posed by the authors [10]. Conditionally, the variant is
designated as Method 1. In [11] BISR is described,
working with a memory unit having one redundant el-
ement for the senior part and one for the junior part of
the information word, stored in an array. Conditionally
the variant is designated as Method 2.

If BIST has diagnostics bus as an output, the dimen-
sion of which is equal to the dimension of the stored in-
formation word, a self-repair will require maximum two
testing operations: one — for detection of the damaged
elements and making a conclusion about the repaira-
bility of the memory unit, and the second one — for
checking of the correctness of operation of the memory
with the redundant elements. Conditionally this variant
is designated as Method 3.

For estimation of the time necessary for carrying out
of a self-repair operation we will consider the worst case
of arrangement of the damaged cells, which is detected
during the last considered combination. If Method 1 is
used and there are two redundant columns, the number
of the greatest possible operations of self-testing will be
calculated under the following formula

MAED 41, ()
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and if Method 2 is used — then under the following for-
mula

(15")2 +1, )

where N — dimension of the information word.

For both methods addition of one means the first
operation of self-testing on the basic elements.

Table 1 presents data about the greatest possible
quantities of self-testing operations of the three meth-
ods in case two redundant elements are used.

From the data it is possible to draw a conclusion
that absence of a bus of diagnostics increases the pe-
riod of time for carrying out of a self-repair operation
14...1009 times when Method 1 is used and 8...513 times
when Method 2 is used.

BISR with the use of the bus of diagnostics

As it was noted above, the construction of BISR for
the one-dimensional method of redundancy in the
technical literature attracted roughly 10 times less at-
tention, than for the two-dimensional one. Moreover,
in detail the architecture for construction of the ana-
lyzers for the redundant columns was practically not
described, except for the circuits for accumulation of
information concerning the errors and the methods of
detour of the damaged memory cells [12].

As a basis for construction of BISR with the redun-
dant columns a device intended for self-repair of mem-
ory with the redundant lines [13] was chosen.

The basic structural parts of BISR are the following:
e Control device (CD), realized in the form of the fi-

nite state machine (FSM);

e BIST with the output bus of diagnostics;
e Repair analyzer.

In [13] a list of devices is also presented, of which

the repair analyzer consists:

e Counter of the damaged elements (CDE);

e Registers storing the addresses of the damaged ele-
ments (ADE);

o Registers for activation of the redundant elements

(A,RER).

However in detail the architecture of the analyzer
was not considered by the author. Therefore table 2
presents a list of components for realization of the
memory repair analyzer applying 1-D redundancy by
columns. In addition for the registers the dimension
will be specified, proceeding from the fact that that n —
dimension of the information word stored in the mem-
ory, and p — number of the redundant columns. Below
are the abbreviations used in table 2:

e diagnostics bus — DB;
e write enable — WE;
e decoder — DC.




The figure presents the circuit of the memory repair
analyzer the using 1-D redundancy by columns.

The memory repair analyzer with two redundant
columns is presented. Realization for another number
of the redundant columns is reached by introduction of
the additional elements having an index in the circuit.
Further, its principle of operation is presented briefly.

During memory testing on DB the flags of the errors
can appear detected by BIST. By means of the decoder
(DB — ADE) the address of the damaged element (col-
umn) is generated. Then the generated ADE comes to p
of the units, each of which contains ([log, N] + 1)-2-in-
put elements of XOR. For a compact display the fig-
ure presents one XOR element for each group. If the
generated ADE has not been recorded yet by the an-
alyzer registers, then at least one result of XOR op-
eration will contain a logic unit. Therefore, at least
one of ([log,N] + 1)-input OR elements will have a
logic unit at the output and this will serve as an enable
signal for recording of CDE (WE CDE) and CDE is in-
cremented. Further, according to the value of CDE,
the enable signal of recording will be generated in one
of ADE (WE ADE).

Then, in accordance with CDE multiplexer a new
ADE will be selected for generation of a new configu-
ration of the redundant elements, which will be record-
ed in the corresponding A, RER.

BISR, taking into account the probability
of the presence of a damaged,
but not failed memory cell — D-NT BISR

Notwithstanding a big number of the publications
devoted to the problem of the memory self-repair, the
problem of detection of a damaged, but not failed
memory cell during operation of testing for the further
repair operation still has not been considered.

There are the works devoted to a similar problem of
occurrence of the failed or damaged memory cells,
however, they deal with the moment of an active work,
when a replacement is impossible. In those cases of
great assistance are the devices on the basis of the codes
for detection and correction of mistakes (ECC). The
effect from a joint use of the redundant elements and
ECC is called a synergetic effect [14]. One of the
methods for sharing of the redundant elements and
ECC is classification of the errors detected during test-
ing into correctable by means of ECC and noncor-
rectable ones [15].

The known algorithms for carrying out of a self-re-
pair operation base their solution on the presence of a
failed memory cell only by the results of one testing.
However, if the error was caused by a cell, which ac-
tually did not fail, then it is possible to restore its op-
eration by a simple rerecording [16]. Thus, a memory,
which could be wrongly recognized as unfit as a result

of detection of a damaged, but not failed memory cell,
will be recognized as suitable or fit for repair. A repair
will be ensured only for the failed memory cells.

The D-NF BISR algorithm is based on the idea
about a repeated carrying out of testing both for the first
stage, at which the memory is recognized as serviceable,
suitable or unusable for repair, and for the second stage,
during which the correctness of the work of the memory
with the redundant elements is proved. Depending on
the outcome, the number of the memory testings can
vary from 2 up to 4.

The first testing is done for the basic elements. If the
test is passed successfully, the memory will be config-
ured for work with the redundant elements. If the test
comes to the end with an error, the memory with the
number of the damaged elements which does not ex-
ceed the number of the redundant elements, will be
configured for work with the redundant elements. If the
number of the damaged elements exceeds the number
of the redundant ones, the memory will be tested for
second time in order to exclude the damaged elements.

The second testing of the memory with the service-
able basic elements is done for checking of the redun-
dant elements. If it is passed successfully, all the ele-
ments (both the basic and the redundant ones) are rec-
ognized as serviceable, otherwise, the third testing will
be done in order to exclude the presence of the dam-
aged cells in the redundant elements.

During the first testing for detection of the number
of the damaged elements, which does not exceed the
number of the redundant elements, the second testing
is done for checking of the correctness of work of the
redundant elements on the places of the failed ones. If
it is passed successfully, the combination of the basic
and the redundant elements is recognized as servicea-
ble, otherwise, it is necessary to undertake the third
testing in order to exclude the presence of the damaged
cells in the redundant elements.

During the first testing for detection of the damaged
elements in the quantity exceeding the number of the
redundant elements, the second testing is done again
for the basic elements in order to exclude the presence
of the damaged cells. If it is passed successfully, the sce-
nario of the memory testing with the serviceable basic
elements will be duplicated. Otherwise, the number of
the damaged elements is checked. If again their number
exceeds the number of the redundant elements, the
memory is recognized as faulty, if not, the third testing
will be initiated for a combination of the basic elements
and the redundant elements.

The third testing for the successful test of the basic
elements and the unsuccessful test of a combination of
the basic elements and the redundant elements is done
in order to exclude the presence of the damaged cells
in the redundant elements. If the test is finished with a
positive result, all the elements (the basic and the re-
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dundant ones) are recognized as serviceable, otherwise,
only the basic elements are recognized as serviceable.

For an unsuccessful testing of the combination of
the basic elements and the redundant elements during
the second iteration, the third testing is done in order
to exclude the presence of the damaged cells in the re-
dundant elements. If the test is finished with a positive
status, the combination of the basic elements and the
redundant elements is recognized as serviceable, oth-
erwise the unit is considered inoperative.

For detection of the number of errors, which does
not exceed the number of the redundant elements, dur-
ing the second testing, the third iteration is done for a
combination of the basic and the redundant elements.
In case of its successful passage the combination of the
basic elements and the redundant elements is recog-
nized as serviceable, otherwise, it is necessary to un-
dertake the fourth testing in order to exclude a possi-
bility of presence of the damaged cells in the redundant
elements. If it comes to the end successfully, the com-
bination of the basic elements and the redundant ele-
ments is recognized as serviceable, otherwise, the unit
is recognized as unserviceable.

Modeling and analysis of the results

For research of the characteristics offered by BISR
models in Verilog HDL language were developed. For
estimation of the area occupied on a crystal and the
maximal delay in distribution of a signal, the BISR were
selected, intended for work with the memory units,
storing the information words of the most widespread
dimensions: 8, 16, 32 and 64 bits. A synthesis was done
of the developed devices in CAD Cadence Encounter
RTL Compiler for the design-technological norm of
28 nm of CMOS under normal conditions of operation
(Vyur = 1.0V, T= 25 °C). Tables 3—6 present the ex-
perimental data.

The received data are presented in table 7 demon-
strating the maximal increase of the delay of a signal
passage and the area for each of the considered dimen-
sions of the information word.

Conclusions

The given work presents the architecture of the de-
vices of the built in memory self-repair employing the
diagnostic information, and the data about the time of
performance of a self-repair operation, with the use of
the diagnostic information and without it. It also dem-
onstrates that, depending on the method of replace-
ment of the basic elements with the redundant ones, the
advantage in time can reach 1000 times.

The article also presents the architecture of the an-
alyzer for repair of the redundant columns, based on
the known architecture for the redundant lines. On its
basis a new algorithm is offered called D-NF BISR,
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taking into account the probability of presence of a
damaged, but not failed memory cell. This can raise the
output of the suitable devices due to recognition as ef-
ficient the microcircuits containing the damaged, but
not failed memory cells. It shows that the growth of
the delay in the passage of a signal during realization
of D-NF BISR is up to 3 %, and the increase of the ar-
ea is up to 23 %.
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®enepabHOE TOCYIAPCTBEHHOE aBTOHOMHOE 00pa3oBaTesIbHOE YIPEKICHNE BBICIIET0 00pa30BaHUS
"MocKOBCcKMIT (PpU3UKO-TEXHUUECKUI UHCTUTYT (TOCYAapCTBeHHBIN YHUBepcuTeT)", T. JdoaronpynHblii

PEHTTEHOBCKAS TPYBKA AAS1 MOHU3ALIMN TA30B

Ilocmynuaa 6 pedaxyuro 23.08.2017

Ilpedaodcena KoHcmpyKyus 31eKMpOHHOU NYUKU C A8MOIMUCCUOHHBIM KAMOOOM HA OCHO8e 0CMEKA0BAHHO20 NYYKA NOAUA-
KPUAOHUMPUABHBIX YeAePOOHBIX B0A0KOH 0451 peHmeeH08cKou mpyoku. [Ipoeedeno modeauposanue 31eKmporHOU cucmembl U Gbi-
A6/1€eHbl ONMUMANbHBIE NAPAMEeMPbl KOHCMPYKyuu. M320moeien npomomun peHmeeHo8CKoU mpyoKu ¢ npeonod’ceHHOU INeKmpoH-

HOU NYWKOU.

Karouesnie caoea: penmeenogckas mpyoka, agmosneKmpoOHHAs IMUCCUSI, HAHOCMPYKMYPUPOBAHHbIe YeAe00Hble Mamepuansl,

YyenepooHble 8010KHA

BBenenune

B Hacrosiee BpeMsi MUKPO(MOKYCHbIE PEHTI€HOB-
cKue TpyOKM W TMOpTaTMBHas amrapaTypa Ha MX OcC-
HOBe SIBJISIIOTCS 3((EKTUBHBIM CPEJICTBOM MCCIen0Ba-
HUS CTPOEHUS Pa3IUYHBIX 00BEKTOB HA MUKPOYPOBHE
[1]. OHM ucnonb3yroTCs 11 MUKPOTOMOTpachuu, MUK-
ponedeKTOCKONUMU, NTMAarHOCTUKU KauyecTBa MPOMBII -
JIEHHbIX M3AEJUI, KpucTauiorpaduyeckux Mccaeao-
BaHU, MEIMIMHCKOM AMArHOCTUKM, OOHApyXEHUS
B3PBIBYATHIX BELIECTB M OPYrux Ilened. B pasputun
MUKPOGOKYCHBIX PEHTTEHOBCKMX TpyOOK HabJoaa-
€TCSl TeHJAEHLIMS K CO3IaHMIO CIEeLUATU3UPOBAHHBIX
KOHCTPYKUMIA, B MaKCUMaJIbHOM CTENMEeHU COOTBET-
CTBYIOLIMX TpeOOBaHUSIM KOHKPETHBIX MCCEI0Ba-
HuUil [2].

Haubonee pacripocTpaHEHHbI TUI COBPEMEHHbBIX
MUKPOMOKYCHBIX PEHTTEHOBCKUX TPYOOK — MPUOOPHI
C MPOCTPENbHBIM aHOJOM, HE UMEIOIIUM CHelaTbHbIX
oxnaauteneil. OMHO U3 NePCIeKTUBHBIX HATIpaBIeHU
pa3BUTUSI TIPUOOPOB C TMPOCTPEIbHBIM aHOAOM —
JlaJibHelllee YBeJIMUEHUE HAIPSIKEHUSI U MOLIIHOCTH
MPU COKpAllleHUU pa3MepoB (POKYCHOTO ISITHA, YBeE-
JIn4eHUU 3POEKTUBHOCTU TPYOKU U YMEHBILIEHUN €€
pasMepoB. DTOr0 MOXHO JOOUTHCS IyTeM 3aMeHbI
TEpPMOKATOJ0OB Ha aBTOSMMCCUOHHBIE KaTOJbl Ha OC-
HOBE YIJIEpOAHBIX MaTepuasuosB [3].

DJIEKTPOHHAS MYIIKA

[Tpu BbIOOPE TTOAXOASILEH KOHCTPYKIIUU KATOAHO-
monyistopHoro y3ia (KMY) ¢ kaTogoM Ha OCHOBeE
MOJUAKPWIOHUTPWIBHBIX YIJIEPOJHBIX BOJIOKOH BO

BHUMAaHHEC IIPUHUMAJIaCb BO3MOXKHAasA IMpoCTOTa U TEX-
HOJIOTUYHOCTh M3TOTOBJICHUS BCETO YCTPOMCTBA.

[ns onpenesieHUs] U YTBEPXKACHUST BCEX MEXKIJIEK-
TPOIOHBIX pacCTOsIHUI (pUC. 1) ObUIO MPOBEIEHO MO-
JeJIMPOBaHUE 3JIEKTPOHHO-ONTUYECKOM CUCTEMBbI PEHT-
TEHOBCKOW TpyOKM, BKJIIOYasl pacnpenejcHue MOTeH-
1Majga u TpaeKTOpPUHU BJIEKTPOHOB [4].

AHoa (IPOBOASALICE NOKPLITHE)
Anode (conductive coating)

Puc. 1. ITog06op reoMeTpuIeCKNX NapamMeTPoOB JIEKTPOHHO-ONTHYEC-
Ko# cucrembl: D — nuameTp auadparMel MoaynsTopa; L — paccro-
sTHUE OT MOAYJISITOPA 10 JIIOMUHECLIEHTHOTO 9KpaHa aHona; H — riy-
OuHa pacIoNIOXEeHUsl aBTOKaToaa

Fig. 1. Selection of the geometrical parameters of the electron-optical
system: D — diameter of the diaphragm of the modulator; L — distance
from the modulator to the luminescent screen of the anode; H — depth
of the arrangement of the autocathode
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Puc. 2. DMACCHOHHBIE XAPAKTEPUCTAKH PA3PAOOTAHHON IJIEKTPOHHOI MYIMIKA H ABTOIMUCCHOHHOE M300paXkeHHe pacnupeaesieHds MOTOKA JeK-

TPOHOB HA aHOAE

Fig. 2. Emission characteristics of the developed electron gun and an autoemission image of the distribution of the electron flow on the anode

ITonyyeHHbIE pacyeTHbIe JaHHbIE MO3BOJISIIOT yBe-
pPEHHO TIoJIaraTh, YTO CIPOEKTHPOBAHHAS 3JIEKTPOH-
Has MylliKa YAOBJIETBOPSIET BCEM CJECAYIOLIMM Mpelb-
SIBJICHHBIM K Heit TpeOOBaHUSIM (TECTUPOBAHUE KATOI -
HO-MOJYJISITOPHOTO y3/1a, COOPAaHHOI'O MO PacyeTHBIM
rnapamMeTpam, Takxe MOATBEPXKIaeT 3TO):

e JIOCTUTHYTO MOJIHO€ OTCYTCTBME IMepexBaTa aBTO-
SMHUCCHOHHOIO TOKa Ha YIPaBJISIOIIEM 3JIEKTPOJIE,
pacueTHbIe TPACKTOPUU ABUXKEHUS DJICKTPOHOB J1a-
Ke He KacaloTcs MOIyJsiTopa (Cuiaa TOKa MOMYJISI-
TOpa, U3MEpPEHHasl MPU pabouMX HAMPSKEHUSIX Ha
asekTponax u toke karoga /. = 100 MKA, cocras-
ager 1, < 0,5 MKA);

e AaBTORJICKTPOHBI MPAKTUYECKU HE MOTYT IIOIACTh
Ha BEPTUKAIbHYIO CTEHKY BHYTPEHHE! MOBEPXHO-
CTH CTEKJIOO00JI0UKM TPYOKH. ToabKO BOJIM3M aHO-
Jla OHM TIOMAaAaloT Ha CTEHKY TPYyOKM, HO 3Ta CH-
Tyalusl pa3pellaeTcsl HalbUIEHUEM JOMOJHUTEb-
HOTo 00013 M3 aIlOMUHUS, YTO ObLIO YUYTEHO MpPU
MonenupoBaHuu (tectupoBaHue KMY mokazaino,
YTO 3JIEKTPOHBI HE TOIAgaloT Ha CTEHKY JIAMIIbI);

e BeCb BJIEKTPOHHBIN MOTOK, TOMAanast Ha aHOM, J0J-
JKEeH 3aCBEYMBATh MPAKTUUYECKU BCIO 00JaCTh C Ha-
HECEeHHBbIM JIIOMUHO(OPOM (IpU TECTUPOBAHUU
npooHoro KMY aBTosMHCCHOHHOE M300paKeHue
JIEMCTBUTEILHO 3aHUMAJIO BCIO JIIOMUHECLIEHTHYIO
00J1acTh aHOMA);

e pacueTHasi 00J1aCTh BOJIbT-aMIIEPHOUN XapaKTepUCTU -
KM crpoektupoBaHHoro KMY ykiageiBaeTcs B rpa-
HULBI MonyasaTopHoro Hanpstkenus Uy, < 1500 B
(M3MepeHMs BONBT-aMITepHbIX XapakTepuctnk KMY
nokasaiuu, 4ro npu Toke /, = 100 MKA u Harps-
keHuu Ha aHone U, = 10 kB 3HauyeHue MoayasaTop-
HOro HamnpskeHus cocrasuno U, = 1,2 xB).

B xome skcneprMEHTOB OBLIO OTMEUEHO, YTO He-
CMOTpSl Ha pa3IMuHY0 MUKPOTEOMETPUIO BOJOKOH Ha
pa3HBIX KaTomax CMEIIeHUE BOJbT-aMIIEpHOI XapaKTe-
PUCTUKU B 00JIaCTb OOJIBIINX WM MEHBIIMX HaIpsbKe-
HUI Ha YIIPABJISIIOIIEM BJICKTPOJIE SIBJISIETCSI MUHUMAITb-
HBIM, YTO TaKXK€E YKa3bIBAE€TCA B APYIrUx padorax [5, 6].
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Ha puc. 2 npuBeaeHbl XapaKTepHbIe 9MHUCCHOHHbIE
XapaKTEePUCTUKHU BJIEKTPOHHOMN MYIIKU.

IIpoToTnn peHTreHOBCKOi TPyOKH
C ABTO3MHCCHOHHBIM KATOIOM

PazpaboTaHHas Ha MepBOM 3Tare padOTHI JIEKT-
pPOHHas MyllKa Ha OCHOBE MOJMAKPUIOHUTPUIbHBIX
VIJIEPOAHBIX BOJIOKOH Obla MIpMMeHeHa ITPU U3rOTOB-
JICHUU pabouuX MPOTOTUIIOB PEHTTEHOBCKOM TPYyOKM.
3a OCHOBY KOHCTPYKIIMM ObLIa B3sITa CEpUilHAsI peHT-
reHoBcKkasg Tpyoka bX-2 nmpousBoncta 3A0 "Csetia-
Ha-Pentren" (r. Cankr-IletepOypr, Poccust). KoHc-
TPYKLMS aHOJHOM TPYIINbI IPU U3TOTOBJICHUM ITPOTO-
TUNOB OblIa B3gTa ¢ JamMnbl bX-2 6e3 m3amenenmii. Llo-
KOJIbHAsI YacThb JaMIIbl 1 HUXKHSIS TIOJIOBMHA KOpITyca
BBIMOJIHEHBI U3 CTeKJ1a. BHYTpU roToBbIX YCTPOICTB B
LeJIIX MOoAAepXaH!s TPUEeMJIEMOrOo YPOBHS BaKyyma
YCTaHOBJIEHbI HepaCIIbLIsIEMble TeTTEPbl HA OCHOBE TH-
TaHa. Bua paboyero rnporoTumna mpeacTaBieH Ha puc. 3.

st IpoBepKM pabOTOCIIOCOOHOCTH JaMIT 1 BbISIC-
HEeHMSI, YIOBJETBOPSIOT JIU OHM MOCTaBJIEHHbIM 3aa-
yaM, OBLIO TIPOBEIEHO ABA KCITEPUMEHTA.

B nepBoM sKcrepuMeHTe B KaueCTBE BHEIIHETO
CJI0S1 IPUMEHSIIM 3eJeHbI JTIOMUHODOP, aKTUBUPY-
€Mblii pEHTT€HOBCKUM U3JyYeHHUEM JIaMIIbl B pa3jiny-
HBIX pexumax paborbel. M3o0paxkeHue BU3YaIbHO

Puc. 3. Bug pa6oyero npoToTuna peHTreHOBCKO# TPYOKH € aBTOKA-
TOIOM

Fig. 3. View of the working prototype of the x-ray tube with the autocathode




CPaBHUBAJIOCH C aHAJIOTUYHBIMU M300paXKeHUSIMU IS
cepuitHoit Tpyoku bX-2 mpomnsBoactBa 3A0 "Csetna-
Ha-PenTren", moiayyaeMbIMU TapajuiesibHO. TToMumMo
3TOr0, BOJIbT-aMIIePHbIC XapaKTePUCTUKU ITPOTOTUIIOB
ObUIM CBEPEHBI C XapaKTepUCTUKOM, cHATOM mist KMY
Ha nepBoM 3Tamne padboTsl. BHUMaTenbHOE U3yYeHUE U
CpaBHEHME KapTUH CBEUYCHUS TTO3BOJISIECT CHENIaTh BhI-
BO, YTO paboyre TMPOTOTUIILI Ha TaHHBI MOMEHT He
ycTynaloT cepuiiHomMy obpasiy. Bo BTopoMm skcnepu-
MEHTe ObLIa MCClieOBaHA MOHM3MPYIOIIAs CUJIa BbI-
XOIHOTO U3JIy4YeHUsI MPOTOTUIIOB C MCITOJIb30BaHUEM
MOHM3AIIMOHHOM KaMephl. [1o pe3dynbprataM sKcrepu-
MEHTa MOHU3UPYIOLasl CUJIa U3JTy4yeHUsT OlleHeHa KakK
VIOBJICTBOPSIONIAS YCIOBUSIM TTOCTaBJICHHON 3amayu,
He ycTymarouias cepuitHbIM oOpasiiaM IpOU3BOJACTBA
3AO0 "Csetnana-Penrren”, r. Cankr-IletepOypr.

3akimoueHue

B xome paboT ymanoch 3aMEHMTb TE€PMOKATOI B
peHTreHoBcKoit Tpyoke bX-2 mpousBoactsa 3A0
"Cpetnana-Penrtren” (r. Caukr-IletepOypr, Poccust)
Ha KaTOTHO-MOIYJIATOPHBINA y3€J ¢ aBTOKATOIOM W3
MMOJIMAaKPUIOHUTPUIIBHBIX YIJIEOMHBIX BOJIOKOH. Tomy-

YEHHBIEC PE3YJIbTaTbl UBMEPEHUN B 3HAUUTEJILHOM CTE-
TMIEHU MTPEBOCXOMIT MTOKA3aTea CTaHAAPTHOW pEHTre-
HOBCKOM Tpyoku BX-2, 4TO TOBOPUT O IIPOAYKTUBHO-
CTU U 11€71€CO00PA3HOCTH MPOJAETAHHOW PabOTHI.
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The article presents a design of an X-ray tube for gas ionization with a field emission cathode and defocusing system. The cathode
Jor an electron gun of the tube is based on a beam of polyacrylonitrile carbon fibers. The simulation of the electronic defocusing system
is carried out and the optimal design parameters are revealed. A prototype of an X-ray tube with a proposed electron gun is made
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Introduction

Microfocus x-ray tubes and portable equipment on
their basis are an effective means for research of the
structure of various objects at the microlevel [1]. They
are used for a microtomography, microdefectoscopy,
diagnostics of the quality of the industrial products,
crystallographic research works, medical diagnostics,
detection of explosives and for other purposes. In de-
velopment of the microfocus x-ray tubes a trend is ob-
served for creation of special designs, corresponding to

the requirements of a concrete research to the maxi-
mum degree [2].

The most widespread type of the modern microfocus
x-ray tubes is a device with a perforated anode, without
special coolers. One of the promising directions for de-
velopment of the devices with a perforated anode is the
further increase of the voltage and power with a simul-
taneous reduction of the sizes of the focal spot, ensuring
higher efficiency of the tube and its smaller dimensions.
This can be achieved by replacement of the thermo-
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cathodes with the field-emission cathodes on the basis
of the carbon materials [3].

Electron gun

During selection of a suitable design of the cathode-
modulator node (CMN) with a cathode on the basis of
polyacrylonitrile carbon fibers, attention was devoted to
a possible simplicity and technological adaptability of
the whole of the device.

For determination and approvement of all the in-
terelectrode distances (fig. 1) a simulation was done of
the electron-optical system of an x-ray tube, including
distribution of the potential and the trajectory of the
electrons [4].

The obtained calculated data allow us to believe
confidently that the designed electron gun meets all the
requirements to it (testing of the cathode-modulator
node made according to the calculated parameters also
confirms this):

o full absence of interception of the autoemission
current on the control electrode is reached, the cal-
culated trajectories of the movement of electrons
even do not touch the modulator (the force of the
current of the modulator, measured at the working
voltages on the electrodes and the cathode current
I, = 100 pA, equals to 1, < 0.5 pA);

e autoelectrons practically cannot get to the vertical
wall of the internal surface of the tube’s glass shell.
Only near the anode they get to the tube wall, but
this situation is solved by sputtering of an additional
rim from aluminum, which was taken into account
during modeling (testing of CMN demonstrated
that the electrons did not reach the lamp wall);

o all of the electron flow, when it gets to the anode,
will highlight practically all of the area with the de-
posited luminophor (during testing of the trial CMN
the autoemission image really occupied all of the lu-
minescent area of the anode);

o the calculated area of the volt-ampere characteristic
of the designed CMN is within the limits of the
modulator voltage of U,, < 1500 V (measurements of
the volt-ampere characteristics of CMN demon-
strated that at the current of 7, = 100 pA and voltage
on the anode of U, = 10 kV, the value of the mod-
ulator voltage was U,, = 1.2 kV).

During the experiments it was pointed out that not-
withstanding the microgeometry of the fibers on differ-
ent cathodes, the displacement of the volt-ampere
characteristics to the area of the higher or lower volt-
ages on the control electrode was minimal, which was
also underlined in the other works [5, 6].

Fig. 2 presents the typical emission characteristics of
the electron gun.

Prototype of the x-ray tube
with an autoemission cathode

The electron gun developed at the first stage on the
basis of polyacrylonitrile carbon fibers was applied for
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manufacturing of the working prototypes of the x-ray
tube. BX-2 serial x-ray tube, manufactured by Svetla-
na-Roentgen Co. (St.-Petersburg, Russia) was taken as
the basis for the design. The design of the anode group
was taken for manufacturing of prototypes from BX-2
lamp without changes. The base part of the lamp and
the bottom half of the case were made from glass. For
preserving of an acceptable level of vacuum, the non-
pulverizable getters on the basis of titanium were fixed
inside the ready devices. A view of the working proto-
type is presented in fig. 3.

For checking of the lamps’ workability and deter-
mination, whether they satisfied the set tasks, two ex-
periments were made.

In the first experiment the role of the external layer
was played by the green luminophor, activated by the x-
ray radiation of the lamp in various operating modes.
The image was visually compared with the similar im-
ages for the serial tube BX-2 from Svetlana-Roentgen
Co. received in parallel. Besides that, the volt-ampere
characteristics of the prototypes were compared with
the characteristic recorded for CMN at the first stage of
the work. Attentive studying and comparison of the pic-
tures of the luminescence allows us to draw a conclu-
sion that the working prototypes do not concede to the
serial sample. In the second experiment the ionizing
force of the output radiation of the prototypes with the
use of the ionizing chambers was investigated. By the
results of the experiment the ionizing force of radiation
was found as satisfying the conditions of the set task,
and not conceding to that of the serial samples manu-
factured by Svetlana-Roentgen Co, Saint-Petersburg.

Conclusion

During the works the authors managed to replace
the thermocathode in BX-2 x-ray tube manufactured
by Svetlana-Roentgen Co, Saint-Petersburg. with a
cathode-modulator node with the autocathode from
the polyacrylonitrile carbon fibers. The received results
of measurements surpassed substantially the indices of
the standard BX-2 x-ray tube, which testified to the ef-
ficiency and the expediency of the work done.
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O KBAAPUPOBAHWU TPAH3NCTOPOB B HAHO- K MUKPOLIMOPOBbLIX
MHTETPAAbHbIX CXEMAX INMPU UX OBAYHEHUU

Ilocmynuna 6 pedakyuio 19.07.2017

Ilpuseden anaausz cxem KeadpupoganHozo mpausucmopa. IIpedrodceHa oueHKa OmKa30ycmMouvU80Cmu Keaopupo8aHHOU
MUKpocxemvl npu ee ooayueruu. JlaHo cpasHeHue omKazoycmouMueocmu Keaopupo8anHoU U NOKOMNOHEHMHO OYOAUPOBAHHOU
mukpocxem. Ilokazano, ymo omkazoycmoMu80Ccms K8aopUPOBAHHbIX MUKPOCXeM NPU UX 004yHeHUU Ha 00UH — 08a NOPAOKA Gblule
OMKA30yCMOUYUBOCU NOKOMNOHEHMHO OYOAUPOBAHHBIX MUKDPOCXEM.

Karoueesvie caosa: Hanos1eKkmponuKa, MUKpoINeKmpoHUKa, 0mKa30yCcmou4ueocms, OMKa3, pesepsuposanue, 0yoauposanue,
Y4emeepeHHas mpaH3uCmopHas CmpyKkmypa, Keaopupogarue, K8aopupoeaHHvlli MpaH3ucmop

Bsenenune

B paborax [1—7] HaMu ObUIM IIPEmJIOKEHbI HOBBIE
CXEMOTEXHUYECKUE CMOCOObI TMOBBILIEHUSI OTKa30yC-
TOMYMBOCTU HAHO- 1 MUKpOUHTErpajibHbIX cxeM (MC)
Nnpu OO0JIyYeHWM, OCHOBAaHHbIE HAa IMOCTOSSHHOM MO-
KOMITOHEHTHOM JyOJMPOBaHUU, TTPU KOTOPOM KOM-
TOHEHTHI He 00J1aIaloT MaMSIThIO, a PACCTOSTHUE MEX-
Ly TyOnMupYOILUMU IPYT Ipyra KOMIIOHEHTaMU 0OJIb-
e pasMepa o0JacTU TOBPEXICHMS OT OTHOW Yac-
TUlbl. B KadyecTBe KOMIIOHEHTOB MOTYT BBICTYIATh
JIOTMYECKHE 3JIEMEHTHI, TPAH3UCTOPHI, APyTue mprodo-
pbl U MexxcoenuHeHus. [1pu nyonupoBaHUM JloTUYec-
KHX 3JIEMEHTOB BbIXO/IbI AYOJIMPYIOIIMX APYT Apyra Jio-
IMYECKUX 3JEMEHTOB COENMHSIOT MEXIy COO0OM, I
Yero B KaXKI0M JIOTMYECKOM 3JIEMEHTE YCTaHABJIUBAIOT
MIPOCTOM MO anmnapaTHbBIM 3aTpaTaM BbIXOIHOM KacKa.
B nyOmmpyoommx sneMeHTaX MOXHO pe3epBHpPOBATH
oTAeabHEIe IIpuOophl. M3 n1y0armpoBaHHBIX KOMIIOHEH-
TOB MOXHO CTPOUTb JIOTMYECKUE DJIEMEHTHI C MaMsi-
TbiO (Tpurrepsl). McciaenoBaHo noseaeHue nyoaupyo-
1IEro U AyOJMPOBAHHOTO 3JIEMEHTOB IPU Pa3IUUYHbIX
nedeKkTax Mpu BCeX COUETaHUSIX BXOIHBIX CUTHAJIOB.

OTMeTHM, YTO B YKa3aHHBIX B 9TOI CTaThe paboTax
U B JAHHOW CTaThe MOJ OTKA30M MOHUMAIOTCS KakK
MMOCTOSTHHBIE OTKa3bl, TAK U BpeMEHHBIE, Ha3bIBaEMbIC
cOOSIMU.

B Tex xxe pabdorax [1—7] HaMu OBLIM MpPEIIOXKEHBI
Takke HOBbIE METOMbI OLIEHKU OTKa30yCTOMYMBOCTU

HaHO- 1 Mukpo MC, npeagHazHaueHHbIE He JJIs OLIEH-
KM KOHKPETHBIX CXEM, a B OTJIMYME OT U3BECTHBIX
CIIOCO0OB, JJIsI OLEHKM OTKa30yCTOMYMBOCTHA 0000-
LIEHHBIX MHTETPAJIbHBIX CXEM, TIOCTPOSHHbIX JIIOOBIMU
crnocobamMu, B TOM Uucie 0e3 pe3epBUPOBAHUS U C pe-
3epBUPOBAHUEM, HAMpUMEDP, C PA3IUUYHBIMU BUIAMU
MOKOMITOHEHTHOTO AYOJIMPOBaHUSI U MaXKOPUTAPHOIO
pe3epBUPOBAaHUSI HAa OCHOBE MaTeMaTUYECKMX MOJe-
neir MC. IlockonbKy IIpemyaraéMble HaMH HOBEIE
METOIbl OLIEHKM OTKa30yCTOMYMBOCTU IpeaHa3Haye-
HBI 1J11 olleHKK 00001eHHbIX MIC, XapakTepu3yeMbIixX
TOJIbKO CITOCOOAMU UX MOCTPOCHMUSI, TO IJIs1 Y10O0CTBa
OyneM Ha3bIBaThb UX METOJAMM OLIEHKM OTKAa30yCTOM-
YUBOCTU crioco0oB noctpoenus MC.

M3BecTHbIE METOAbI OLIEHKU OTKA30yCTOMYMBOCTU
HC, B oTimyue oT NMpemToKeHHbIX HaMM, MpeaHa3Ha-
YeHbI JUIs1 OLIEHKU 0€30TKAa3HOCT KOHKPETHBIX MHTET-
paJbHBIX CXeM U HE MOTYT OBbIThb MCIOJb30BaHbI IS
OLIEHKM Pa3JIMYHbIX CIIOCOOOB pe3epBUPOBaHUS. DTU
MEeTOJbl OLIEHKN OTKa30yCTOMYMBOCTM OCHOBAHbI Ha
HCITOJIb30BaHMM TaK Ha3bIBa€MbIX A-XapaKTePUCTUK,
KOTOpbIe 3aJaloTcsl B TaOaAMLAaX KaK KOHCTAHTBI IS
KaxJ0To TUIla MpUubOpPOB U APYTUX KOMIIOHEHTOB MH-
TerpajabHoii cxeMbl [8, 9]. [ToaTomMy mapaMeTpbl 00Jy-
YeHUsI MOTYT ObITb YUTEHBI B 3TUX XapaKTepUCTUKAX
JIMILIb B OTpaHUYEHHBIX Mpenenax. B mpemiokeHHbIX
HaMM METO/IaX YKa3aHHbIE A-XapaKTepPUCTUKU HE MPU-
MEHSIIOTCSI, a MCIIOJIb3YeTCsl TakKasl BaxkHas Xapak-
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TepUCTUKA OOJIydeHUsI, KaK (hJIIOCHC, MEHSIOIIUICS
B IIMPOKUX Mpenaesiax, U TOT (akT, yTo OOJydyeHuUe
JIeCTByeT Ha "TUTOIAAu" MHMKPOCXEMBI HE3aBUCUMO
OT ee (hyHKIIMOHAJIbHOTO conepxkaHus. [loatomy mpen-
JIOXXeHHBIE HAMM METOIBI Ha3BaHbI METOIaMU OLICHKHU
OTKa30yCTOMUYMBOCTU "MO muiowansaM”. OHM MO3BOJISI-
IOT CPaBHUBATh OTKA30yCTONYMBOCTD TIPU Pa3TUYHBIX
cnocobax IOCTOSIHHOIO pe3epBupoBaHusi. C momo-
IIbI0 3TUX METOMOB IMOKAa3aHO, YTO OTKa30yCTONYM-
BOCTb MPEIJIOKEHHON MOKOMITOHEHTHO AYOJIMpPOBaH-
HOM MUKPOCXEMbl IPUMEPHO Ha MOPSIIOK BHIIIE, YEM
y TPOMPOBAHHON MUKPOCXEMBI TP MIEATBHBIX, T. €.
0e30TKa3HbIX, MAXKOPUTAPHBIX KJIaraHaX, a KOJuJec-
TBO 00OPYIOBAHUS B 3TOM AyOJIUPOBAHHONM MIUKPOCXE-
M€ HIXe, YeM B TPOMPOBAHHOM. /111 OBBIIIIEHMST OT-
Ka30yCTOMUYMBOCTY MaXXOPUTAPHBIX KJIATIAHOB U KOHT-
POJILHOM amrmaparypbl KPYIMHBIX IH(GPOBBIX CUCTEM
HaMU TpelJIOKeHO MCMOJb30BaTh YKa3aHHbIE CITOCO-
Obl MTOKOMMNOHEHTHOTro ayoaupoBanus [10, 11].
[anpHelilee TMOBBIIICHNE OTKAa30yCTOMUYMBOCTU
MUKpo- 1 HaHOMC B0O3MOXHO TpU MCIOJIb30BAHUU
YETBIPEXKPATHOTO PE3ePBUPOBAHUS OOMHOUYHBIX TPaH-
3ucrtopoB. B pabore [12, c. 308, puc. 11.5] Obn
MpUBEJEH NMPUMEP OJHOBPEMEHHO MapajlieJIbHOTO U
MTOCJIEIOBATEIBHOTO MTyOJIMPOBAHMSI IMOIOB U CO-
o01Ia7I0Ch, YTO "aHaJOTMYHBbIE METOIbI MOTYT OBITh
WCTIOIB30BaHbI [IJISI PE3UCTOPOB, KOHIECHCATOPOB W
TpaH3UCTOPOB". DTO maBHss uaess. OTHOCUTENIbHO He-
nIaBHO B paborax [13—15] ObLI TIpeajioxkeH aHaJIOTUY-
HBI METOI OMHOBPEMEHHO IapajuleIbHOrO U IOce-
JIOBaTeJIbHOTO IOyOIMPOBAaHUS TPaH3MCTOPOB, KOTO-
pBIif €r0 aBTOPHI HAa3bIBAIOT METOIOM IOCTPOEHMS Ue-
TBIPEXKPATHO Pe3epBUPOBAHHOMN (MJIM YYETBEPEHHOI)
TPAaH3UCTOPHOM CTPYKTYPHI (quadded transistor struc-
ture). B panpHeilimeM OymeM Ha3bIBaTb 3TOT METOI
K6adpupoeanuem mpaH3ucmopoe no aHaJIOTUHU C Mpea-
JIOXXEHHBIM B paboTte [16, ¢. 7] TepMUHOM "KBagpupo-
BaHWE pe3epBUPYEMBIX KOMIIOHEHTOB", TIe MOI KOM-
IMOHEHTaMM MOHMMAIOTCS B IEPBYIO OYepenb AUOIbI, U
JIaeTcs cchblikKa Ha pab6oty [12, c¢. 308], roe ynomuHa-
eTCsI, UYTO aHaJOTMYHBIE METOIbl PEe3ePBUPOBAHUS
MOTYT OBbITh MCMOJIB30BAHBI JI51 PE3UCTOPOB, KOHIEH-
CcaToOpOB M TpaH3UCTOpPOB. B pabGotax [13, 14] xBax-
pUpPOBaHME TPAH3UCTOPOB 00O0OIIAETCS KaK MPOCTOM
Cllyyail OCTPOeHUs! N2-TpaH3UCTOPHOI CTPYKTYpBI
(Nz-transistor structure) ipy N = 2. Ota N2-Tpa1-131/1c-
TOpHASI CTPYKTYpa, COCTOSIAs M3 N2 OXMHOYHBIX
TPaH3UCTOPOB, oOpa3ytolux N cTpoK U N CTOnI0LOB,
npeyioxeHa npu N > 2 sl TOBBILIEHUST OTKa30yC-
TOMYMBOCTU K OoJbleMy 4duciay AegekToB. OgHaKo
Takasi CTpyKTypa, SBJSIOLIascsl pa3BUTUEM KBaapUpPO-
BaHHOI CTPYKTYpPHI, TpeOyeT yBeMIeHWs 3aTpar arma-
paTyphl U B 3TUX paboTax NoApoOHO HE MCCeI0OBaHa.
B paGore [14] npenioxkeHHOMY METOIY KBaapUpO-
BaHUS TPAH3UCTOPOB MPOTUBOTIOCTABIISIOT N3BECTHBIE
METOIBI TPOMPOBAHMS M METOJ YUYETBEPEHHOM JIOTUKHU
(quadded logic). B Heit oTmeuaeTcsi, 4YTO OLIUOKU B Ma-
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JKOPUTApHOM KJlallaHe He IMO3BOJISIIOT MOJYYUTh Tpa-
BWIbHBIA pe3yJbTaT U HE MOTYT ObITh CKOPPEKTHUPO-
BaHBI. TaM TakxKe OTMEYaeTCs, 9YTO XOTs yUeTBepeHHAS
JIOTMKA TapaHTUPYET OTKA30yCTOMYMBOCTb IO OTHO-
LIEHWIO K OOJBIIMHCTBY OMMHOYHbBIX OLIUOOK, TEM HE
MeHee OIMOKM, BCTpedarolIrecsl Ha MOCAeAHUX IBYX
CTYMEHSIX YUYETBEPEHHON JIOTMYECKOW CXEMbl, MOTYT
OBITh HE CKOPPEKTUPOBaHbL. B cBSI3U ¢ 3TUM B paboTe
[15] mpemyoxeHa Tak Ha3pIBaeMas "TMOpHUOHas" cxe-
MOTEXHHMKA, COIJIACHO KOTOPOI MEepBbIe CTYIIEHU JIO-
IMYeCKOM CXeMbl CTPOSIT KaK YUYETBEPEHHYIO JIOTUKY, a
Ha ee MOCIeTHUX CTYIIEHIX MCITOIb3YIOT KBaaprupoBa-
HUE TPaH3UCTOPOB.

Xots B padboTax [13—15] nmpuBoasaTcs hopMyibl Be-
POSITHOCTEH OTKa3a KBaApUPOBAHHBIX TPAH3UCTOPOB U
COCTOSILIIUX M3 HUX CXeM, HO apryMeHTOM B 3TUX (Gop-
MyJiax CJIY>KMT TIpeicTaBlIeHHasl B OYKBEHHOM BUIE BE-
POSITHOCTb OTKa3a OAMHOYHOTO TPaH3MCTOpa, KOTOpast
He pacKpbiBaeTcs. B HMX He yKa3bIBalOTCS MPUYMHBI
BO3HUKHOBEHMUS Ne(PEKTOB OMMHOUYHBIX TPAH3UCTOPOB
M HE pacCMaTpUBACTCS OTKA30yCTOMYMBOCTH MUKPO-
CXEMbl, COCTOSIILIEH M3 KBaApPUPOBAHHBIX TPAH3UCTO-
pOB, noj AeiicTBMEeM o0yyeHus. B HacTosel paboTe
HcclieayeTcsl KBalpupoOBaHUE TPAH3UCTOPOB B MUKPO-
1 HaHOM C nipu 00JlydeHUU Ha OCHOBE MPEIJIOKEHHOM
1 MCITOJIb30BAaHHOW HaMM paHee MOJAEIU OLIEHKW Ha-
nexHoctr ooiaydaembrx MC "o mnomanam” [1—7].

1. CTpyKTypbl KBaJIPUPOBAHHBIX TPAH3UCTOPOB
4 BJIMSIHAE OTKA30B OJMHOYHBIX TPAH3HUCTOPOB
HA OTKa3bl KBAJIPMPOBAHHBIX TPAH3UCTOPOB

IIpumMepbl cxeM KBampupOBaHUS TOJIEBBIX TPAH3UC-
TOPOB, NOKa3aHHbIE HAa pUC. 1, a U b, MOJHOCTHIO aHa-
JIOTUYHBI CXeMaM, IIpUBeIeHHBIM B padorax [13, 14].
Ha a1tux prcyHkax KBaapupOBaHHbII TPaH3UCTOP CO-
JEPKUT ONMHAKOBbIE OMMHOYHBIE TPAH3UCTOPLI 11— Ty,
Bxonnbl A Bcex OMMHOYHBIX TPAH3MCTOPOB, BXOMISIIIUX B
OJIMH KBaJpUPOBAHHBII TPAH3UCTOpP, B 0OILIEM Cllyyae
MOTYT OBITb COEAMHEHbI MEXIY CO00I (3TU COoearHe-
HUs Ha puc. 1, a u 1, b He MoKa3aHhbI).

KBagpupoBaHHBIN TpaH3UCTOP MOXHO MCIIOJIb30-
BaThb B CXe€MaX JIOTMYECKHUX 3JIEMEHTOB BMECTO OfM-

3 A JI— T} T3_||_ A A JI— TI T2_| A 3
1 > — > < 1
AT T4 AT T, A
: a) b) :

JIBa BapMaHTa CXeMbI KBAJIPHPOBAHHOTO TPAH3UCTOPA
Two variants of the circuit of a quadrated transistor




Tabauua 1
Table 1

BimsiHue 0TKa30B Map OJAMHOYHLIX TPAH3MCTOPOB HA OTKA3 KBAJAPHPOBAHHOTO TPAH3HCTOPA VIS €r0 CTPYKTYP, NMpUBedEeHHbIX Ha puc. 1, am 1, b
Influence of the failures of the pairs of the single transistors on the failure of the quadrated transistor for its structures presented in fig. 1, a and b

CrpykTypa Ha puc. 1, a
Structure in fig. a

CrpykTypa Ha puc. 1, b
Structure in fig. b

JedekThl TUMA "0OPHIB" Jedextol Tna K3 JedexTrl THMIA "00PHLIB" Hedextsl Tuna K3
Defects of "open circuit” type Defects of SC type Defects of "open circuit” type Defects of SC type
[Tapbl TpaH3UCTOPOB Otka3 [Mapwl TpaH3ucropoB| OTKa3 [Mapel TpaHsucropoB | Otka3 | [lapbl TpaH3ucropoB| OTka3
Pairs of transistors Failure Pairs of transistors Failure Pairs of transistors Failure Pairs of transistors Failure
T, T, + T, T3 + T, T, + Ty, T; +
T3, T4 + Tl’ T4 + T]’ T4 + 2> T4 +
Tl’ T3 - T2, T3 + T2, T3 + Tl’ T2 -
Tz, T4 - Tz, T4 + T3, T4 + Tl’ T4 -
Tl’ T4 - Tl’ T2 - Tl’ T3 - T2, T3 -
T2, T3, - T3, T4 - T2, T3 - T3, T4 -

HOYHOTO TpaH3ucTopa. OH CYIIECTBEHHO 3allIUIIeH OT
JedekToB TUIa "0OpBIB" K TUIA "KOPOTKOE 3aMbIKa-
Hue" (K3). Tak, oH MOJHOCTBIO 3alMIIEH OT OTKa3a
OIIHOTO JIFOOOTO BXOISIIETO B HETO OMMHOYHOTO TPaH-
3UcTOpa BeaencTeue nedekra awoboro tumna ('oOpbiB”
uin K3). OH He MOTHOCTBIO, HO B 3HAYUTEJILHOI Mepe
3alIUIIEH OT OTKA30B ITap BXOMSIINX B HETO OTMHOY-
HBIX TPAH3UCTOPOB BCEACTBUE Ae(HEKTOB B HUX TOJb-
KO ogHoro tuna (tabiu. 1). B cayyae xe, Koraa B OfHOM
KBaIprUpPOBAaHHOM TPAaH3MCTOPE OTHOBPEMEHHO HMME-
0T MeCTO Ae(eKThl 000MX TUIIOB, KBaJApUPOBAHHbIN
TPAH3MCTOP YACTUYHO 3alIUIIEH OT OTKA30B TPEX BXO-
JSIINX B HETO OMMHOYHBIX TPAH3UCTOPOB M OTKA3bIBa-
€T MPH BBIXOAEC HEKOTOPBIX TPOEK OAMHOYHBIX TpPaH-
3UCTOpOB (Tabn. 2).

Hamumune B MukpocxeMme nedekToB Tuma "oOpHIB"
0oJiee XapaKTepHO MJIsl HAHORJIEKTPOHUKM (IIpU HEHT-
POHHOM 00JyyeHun). Hanmnuue B MUKpocxeMe nedek-
ToB Tuia K3 OGoyee xapakTepHO IJISI MUKPOSJIEKTPO-
HUKU TIPU BO3IEHCTBUU TSIKEIBIX 3apSKEHHBIX Yac-
tun (T3Y).

B paborax [13, 14] Hapsimy ¢ nedpekramu "oOpHIB" 1
K3 ymomuHaioTcsi Tak HasblBaeMmble Oe(EeKThl TUIIA
MOCTUKOB (bridges) Mexay 3aTBOpaMy TPaH3UCTOPOB,
a UMEHHO MOCTUK Tuna "MoHTaxkHoe U" (AND-bridge)
u "mMoHtaxHoe WNJIN" (OR-bridge). OnHako TaM Je-
(bekThI TUITA MOCTMKOB HE ITOKa3aHbl Ha CXeMe KBaJ-
PUPOBAHHBIX TPAH3UCTOPOB M HE YYUTHIBAIOTCS TIPU
BbIBOJIE (DOPMYJT BEPOSITHOCTM OTKasza KBaJApUPOBaH-
HOTO TpaH3ucTopa (cM. pa3nen Appendix B padorte [14]).
IIpu paccMOTpeHUM BEPOSTHOCTU O€30TKa3HOM pabo-
THI KBaIPUPOBAHHBIX TPAH3UCTOPOB B JAJIbHEHIIIEM He
OyJIeM YYUTBIBATh 3TU Je(hEKTHI.

B 1a6:1. 1 ykazaHbl Mapbl OTWHOYHBIX TPAH3UCTO-
POB, B KaXIOi U3 KOTOPBIX TPAH3UCTOPHI UMEIOT Jie-
(beXThl ONMHAKOBOTO THUIIA, W JJIST KaXKIOM Iaphbl yKa-
3aHO, TIPUBOIAT JIU 3TU Ae(eKTH B KaXKIOM U3 TpaH-
3UCTOPOB 3TOM Maphl K OTKa3y KBaJpUPOBAHHOIO
TpaH3ucTopa. Eciu nmpuBoasT K 0TKa3y, TO B CTOJIOLE
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"Otka3z" yka3aH 3HaK "+", a eciu He TIPUBOASAT K OT-
Kasy, To B cronbue "OTka3" ykazaH 3HaK "—"

M3 1abs. 1 BUIHO, 4TO €CIU U3-3a ONMHAKOBOI'O THU-
na nedekra B KBaApUPOBAHHOM TPAH3UCTOPE OTKAXKYT
TPU OOWHOYHBIX TPAH3UCTOpPA, TO OTKAa3 BCETO KBal-
PUPOBAHHOIO TPAH3UCTOPA MOXKET ObITh BbI3BaH JMOO
OJIHOW Tapoi, JMOO ABYMSI MapaMu U3 3TUX TPEX OT-
Ka3aBILIMX OAMHOYHBIX TPAH3UCTOPOB.

ITapsl ONIMHOYHBIX TPAH3UCTOPOB, MPU OTKa3e KO-
TOPBIX OTKAa3bIBAE€T KBaAPUPOBAHHBIN TPaH3UCTOD, OY-
IeM Ha3blBaTh omkasvieaowumu napamu. Yucmo G
OTKa3bIBAIOIIMX Map 3aBUCUT OT CTPYKTYPbl KBaIpU-
pOBaHHOIO TpaH3ucTOopa U Tvna aedekra. Yucna or-
Ka3bIBAIOIIMX Map B 3aBUCUMOCTH OT CTPYKTYpPhI KBaJI-
PUPOBAHHOIO TpaH3UCTOpa W TuUMa AedeKkTa B COOT-
BETCTBUM C TaOJ. 1 mpu ONMHAKOBOM THUIIE Ae(hEKTOB
B OJMHOYHBIX TPAaH3UCTOpaX OyIyT

G = 2, G = 4, Gb,06p = 4, Gb,KS = 2, (1])

a,o00p a,K3

rle HIDKHUE MHIEKChI O3HAYAIOT: d U b — TUIIbI CTPYK-
TYp KBaJpHUPOBAaHHBIX TPAaH3UCTOPOB (CM. puc. 1, a

Tabauua 2
Table 2
Bamsinne 0TKa30B TPOHKM OAMHOYHBIX TPAH3UCTOPOB HA OTKA3
KBA/IPUPOBAHHOTO TPAH3HUCTOPA CO CTPYKTYPOid,
TMOKa3aHHOi Ha puc. 1, a
Influence of failures of a group of three single transistors on the failure
of the quadrated transistor with the structure shown in figure 1, a

OTkas
4 b T Failure
K3 K3 O6pBIB -
SC SC Open circuit
K3 OO6pbIB OO6pbIB -
SC Open circuit Open circuit
OO6pBIB K3 OOpBIB -
Open circuit SC Open circuit
K3 OO0pbIB K3 +
SC Open circuit SC
OO6pbIB K3 K3 +
Open circuit SC SC
O6pBIB O6pBIB K3 +
Open circuit Open circuit SC
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u 1, 6); obp — Tumn gedexra "oOpPBIB"; K3 — THII Je-
¢ekra K3 (KopoTkoe 3aMbIKaHUE).

MakcumanbHoe yncio G ,, JIOObIX Map OAWHOY-
HBIX TPAH3UCTOPOB B KBaApMPOBAHHOM TPaH3UCTOPE
paBHO YMCITy COYETaHUI M3 YeTHIpeX IO nBa, T. €. 6.
OTHOCUTEeTbHAST BEPOATHOCTD | TTOMMATaHUS YaCTUIIBI
B OTKAa3bIBAIOIIYIO Tapy OIMHOYHBIX TPAH3UCTOPOB

oymer

n = G/ Gaxs (1.2)
rae Gy, — YMCIIO OTKA3bIBAIOLIMX 1ap TPAH3UMCTOPOB B
KBaJIpUpPOBAaHHOM TpaH3UcTOpe, ornpeneaeHHoe B (1.1).

Torma py OIMHAKOBOM THUIIE Je(PEKTOB B OMUHOY-
HBIX TPAH3UCTOPAX MOJAYyYuUM u = 1/3, 1ubo p = 2/3.

PaccmoTpum Terneph ciyyan, KOTAa B OTHOM KBall-
PUPOBAHHOM TPAH3MCTOPE OMHOBPEMEHHO UMEIOT MeC-
TO JedekTbl 000oux TUNOB. KBaaprMpOBaHHbBIA TpaH-
3UCTOP OOOMX TUIIOB CTPYKTYP MOJHOCThIO 3alIUILIEH
OT OTKa30B B HEM JIFO0OI MMapbl OAMHOYHBIX TPAH3UC-
TOPOB, OJIMH U3 KOTOPBIX OTKAa3aJ BCJIEACTBUE NedeKTa
B HEM OIHOTO THUIIA, a IPYroil — BCIEACTBUE AedeKTa
JIPYTOro THIIA.

PaccMoTpuM BO3MOXKHOCTHU 3allIMThl KBAAPUPOBAH-
HOTO TPaH3MCTOPa OT OTKA30B TPEX BXOMSIIINX B HETO
ONMHOYHBIX TPAaH3MCTOPOB IPU YCJIOBUM, YTO IBa M3
5THUX TPAH3UCTOPOB OTKA3aJIM BCIICACTBUE PA3HBIX TH-
noB gedekToB. B Tabn. 2 B KauecTBe IpuMepa MmoKa-
3aHO BJIMSIHUE OTKA30B TPOWKM OAMHOYHBIX TPaH3UC-
topoB T}, T5, T; pyu pas3In4YHbIX COYETAHUAX TUIIOB
ne@eKTOB B HUX IIPU UCIIPABHOM TpaH3ucrope 7, Ha
OTKa3bl KBaApWPOBAHHOTO TPAH3WCTOPA, MMEIOIIETO
cTpykTypy tvna "a@". Eciau medexkrthl, yKazaHHBIE B
Kax/I0i CTpoke TabJl. 2, MPUBOIAT K OTKa3y KBaapupo-
BaHHOI'O TpaH3ucTOpa, TO B cTonbue "OTKaz" ykazaH
3HaK "+", a ec/id OHM He TIPUBOMIST K €ro 0TKasy, TO B
cronbue "Otka3z" ykazan 3HaK "—". JIJ1s1 KaxXooil TaKoi
TPONKY OJMHOYHBIX TPAH3UCTOPOB B TPEX CAyYasx U3
IIECT KBAIpUPOBAHHBIN TPAH3MUCTOP HE BBIXOIWT M3
cTpos. Yuciio Takux TpoeK TPaH3MCTOPOB U3 YEThIPEX
OJIMHOYHBIX TPaH3UCTOPOB paBHO 4. DTO O3Hayaer,
yTo B 12 cityuaeB u3 24, T. €. B MOJIOBUHE CJIyyaeB OT-
Kaza TPoeK OAMHOYHEIX TPAH3UCTOPOB BCIICACTBHUE O~
HOBPEMEHHOTO TIOABICHUS Ae(EeKTOB pa3HBIX TUIIOB,
He TIPOMCXOANT OTKa3a KBaIpUPOBAHHOTO TPAH3MCTO-
pa. AHaJIOTrMYHBIM 00pa30M MOXHO MOKa3aTh, YTO IIPU
CTPYKType TUMa b KBaIPpUPOBAHHOIO TPAH3UCTOpPA OH
He OTKaxeT B 1/3 ciaydaeB oTKa3a TPOeK OTMHOYHBIX
TPaH3UCTOPOB BCIECACTBME MOSIBAEHUS Ae(HEKTOB pa3-
HBIX TUTIOB.

ByneM cuurtath, 4TO B KBaApUPOBAHHOM MUKPO-
CXeMe UCIOJIb3YIOTCS TOJIBKO KBaApHUPOBAHHBIE JIOTH -
yeckue anemeHTl MJIN-HE. Cxema AByXBXOZ0BOTO
aneMmeHTa UJIN-HE ¢ Hepe3epBUpPOBAaHHOU CTPYKTY-
pOIi, TOCTPOSHHOTO Ha KBaIpUPOBAHHBIX TPAH3MCTO-
pax, COmepXUT TPU TaKWUX TPaH3UCTOpa, T. €. BCETO
12 OMMHOYHBIX TPAH3UCTOPOB. OTHAKO KBaAPUPOBAH-
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HbI€ TPAaH3MCTOPBI MOXHO MCIIOJb30BaTh B OyOIMpO-
BaHHOM 3jieMeHTe UJIM-HE BMecTo my0ampoBaHHBIX
TPaH3UCTOPOB, PE3UCTOPOB U AUOAA. Takoil JBYXBXO-
nopoit sanemeHT MJIM-HE morpeGyer 10 kBampupo-
BaHHBIX TPaH3UCTOPOB WU 40 OMMHOYHBIX TPaH3UC-
TOPOB.

2. Oco0EeHHOCTH KBAJIPUPOBAHHONH MHKPOCXEMBI
U ee MojieJib

Hau6Gosee npocThIM BUIOM MUKPOCXEM C KBaJlpU-
POBaHHBIMU TPAH3UCTOPAMU SIBJISIETCSI MUKPOCXEMa,
COCTOSIIIIAsT M3 KBAIPUPOBAHHBIX JJOTUIECKUX DIIEMEH-
TOB, UMEIOILIMX HEPE3ePBUPOBAHHYIO CTPYKTYpY. B Ta-
KOM JIOTUYECKOM 3JIEMEHTE KAXKIBIA OMUHOYHBIA TPaH-
3UCTOP 3aMEHEH Ha KBapUPOBAHHBIA TPaH3UCTOP.
ByneM yclioBHO Ha3bIBaTh TaKO# JIOTUYECKUIA DIEMEHT
MPOCTBIM KBaAPUPOBAHHBIM DJIEMEHTOM, U ITO3TOMY
MUKPOCXEMY, COCTOSIIYIO U3 TAKUX MPOCTHIX JTIOTMYeC-
KMX 3JIEMEHTOB, HAa30BE€M MPOCTOM KBaApHUPOBAHHOM
MMKpocxeMoil. B naHHO#l paboTe Oyaem paccMmaTpu-
BaTh TOJIBKO MPOCTYIO KBaAPUPOBAHHYIO MUKPOCXEMY,
HO B €€ Ha3BaHUU CJIOBO "TpocTas”, KaK MpaBUIIo, s
COKpallleHUs1 OyieM OITyCKaTb.

MukpocxemMa BBIXOIWT W3 CTPOs, €CTU OTKaXeT
OIMH €€ KBaApMPOBAHHBIN TpaH3UCTOpP. BO3MOXHBI
JIBa BapvaHTa CIy4yaeB OTKa3a KBaJpUpPOBaHHOIO TpaH-
3UCTOPA B 3aBUCMMOCTU OT OJMHAKOBOCTU THUIIOB J€-
(eKTOB B HEM:

1) HeoaMHaAKOBbIE THUIMBI Je(hEKTOB OAMHOYHBIX
TPaH3MCTOPOB,

2) OOMHAKOBBIC TUIIBI Ae(EKTOB ONMHOYHBIX TPaH-
3UCTOPOB.

B nnepBoM BapuaHTe obecrieunBaeTCsl HauOoblas
OTKa30yCTOMYMBOCTb KBaApUPOBAHHON MMKpPOCXE-
MbI, TTOCKOJIbBKY KBaJIpUPOBAaHHBIM TPAaH3UCTOP HE OT-
Ka3bIBaeT IIPU OTKa3e JII00O0I maphl OMMHOYHBIX TPaH-
3UCTOPOB, & MOXET OTKa3aTh TOJbKO MPU OTKa3e Tpex
OINMHOYHBIX TPAaH3UCTOPOB. OXHAKO STOT BapHaHT
MpeCTaBISIETCS] MEHee BepOSTHBIM, YeM BTOPOM Ba-
PUAHT, KOTOPLII SIBJISIETCS HE TOJBKO 0ojiee BEpOsIT-
HbIM, HO M Topa3io MEHee OTKa30yCTOMYuBBIM. [1o-
3TOMY B JajibHellleM OyaeM paccMaTpUBaThb TOJIBKO
cIyJau OTKasza KBaIpUPOBAaHHOTO TPaH3UCTOpPA, B KO-
TOPOM HMEIOT MecTo AedekThl ogHoro tumna. B atmx
CIyJasx KBalpMpPOBAHHBIN TPAH3UCTOP OTKA3bIBaeT B
3aBUCUMOCTH OT €ro CXeMbl (CTPYKTYphl) U TUIA Je-
(beKTOB, eclIM OTKaxXeT HEKOTOpas mapa OIWHOYHBIX
TPaH3MCTOPOB B HEM. DTU Clyyau SBISIOTCS HaUXYI-
IIKMHU, TaK KaK B KaXIOM M3 HUX OTKa3blBaeT MUHMU-
MaJIbHOE YMCJIO OJMHOYHBIX TPAH3UCTOPOB, BHI3bIBA-
Iolllee 0TKa3 KBaApMPOBAHHOIO TPaH3UCTOpPA, & UMEH-
HO JIBa OJMHOYHBIX TPAH3UCTOPA, COCTABISIIOIINX OT-
Ka3bIBaIOILYIO Tapy.

MuxpocxemMa, cocTosiasi u3 "MpoCThIX" KBaIPUPO-
BaHHBIX JIOTUYECKUX JIEMEHTOB, BBIMIET U3 CTPOS B
cydyae, €CiM OTKaXeT OAWH M3 €€ JIOTUYECKUX dJie-




MEHTOB. DTOT 2JIEMEHT OTKAXXEeT B CJIydae, eClIu OTKa-
JK€T OAWH BXOMASIIUIA B HEro KBaIpUpOBaHHbIN TpaH-
3UCTOP, a KBaApWUPOBAHHBIN TPAH3UCTOP OTKAXKET,
€CJIM B HEM BBIIET U3 CTPOSI OHA €ro OTKa3bIBaloIast
rnapa OJWHOYHBIX TpPaH3UCTOPOB. Takum oOpaszom,
"mpocTas" KBaApupoOBaHHAsT MMKPOCXEMa OTKaXeT B
ciy4dae, €CJIM B HEM BBIMIET U3 CTPOSI OJlHA OTKAa3bIBa-
IoIIIasl TTapa ONMHOYHBIX TPAH3UCTOPOB B OMHOM KBaJI-
pUpOBaHHOM TpaH3ucTope. [Ipu 3TOM OTKa3bIBaIO-
masi mapa ONMHOYHBIX TPAH3UCTOPOB MOXKET BHIATHU
U3 CTPOs JIMOO Mo AeHCTBHEM JABYX YacTMI, Kaxaas
13 KOTOPBIX TTOpaXkaeT OMMH OMXMHOUYHBIN TPAaH3UCTOP
9TOI mapkl, JTMOO IOJ ACUCTBUEM OJHOM YaCTULIbI, €C-
JIV TIPU MaJIOM PACCTOSTHUU MEXIY ABYMSI OMMHOYHbBI-
MM TPAH3UCTOPAMM OHA MOXET BBIBECTU U3 CTPOS 1Ba
STHUX TPaH3UCTOPA.

MexcoeauHEeHUsT MeXIy KBaIpUpPOBaHHBIMU JIO-
TMYECKUMU DJIEMEHTAaMM M MEXIy KBaJpHUpOBAHHBI-
MM TpaH3UCTOpaMU OymeM Ha3bBaThb BHEITHUMH, a
MEXCOENMHEHUsI MEXIy OAMHOYHBIMMU TpPaH3UCTOpa-
MM BHYTPU KaXIOTO KBaIpWPOBAHHOTO TPaH3UCTOPA
OymeM Ha3bIBaThb BHYTPEHHUMH. 3aMETHM, UYTO CIIy-
Yyai, Korma Ioj IeVCTBUEM OJHOM YaCTULbl MPOMC-
XOIUT "0OpPHIB" BHYTPEHHETO MEXCOEIUHEHUS MEXIY
JIBYyMSI OJMHOYHBIMU TPaH3UCTOPAMU, BXOISIIUMU B
OTKAa3bIBAOIIYIO T1apy, MOXET OBITh IIPUPaBHEH K OT-
Kazy OJHOIO M3 3TUX TPAH3MCTOPOB, U MO3TOMY €ro
MOXHO HE YYWUTHIBATh KaK Me(eKT BHYTPEHHETO MeX-
COeIMHEHUSI.

Mogenb KBaaApUpOBaHHONW MUKPOCXEMbI Oynem
paccMarpuBaTh Ha TPeX YPOBHSX:

e Ha YpOBHE KBaJIPUPOBAHHBIX JOTUIECKUX DIEMEH-

TOB;

e Ha ypOBHE KBaIpMPOBAHHBIX TPAH3UCTOPOB;
e Ha YPOBHE ONMHOYHBIX TPAH3UCTOPOB, BXOISIIINX B

COCTaB KBaJpUPOBAHHBIX TPAH3UCTOPOB.

Pa3zMepbl TpoMeXXyTKOB MeXIY KBaIpHPOBAHHBIMU
TPaH3MCTOpPaMU U, CIeI0BaTeIbHO, MEXIY KBaIpUPO-
BaHHBIMU JIOTMUYECKUMM DJIEMEHTaAMU TIPEBBIIIAIOT
pa3Mephl 00JIaCTH MOBPEXKACHUS B MUKPOCXEME OT OJI-
HoOIl obayyaronieid yactuibl. [ToaTomMy onHa yactula
HE MOXET BBIBECTU U3 CTPOS IBa COCETHUX KBAaIpH-
POBaHHBIX TPAH3UCTOPA U JBa COCEIHUX KBaapUpO-
BaHHBIX JIOTMYECKUX 3JieMeHTa. Ho Kak oTMevanocs,
paccTosiHUe MeEXIy OIMHOYHBIMM TPAH3UCTOpPaAMHU,
BXOISIIIMMHM B OIWH KBaApWPOBAHHBIN TPaH3UCTOP,
MOXET HE MpeBbIIIaTh pa3Mephbl 00JACTH MOBPEXIE-
HUS OT OOHOUW yacTuipl. B aTOM ciyyae mortamaHue
OMHOM YaCTUIIBI MEXIY ABYMSI COCEAHMMM OIMHOY-
HBIMU TPaH3UCTOPAMU MOXKET MPUBECTU K UX OAHO-
BpPEMEHHOMY OTKa3y.

Mogenb KBaaIpUpOBAaHHONH MHUKPOCXEMbI Ha BCEX
ee YPOBHSIX, KaK W B cydae Hepe3epBHUPOBAHHOU U
JIyOIMpOBaHHOM MUKpOCXeM [5], sIBisieTcsl IIaHapHOM
U ee IJIolaab pa3duTta Ha coIpuKacarolecs: "Kier-
Ku" — gueliku. Ha Bcex ypoOBHSIX KBaapUpPOBaHHOM
MUKPOCXEMBbI sYelKa COAEPXMUT HEKOTOPYIO 4YacTb

BHEUIHMX MEXCOEIUHEHW I, HEOOXOAMMBIX JJI51 COEIM -
HEHUS KBaJPUPOBAHHBIX TPaH3UCTOPOB. [locKoNbKY
BHEIIIHWE MEXCOEeIUHEHUS CAelaHbl TaK, YTO OHU He
MOIBEPXKEHBI OTKA3y MO JEUCTBUEM YACTUIL, TO MPU
NPUOIMKEHHBIX OLIEHKAX OTKA30yCTOMYMBOCTU KBall-
PUPOBAHHBIX MUKPOCXEM ISl yIPOLIEHUS He Oymem
YUYUTHIBATh BHEIITHUE MEXCOECANHEHUST B COCTABE STYECK.

KBagpupoBaHas MUKpOCXeMa Ha ypoeHe 00UHOUHBIX
MpaH3UuCmMopo8 CONEPXKUT OJUHAKOBBIE IO pa3Mepy
SYEUKM, B KaXIOU M3 KOTOPBIX YETHIPE OAWMHOYHBIX
TPaH3UCTOPAa U OTHOCSIIMECS K HEMY BHYTPEHHUE
MEXCOCTMHEHUSI.

Ha yposne keadpupoeannvix mpaH3ucmopog KBal-
pUpPOBaHHAs MUKPOCXEMa CONECPXKUT ONWHAKOBBIE 1O
pa3Mepy SSYEMKU, B KaXION U3 KOTOPBIX YETHIPE OIU-
HOYHBIX TPAH3UCTOPA W OTHOCSIIUECS K HEMY BHYT-
PEHHUE MEXCOEeTUHEHNS.

Ha ypoBHe xeadpupoeanmbix soeuueckux snemeHmos
SIYEeKM KBaJAPUPOBAaHHOI MUKPOCXEMBI B OOILLIEM CIIy-
yae MOTYT ObITh HEOJMHAKOBBIMU IO pa3Mepy U Jio-
ruyeckuM GyHkuusaM. OgHako sl yIpoleHUs TTpU-
MEM, UYTO JIOTUYECKUE IJIEMEHTBI 3TOU MUKPOCXEMBI
OJIMHAKOBBI 110 CBOUM (PYHKLMSIM U pa3Mepy.

g ynpouieHus TpUuMEM, YTO BHYTPEHHUE MEX-
COEMMHEHUS B KBAJIPUPOBAHHOM TPAH3UCTOPE, B TOM
YyHCIe SABISIOIINUECS YacThbl0 SYEMKNA HAa YPOBHE OAM-
HOYHBIX TPaH3UCTOPOB, HEe OyIeM yYUThIBaTh B COCTa-
BE SYEUKMU KBAAPHUPOBAHHOIO U SYEWKU OJUHOYHOIO
TPaH3UCTOpAa.

3. OueHKa BepOSITHOCTH OTKA3a KBAJPUPOBAHHOIM
MHMKPOCXEMBI NP OJAMHAKOBOM THIIE Je()eKTOB

B O/IMHOYHBIX TPAH3MCTOPAX KBAJIPHPOBAHHOTO
TPAH3UCTOPA

OueHMM BEpOATHOCTb P; OTKasza OLUHOYHOIO
TpaH3UCTOpa B KBaJIpUPOBAHHOW MUKPOCXEME, B KO-
TOPOI1 BO3MOXHBI TOJBLKO OJWHAKOBBIC THUIIBI Ae(heK-
TOB B OJAMHOYHBIX TPaH3UCTOpaX, MPU IMOMNaJaHUU B
Hee OJHOU YacTULIBI 110 aHajoruu ¢ opmyinoit (1.11)
B pabote [5]:

P =D,.S W,

KB~KB"" ?

(3.1)

rae O, , — daroeHc Ui KBaApUPOBaHHOW MUKPOCXe-
Mbl; S, — IUIOLIAlb KBAAPUPOBAHHO! MUKPOCXEMBI;
W — BepoSITHOCTh MOBPEXACHUS €IVMHUIBI TIOLIAIN
MMKPOCXEMBI TPH TOTMAagaHUM B HEe YaCTUIILI, OIpe-
JeneHHas B [5, (1.12)].

[Tnomwans S, KBaApUPOBAHHON MUKDPOCXEMBI 6€3
yyeTa TUIoIaay BHEIIHUX COCIUHEHUN MPeICTaBUM B
BUJIE:

SKB = SO.T N

0.7

(3.2)

TIE S, ; — TUIOLIANb SYEHKM HUXKHETO YPOBHSA MUKPO-
CXeMBbI, coiepxXalleil OAWH OAMHOYHBIN TPaH3UCTOP;
N, ; — YUCJIO OIMHOYHBIX TPAH3UCTOPOB B KBAJIPUPO-
BaHHOU MMKpOCXEMe.
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Ecinu npusats S, = 1 CM2, TO U3 (3.2) Hailnem
Soq = (1/Ny 1) cMm?.
IMonctaBum (3.2) B (3.1):
Py =@, .5, N,y W.

KB~0.T

(3.3)

Tak kak KaxIblii KBaJpUPOBAaHHBIM TPaH3UCTOP
COJIEPXUT YETHIPE OMWHOYHBIX TPAH3UCTOPA, TO
Ny = 4N, 3.4
rae N, — YMUCIO0 KBaJPUPOBAHHBIX TPAH3UCTOPOB B
KBaJIpUPOBAHHON MUKPOCXEME:

NKB = NH.3”KB.T’ (35)
rae N , — 4KCIIO KBaAPUPOBAHHBIX JIOTUYECKUX 3JIe-
MEHTOB B MUKPOCXEME; M,y r — YUCIO KBAaJIPUPOBAH-
HBIX TPAH3WCTOPOB B OJHOM KBaJIPHPOBAHHOM JIOTH-
YECKOM 3JIEMEHTE; ISl YIIPOILIEHUS OLIEHOK BEJIMUMHY
Ny + IPUMEM TIOCTOSTHHOM.

BeposarHocts P, . monagaHus ABYX YacTHULL WU
OIHOM YaCTULbI, TOPAXKAIOLIMX IBA OXMHOYHbIX TPAH-
3MCTOpA, B OIMH KBAaJPUPOBAHHBIN TPAaH3UCTOP MUK-

pocxeM OyaeT

2
PKB.T = Pl /NKB (3-6)
Haiinem Tterepb BEpOSITHOCTH PKB.H nmonagaHus

JIBYX YaCTHUII WJIW OMHOM YaCTUIILI B IBa Pa3HBIX OIM-
HOYHBIX TPAaH3UCTOPA, BXOMSIIMX B OJWH KBaIpUPO-
BaHHBIW TPAH3UCTOP, T. €. B OAHY JIIOOYIO 1apy U3 G .
Map OAMHOYHBIX TPAH3KMCTOPOB OJHOIO KBaJAPUPOBAH-
HOTO TPaH3UCTOpPA:
P. = P*/(N..G..). (3.7)
KB.I 1 KB ~'max

Kak oTmedanoch, KBaIpHUpOBaHHBIN TPaH3UCTOP
OTKaXeT, €C/IM JBa MOPAXXEHHbIX OJMHOYHBIX TpaH-
3UCTOpPA BXOMAT B OTKA3bIBAIOIIYIO ITApy STOTO KBai-
PUPOBAHHOIO TPAH3UCTOPA.

BeposiTHOCTh P, OTKa3a KBaIpUPOBAHHOI MMKpO-
CXeMBI TIpU TIOMMaJaHWU ABYX YaCTHIl MJIM OTHOW Jac-
TUIIBl B Pa3Hble OAMHOYHbBIE TPAH3UCTOPHI OTKA3bIBa-
Iolleil mapsl OMHOTO KBAIPUPOBAHHOTO TPAH3MCTOPA
HaliieM KaK BEpPOSITHOCTb TOrO, YTO Iapa OJMHOYHBIX
TPAaH3UCTOPOB OTHOTO KBAIPHPOBAHHOTO TPAH3UCTO-
pa, MOpaKeHHbIX OBYMS YacTUIIAMU WJIM OXHOM yac-
THIIEH, OKaXXeTCsI OTKA3bIBAIOLICIA:

P, = puP,

M KB.IT°

(3.8)

I7ie BEPOSITHOCThL P, omnpeneneHa B opmyie (3.7),

KB.IT
BesnunHa p — B (1.2).

IMoncraBus (3.7) u (3.3) B (3.8), nonyuum

P, = “((DKBSO.TNO.T W)z/(NKB Gmax)' (3.9)
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4. CpaBHeHHE O0TKA30yCTOHYMBOCTH NMOKOMIIOHEHTHO
JyOJMPOBAHHOM M KBAIPUPOBAHHOH MHKDPOCXEM

CpaBHUM OTKa30yCTOMYMBOCTh KBaJpHPOBAHHBIX
MUKPOCXEM, OCTPOSHHBIX U3 KBaAPUPOBAHHBIX JIOTU -
YEeCKHX DJIEMEHTOB 0€3 pe3epBUPOBAHMS MX CTPYKTY-
pBbI, ¥ TIOKOMIOHEHTHO AYOJMPOBAHHBIX MUKPOCXEM.

Haiinem mokasarenb o, ,, M3MEHEHUS OTKa30yC-
TOMYUBOCTMU:

QM = P2/PM’ (4.1

rae Py — BEpPOATHOCTb OTKa3a IOKOMIIOHEHTHO J1y0-
JIMPOBAHHON MUKPOCXEMBI; P, — BEPOSTHOCTb OTKAa3a
KBaJIpUpPOBAaHHON MUKPOCXEMBI C KBaIpUPOBAHHBEIMU
JIOTMYECKUMU dBJIeMEHTaMU 0e3 pe3epBUPOBAHMS MX
CTPYKTYpHI, omnpeaeaeHHas B (3.8).
BepositHOCTh OTKa3a ITOKOMIIOHEHTHO IyOJIMpO-
BaHHOU MUKPOCXEMEI OIlpeiesieHa B padore [6, (1.12)]:
Py = P2/(0,5N), 4.2)
rae P, — BepoATHOCTb OTKa3a XOTs Obl OJHOM AYEHKU
B OIHOM M3 JBYX ITOIMHOXECTB, COOTBETCTBYIOIINX
MOJIOBMHE siYeeK AyOJMpPOBaHHONW MMKPOCXEMbI U CO-
JIepxXammx /N HeTapHBIX sS9eeK, 3a BpeMsT OOJTydeHUsI
JI0 OTKa3a MUKPOCXeMBbI; N — YMCJIO TyOIMpPOBAaHHBIX
KOMITOHEHTOB MUKPOCXEMEI.
BeposarHocts P, onpeneneHa B padore [5, (2.1)]:
P, =05 W, 4.3)

A-aat e

rae @, — droeHc st 1y0IMPOBAHHON MUKPOCXEMBI
3a BpeMsi OOJIyYeHMsI IO OTKa3a MUKPOCXEMbI; S, ; —
TUIOLLAAb TMITOTETUUECKOU HEPe3epBUPOBAHHOM MUK-
pocxeMbl, coaepxaieil N gyoaupyeMbix ssueek; W —
cM. dhopmyiny (3.1).

IMoncraBum (4.3) B (4.2):

Py = (D, ,W)*/(0,5N). (4.4)

J11s1 ynoOCTBa BEIYMCIIEHMS [TOKA3ATeNIs oy_,, M3Me-
HEHUSI OTKa3oycTonymBocTH mo ¢opmyne (4.1) yka-
K€M COOTBETCTBHME MEXIY BeJIMUMHAMMU, BXOASIIMMU B
dopmynsl (3.8) u (4.4).

Benuunna N B hopmyne (4.4) COOTBETCTBYET YUCITY
Ny KBaIpUPOBAHHBIX TPAaH3UCTOPOB B KBaAPMPOBaH-
HOI MUKpPOCXEME:

N = Ng. 4.5)

[lnowanb S, ;; COOTBETCTBYET TIOLIAAM, KOTOPYIO
3aHUMAET YETBEPTh YMCJIa ONMHOYHBIX TPAH3MCTOPOB
B KBaJPUPOBAHHON MHKpPOCXEME:

Sin = kSo Ny 1/4, (4.6)

rae k — YUCI0 OAMHOYHBIX TPAH3UCTOPOB B sSUEiKe
HVKHETO YPOBHS MMKPOCXEMBI; S, . — IJIOLIA/b, 3a-
HUMaeMas OIMHOYHBIM TPaH3UCTOPOM; N, . — YHCIIO
ONIMHOYHBIX TPAH3UCTOPOB B KBAIPUPOBAHHOW MMK-




pocxeMe; BEIMYMHBI S, . U N, ONpeNesieHbl BbIILE B
dopmymax (3.2) u (3.4). C yuetom (3.4) u3 (4.6) mo-
JIy4YM

Sin = kSorNyp: 4.7)

®moeHe @, g yOIMPOBAHHON MUKPOCXEMbI
MOXeT He coBrnanath ¢ ¢uoeHcom D, 11s KBanpu-
POBAaHHON MMKpOCXeMbI. ST yIpOLUEHUs OLEHKH
npumeM, 4to ¢ioeHc @, paseH pioeHcy D,

D, =D, (4.8)
Beinonnum 3ameHsl (4.5), (4.7), (4.8) B (4.4):
Py = (D zksy 1 Niy W)z/(O,SNKB). (4.9)

IToncraBus (4.9) u (3.9) B (4.1), nocne npeodbpazo-
BaHUU MOJIyYUM:
Uy = K2 G/ (4.10)
ITockoabky st KBaApUPOBAHHOU MUKPOCXEMBI
Gax = 6 ¥ IPY 3TOM OTHOCHUTEJIbHASI BEPOSITHOCTD |
MpUHUMaeT ABa 3HayeHus1, To u3 (4.10) npu k= 1 no-
JlyyaeM MUHUMaJIbHblE 3HAYEHUS o, = 2,25 mpu
p=1/3no,, = 1,125 npu p = 2/3. B neiictBuren-
Hoctu k > 1. Hanpumep, B ayOJMpOBaHHOM MUKPO-
cxeme 0e3 KBalpUpOBaHUSI TPAH3UCTOPOB NyOaUpye-
MBI JIOTMYECKUI 3JeMEHT (ITpU 3aMeHe Pe3UCTOPOB
WU IMOoIa Ha TPAH3UCTOPbI) COAEPXKUT CEMb OJUHOY-
HBIX TPAH3UCTOPOB (CcM. [7, puc. 2]). B aTom cinyyae npu
k = 7 MOJIy4uM COOTBETCTBEHHO a,_,, = 110,25 npu
p=1/3mo,_, =55125npu n=2/3, 1. €. BOTOM CJIy-
yae BEPOSITHOCTh OTKa3za KBaIpUPOBAHHON MHMKPO-
CXEMbI 0 CPABHEHMIO C BEPOSITHOCTbIO OTKa3a Ay0-
JIMpOBaHHOU MUKpocxeMbl cHrkaetcs B 100 u 50 pas
CcOoOTBeTCTBeHHO. OcTaeTcsl CyleCTBEHHbIN 3arac CHU-
JKEHUST BEPOSITHOCTU OTKa3a KBaJApUPOBAaHHOU MUKPO-
CXeMbl B CJlydyae HEOIMHAKOBBIX TUIOB Ie(PEKTOB B
OJIMHOYHBIX TPaH3UCTOpaX KBaJAPUPOBAHHOTO TpaH-
3UCTOpA, MOCKOJbKY B 3TOM CJIyyae OH He paboTaer
MpU 0TKA3€ TPEX OMUHOYHBIX TPAH3UCTOPOB, a MPU OT-
Ka3e IBYX OMMHOYHBIX TPAH3UCTOPOB COXPAHSET CBOIO
paborocnocobHocTh. BenenctBue aTtoro obecrieurBa-
€TCS CYIIECTBEHHOE CHIDKEHHME BEPOSTHOCTH OTKasa
(mp¥MepHO Ha TpHW TOpsiAKa), TpuyeM Oe3 yBeauue-
HUSI 3aTpar amnmaparyphl.
3aMeTUM, 4YTO 3aTpaThl ammaparypbl B "TIpocToii”
KBaJIpUPOBAHHON MUKPOCXEME MOIYT ObITb MEHbIIE,
yeM B IyOJIMPOBAaHHOM MUKpOCXeMe, IIOCTPOCHHOI
Ha JJOTUYECKUX BJIEMEHTaxX C pe3epBUPOBAHHOM CTPYK-
Typoii. Tak, KBaApUpPOBaHHbII IBYXBXOMOBOI JIOT'U-
yeckuit anemeHT MJIM-HE 6e3 pe3epBupoBaHusI €0
CTPYKTYPBI COIEPKUT TPU KBaAPUPOBAHHBIX TPAH3UC-
Topa Win 12 OMMHOYHBIX TPAH3UCTOPOB, a peaan3ylo-
A Ty Xe JOTMYecKyr (YHKIMIO AyOJIUpPOBAHHbIN
JIOTUYECKUIA BJIEMEHT ¢ AyOJIUPOBAHHOM CTPYKTYpPOUl U
0e3 MCIOoJIb30BaHUsI KBaIPUPOBAHHBIX TPAH3UCTOPOB

(cm., HampuMep, [7], puc. 2 ¢ 3aMEHOI pe3UCTOPOB U
JIM0Ja HAa ONMHOYHbBIE TPAH3UCTOPHI) COAEPXKUT OT 14
10 20 OOMHOYHBIX TPAH3UCTOPOB B 3aBUCUMOCTU OT
BHYTPEHHETO PE3EPBUPOBAHUS B NyOJUPYEMOM JIOTH -
YECKOM 3JIEMEHTE.

Bo3MoXHBI NyTh HaJIbHEMIIErO ITOBBILLIEHUS OT-
Ka30yCTOMUYMBOCTU MUKPOCXEM — YBeJMUYEHUE KparT-
HOCTH PE3EPBUPOBAHUS TPAH3UCTOPOB IO CpaBHE-
HUIO C UX KBaApUpOBaHHWEM, a UMEHHO HCITOJIb30Ba-
HUeE Nz—TpaHSI/ICToprIX cTpykTyp (ipu N > 3), Tpe-
OyIOIIMX YBEJIMYEHUs amnmapaTHbIx 3aTpat [13, 14].

3akiaouenue

INokazaHo, 4TO KBaApHMpPOBAaHHBIE MHUKPOCXEMBI C
ONIMHAKOBBIMU TUIIAMU Ne(PEKTOB B OMMHOYHBIX TPAH-
31CTOpax MO CPAaBHEHMIO C TIOKOMITOHEHTHO TyOIUpO-
BaHHBIMU MUKpPOCXeMaMU 00eCIeunBalOT CYIIeCTBEH-
HOE YMEHbIIIEHUE BEePOSITHOCTU OTKa3a Ioj BAUSHUEM
00yyeHus1 (Ha oguH — aBa nopsiaka). Ilpu aToM moc-
JIeAHUE MOTYT ObIThb MEHEee SKOHOMUYHBIMMU 10 3aTpa-
TaM armapaTypel.

HaunboJee CylliecCTBEHHOE CHMIKEHHWE BEPOSITHOCTH
O0TKa3a KBaIpUPOBAHHBIX MHUKpPOCXeM, TIpuiyeM 0e3
YBEJIMUECHUS 3aTpaT anmnapaTrypbl, TOCTUTAeTCs B CIIy-
yae, Korma B KBaIpUPOBAHHON MUKpocxeMme "TpocThie”
KBaJIpUPOBaHHBIE TPAH3MCTOPhI OTKA3bIBAIOT BCJIEACT-
BUE€ HEOJAMHAKOBBIX TUIOB Je(eKTOB B OJMHOYHBIX
TpaH3MCTOpaXx.
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Introduction

In [1—7] we offered new circuit methods for in-
creasing of the fault tolerance of the nano- and mi-
crointegrated circuits (IC) under an irradiation. The
methods are based on a constant component-wise du-
plication, due to which the components do not have
memory, while the distance between the duplicating
components is more than the size of the area of the
damage caused by one particle. The role of the com-
ponents can be played by the logic elements, transis-
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tors, and other devices and interconnections. During
duplication of the logic elements the outputs of the
duplicating logic elements are connected between
themselves, for which purpose an output cascade is es-
tablished in each element, involving only modest
hardware costs. In the duplicating elements it is pos-
sible to reserve separate devices. The duplicated com-
ponents can be used for construction of the logic el-
ements with memory (triggers). The behavior of the
duplicating and duplicated elements was investigated




in case of various defects and all the combinations of
the input signals.

‘We should point out, that in the works mentioned in
the article and in the given article the word "failures” are
understood as both constant failures and temporary
ones.

In the same [1—7] we offer new methods for esti-
mation of the fault tolerance in nano- and micro IC,
intended not for evaluation of any concrete circuits,
but, as opposed to the known methods, for estimation
of the fault tolerance of the generalized IC, constructed
by any methods, including with redundancy and with-
out it, for example, with various kinds of component-
wise duplication and majority redundancy on the basis
of the mathematical models of IC. Since the new meth-
ods for estimation of the fault tolerance offered by us
are intended for estimation of the generalized IC, char-
acterized only by the methods of their construction,
then, for the reasons of convenience we will call them
"methods for estimation of fault tolerance of the meth-
ods for construction of IC".

The already known methods for estimation of the
fault tolerance of 1C, as opposed to the ones offered by
us, are intended for estimation of a non-failure opera-
tion of a concrete IC and cannot be used for estimation
of various methods for reservation. These methods for
estimation of fault tolerance are based on the use of
A-characteristics, which are set in the tables as con-
stants for each type of the devices and other compo-
nents of IC [8, 9]. Therefore, the irradiation parameters
can be considered in these characteristics only within
certain limits. In the methods offered by us the speci-
fied A-characteristics are not used, but such an impor-
tant characteristic of irradiation as fluence, varying
within a wide range, and the fact, that the irradiation
operates on the "area" of a microcircuit irrespective of
its functional content, are used. Therefore, the methods
offered by us are dubbed as the methods for estimation
of a fault tolerance "by the areas". They allow us to
compare the fault tolerances in case of various methods
of a constant redundancy. By means of the methods it
is shown, that the fault tolerance of the proposed com-
ponent-wise duplicated microcircuit is roughly by an
order higher than that of the triplicated microcircuits in
case of the ideal, i.e. trouble-free, majority valves, while
the quantity of the equipment in such a duplicated mi-
crocircuit is much lower than in a triplicated one. In or-
der to increase the fault tolerance of the majority gates
and control equipment of large digital systems we of-
fered to use the specified methods of the component-
wise duplication [10, 11].

The further increase of the fault tolerance of the mi-
cro- and nano IC is possible with the use of the quad-
ruple redundancy of the single transistors. In [12, p. 308,
fig. 11.5] the authors present an example of a simulta-
neously parallel and consecutive duplication of the di-
odes and inform, that "similar methods can be used for

the resistors, condensers and transistors”. This is an old
idea. Relatively not long ago in [13—15] the authors
proposed a similar method for the parallel and consec-
utive duplication of the transistors, called by them as
the method for construction of a quadded transistor
structure. Hereinafter we will call this method as quad-
ration of transistors by analogy with the term offered in
[16, p. 7] "quadration of the redudant components”,
where the term "components” is first of all referred to
the diodes, and a reference is given to [12, p. 308],
where it is mentioned that similar methods of reserva-
tion can be used for the resistors, condensers and tran-
sistors. In [13, 14] the quadration of transistors is gen-
eralized as a simple case of construction of N2-transistor
structure at N = 2. This N>-transistor structure consist-
ing from N2 of the single transistors, forming N lines
and N columns, is offered at N > 2 for increasing the
fault tolerance to a bigger number of defects. However,
such a structure, which is a development of the quadded
structure, demands bigger hardware costs and in those
works it was not investigated in detail.

In [14] the proposed method of quadration of tran-
sistors is opposed by the known methods of triplication
and the method of the quadded logic. It underlines that
the errors in the majority valve do not allow us to re-
ceive the correct result and cannot be corrected. It also
points out that although the quadded logic guarantees
the fault tolerance in relation to the majority of the sin-
gle errors, nevertheless, those errors encountered in the
last two steps of the quadded logic circuit, cannot be
corrected. In this connection in [15] a "hybrid" circuitry
is offered, according to which the first steps of the logic
circuit are built as the quadded logic, but in its last steps
the quadration of transistors is used.

Although in [13—15] the formulas are presented of
the probabilities of failures of the quadrated transistors
and the circuits consisting of them, the argument in the
formulas is the presented in a letter form probability of
failure of a single transistor, which is not revealed. They
do not specify the reasons for occurrence of the defects
of the single transistors and do not consider the fault
tolerance of a microcircuit consisting from the quad-
rated transistors under the influence of irradiation. The
present work investigates the quadration of the transis-
tors in the micro- and nano- IC under irradiation on
the basis of the offered and used by us model for estima-
tion of reliability of IC irradiated "by the areas" [1—7].

1. Structures of the quadrated transistors
and influence of the failures of the single transistors
on the failures of the quadrated transistors

Examples of the circuits of quadration of the field
transistors, shown in figures @ and b, are completely sim-
ilar to the circuits presented in [13, 14, figure 2 (b), (¢)].
In these figures the quadrated transistor contains iden-
tical single transistors 77— 7. Inlets A of all the single
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transistors, which are parts of one quadrated transistor,
in a general case can be connected among themselves
(in figures a and b the connections are not shown).

The quadrated transistor can be used in the circuits
of the logic elements instead of a single transistor. It is
protected rather well from the defects of "open circuit"
and "short circuit" (SC) types. Thus, it is completely
protected from a failure of any single transistor, which
makes a part of it, owing to any defect ("open circuit”
or "SC"). It is protected, although not completely, but
quite well, from the failures of the pairs of single tran-
sistors of it owing to the fact that the defects in them are
only of one type (table 1). In the case, when in one
quadrated transistor there are defects of both types at
the same time, the quadrated transistor is partially pro-
tected from failures of the three single transistors of it
and fails in case of a failure of certain groups of three
single transistors (table 2).

Presence in a microcircuit of the defects of a "open
circuit" type is more typical for the nano-electronics
(in case of a neutron irradiation). Presence in a micro-
circuit of the defects of "SC" type is more typical for the
microelectronics under the influence of the heavy
charged particles (HCP).

In [13, 14] alongside with the "open circuit" and SC
defects, the defects of bridges between the gates of the
transistors are mentioned, namely, the AND-bridge
and the OR-bridge defects. However, the defects of
bridges are not shown on the circuit of the quadrated
transistors and they are not considered in the formulas
of failure probability of a quadrated transistor (see Ap-
pendix in [14]). Talking about a probability of a non-
failure operation of the quadrated transistors we will not
consider these defects.

Table 1 presents pairs of single transistors, in each of
which the transistors have defects of equal type, and for
each pair it is specified, whether the defects in each of
the transistors of this pair result in a failure of the quad-
rated transistor. If they do, column "Failure" contains
sign "+", and if they do not, the column "Failure" con-
tains sign "—".

From table 1 it is visible, that, if due to the equal
type of a defect three single transistors fail in the quad-
rated transistor, then a failure of the whole of the quad-
rated transistor can be caused by either one pair, or two
pairs out of these three failed single transistors.

The pairs of the single transistors, the failure of
which causes a failure of the quadrated transistor, we
will call the failing pairs. Number G of the failing pairs
depends on the structure of a quadrated transistor and
a defect. According to table 1, the numbers of the fail-
ing pairs, depending on the structure of the quadrated
transistor and the defect, in case of equal type of the de-
fects in the single transistors, will be

Ga,o6p = 2’ Ga,K3 = 4! Gb,o6p = 49 Gb,KS = 2’ (1'1)
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where the bottom indexes mean: a and b — types of
the structures of the quadrated transistors (see fig. 1, a
and 1, b); o6p — the type of defect is "open circuit";
K3 — the type of defect is short circuit ("SC").

The maximal number G,,, of any pairs of the single
transistors in a quadrated transistor equals to the
number of the combinations from four by two, i.e. 6.
The relative probability u that a particle gets into the
failing pair of the single transistors will be

1= Gone/ Omax

(1.2)
where G, — number of the failing pairs of the tran-

sistors in the quadrated transistor, defined in (1.1).

Then, at the identical type of defects in the single
transistors we will get p = 1/3, or p = 2/3.

Now let us consider the cases, when in one quad-
rated transistor the defects of both types take place si-
multaneously. The quadrated transistor of the both
types of the structures is completely protected from fail-
ures in it of any pair of the single transistors, one of
which failed owing to a defect in it of one type, and an-
other — owing to a defect of the other type.

Let us consider opportunities for protection of a
quadrated transistor from failures of three single tran-
sistors, which are a part of it, provided that two of these
transistors failed owing to different types of defects. As
examples, Table 2 presents the influence of the failures
of a group of three single transistors 7, 75, T5 at dif-
ferent combinations of the types of the defects in them,
at the operable transistor 7} on the failures of the quad-
rated transistor, which has a structure of "a" type. If the
defects specified in each line of Table 2 lead to a failure
of the quadrated transistor, the column "Failure" con-
tains the sign of "+" and, if they do not lead to its fail-
ure, the column "Failure” contains the sign of "—". For
each such group of three single transistors in three cases
out of six the quadrated transistor will not fail. The
number of such groups of three transistors from four sin-
gle transistors is equal to 4. This means, that in 12 cases
out of 24, i.e. in half of the cases of failure of the groups
of three single transistors owing to a simultaneous oc-
currence of the defects of different types, there will be
no failure of the quadrated transistor. Similarly, it is
possible to show, that in case of the type of structure b
of the quadrated transistor it will not fail in 1/3 of cases
of failure of the groups of three single transistors owing
to occurrence of different defects.

Let us assume that in a quadrated microcircuit only
the quadrated logic elements OR-NOT are used. The
circuit of a two-input OR-NOT element with an unre-
served structure, constructed on the quadrated transis-
tors, contains three such transistors, i.e. only 12 single
transistors. However, the quadrated transistors can be
used in the duplicated OR-NOT element instead of the
duplicated transistors, resistors and diode. Such a two-




input OR-NOT element will demand 10 quadrated
transistors or 40 single transistors.

2. Features of a quadrated microcircuit and its model

The most simple kind of the microcircuits with the
quadrated transistors is the microcircuit consisting from
the quadrated logic elements with an unredundancy
structure. In such a logic element each single transistor
is replaced with a quadrated transistor. We will call such
a logic element as a simple quadrated element and,
consequently, we will call a microcircuit from such
simple logic elements as a simple quadrated microcir-
cuit. In the given work we will discuss only a simple
quadrated microcircuit, but, as a rule, we will omit the
word "simple" in the name, to make it short.

A microcircuit fails, if one of its quadrated transis-
tors fails. Two variants of the cases of failure of a quad-
rated transistor, depending on the similarity of the types
of defects in it, are possible:

1) unequal types of defects of the single transistors;

2) equal types of defects of the single transistors.

The first variant ensures the greatest fault tolerance
of a quadrated microcircuit, because a quadrated tran-
sistor does not fail in case of failure of any pair of the
single transistors, and it can fail only in case of failure
of three single transistors. However, this variant seems
to be less probable, than the second variant, which is
more probable, but is also considerably less failure-re-
sistant. Therefore, we will consider only the failure cas-
es of the quadrated transistor, the defects in which are
of one type. In these cases the quadrated transistor fails
depending on its circuit (structure) and the type of de-
fects, if a certain pair of the single transistors fails in it.
These are the worst cases, because in each of them a
minimal number of the single transistors fails, causing
a failure of the quadrated transistor, namely, of two sin-
gle transistors, which make a failing pair.

A microcircuit from "simple" quadrated logic ele-
ments will fail in case, if one of its logic elements fails.
This element will fail in case, if one quadrated transis-
tor, making a part it, fails, and the quadrated transistor
fails, when one of its failing pairs of the single transis-
tors fails. Thus, "a simple" quadrated microcircuit will
fail, if one of its failing pairs of the single transistors in
one quadrated transistor fails. At that, the failing pair of
the single transistors can fail either under the influence
of two particles, each of which hits one single transistor
of this pair, or under the influence of one particle, if in
case of a small distance between the two single transis-
tors, it can put out of action these two transistors.

Interconnections between the quadrated logic cle-
ments and between the quadrated transistors we will
call "external”, and the interconnections between the
single transistors inside every quadrated transistor we
will call "internal". We should point out, that when un-

der the influence of one particle "a breakage" occurs of
the internal interconnection between two single tran-
sistors, which are a part of a failing pair, it can be con-
sidered equal to a failure of one of these transistors and,
consequently, it can be considered as a defect of the in-
ternal interconnection.

We will consider a model of a quadrated microcir-
cuit at three levels:

— at the level of the quadrated logic elements;

— at the level of the quadrated transistors;

— at the level of the single transistors, which are a
part of the quadrated transistors.

The sizes of the intervals between the quadrated
transistors and, hence, between the quadrated logic el-
ements exceed the sizes of the area of damage in a mi-
crocircuit from one irradiating particle. Therefore, one
particle cannot put out of action two neighboring quad-
rated transistors and two neighboring quadrated logic
elements. But, as it was already mentioned, the distance
between the single transistors, which make a part of one
quadrated transistor, may not exceed the sizes of the ar-
ea of damage from one particle. In this case a hit of one
particle between two neighboring single transistors can
lead to their simultaneous failure.

At all its levels the model of a quadrated microcir-
cuit, just like in case of the unredudancy and duplicated
microcircuits [5], is planar and its area is divided into
the adjoining cells. At all the levels of the quadrated
microcircuit a cell contains a certain part of the ex-
ternal interconnections, necessary for connection of
the quadrated transistors. Since the external intercon-
nections are made so, that they will not fail under the
influence of particles, then, for simplification reasons,
in the approximated estimations of the fault tolerance
of the quadrated microcircuits we will not consider the
external interconnections within the cells.

At the level of single transistors a quadrated microcir-
cuit contains cells, identical by their sizes, each of
which contains a single transistor and the related inter-
nal interconnections.

At the level of the quadrated transistors a quadrated
microcircuit contains cells, identical by their sizes, in
each of which there are four single transistors and the
related internal interconnections.

At the level of the quadrated logic elements the cells of
a quadrated microcircuit, in a general case can be un-
equal by the sizes and the logic functions. However, for
simplification reasons, we will assume that the logic el-
ements of this microcircuit are equal by their functions
and sizes.

For simplification reasons, we will assume, that the
internal interconnections in a quadrated transistor, in-
cluding the ones, which are a part of the cell at the level
of the single transistors, we will not consider as a part
of a cell of the quadrated transistor and of a cell of a sin-
gle transistor.
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3. Estimation of the probability of a failure

of a quadrated microcircuit in case of identical type
of defects in the single transistors of a quadrated
transistor

Let us estimate probability P; of a failure of a single
transistor in a quadrated microcircuit, in which only
equal types of defects are possible in the single transis-
tors when hit by one particle, by analogy with the for-
mula (1.11) in [5]:

Pl = q)KBSKBVV’ (3'1)

where @, , — fluence for a quadrated microcircuit;
Sys — area of a quadrated microcircuit; W — proba-
bility of damage of a unit of the area of a microcircuit
when hit by a particle, defined in [5, (1—12)].

The area of S, of a quadrated microcircuit without
account of the area of the external connections we will
present in the following form:

Sis = SorVe

oT?

(3.2)

where s, — the area of a cell of the bottom level of the

microcircuit containing one single transistor; Ny —

number of single transistors in a quadrated microcircuit.

If we accept S, = 1 cm?, then from (3.2) we will
find:
= (1/Nyyp) cm?
Let us insert (3.2) in (3.1):
= @ SorNo W. (3.3)

Since every quadrated transistor contains four single
transistors, then

Nor = 4N, (3.4

where N, — number of the quadrated transistors in a
quadrated microcircuit:

NKB = NJ'[SnKB.T’ (35)

where N, — number of the quadrated logic elements

in a microcircuit, n,,,. — number of the quadrated
transistors in one quadrated logic element; for simpli-
fication reasons, we assume the value of n,, . as con-
stant.

The probability P, that one particle or two particles
hit one quadrated transistor of a microcircuit and dam-
age two single transistors, will be

PKB.T = Plz/NKB (36)

Now, let us find probability P, ,, that one particle
or two particles hit two different single transistors,
which are a part of one quadrated transistor, i.e. one of
any pairs from G,,,, pairs of single transistors of one
quadrated transistor:

2
PKB.H = Pl /(NKBGmaX)' (3-7)
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As it was already mentioned, a quadrated transistor
will fail, if two damaged single transistors are a part of
the failing pair of this quadrated transistor.

Probability P,, of a failure of a quadrated microcir-
cuit, when one particle or two particles hit different sin-
gle transistors of the failing pair of one quadrated tran-
sistor, we will find as the probability that the pair of the
single transistors of one quadrated transistor, damaged
by two particles or one particle, will appear failing:

P, = vl o, 3.8)

where probability ka_p is defined in the formula (3.7),
value of p — in (1.2).
By inserting (3.7) and (3.3) in (3.8), we will receive

Py = (P, S0:Nor W)/ (N, G- 3.9)

4. Comparison of the fault tolerances
of the component-wise duplicated
and quadrated microcircuits

Let us compare the fault tolerances of the quadrated
microcircuits, constructed from the quadrated logic el-
ements without a reservation of their structure, and of
the component-wise duplicated microcircuits.

Let us find index a,_,, of variation of the fault tol-
erance:

oy = Po/Py

where P, — probability of a failure of a component-
wise duplicated microcircuit; P,, — probability of a fail-
ure of a quadrated microcircuit with the quadrated logic
elements without a reservation of their structure, de-
fined in (3.8).

The probability of a failure of a component-wise du-
plicated microcircuit is defined in [6, (1.12)]:

4.1

P, = P2/(0,5N), 4.2)
where P, — probability of a failure of at least one cell
in one of the two subsets corresponding to a half of the
cells of the duplicated microcircuit and containing N of
unpaired cells, during irradiation up to a failure of the
microcircuit; N — number of the duplicated compo-
nents of the microcircuit.
Probability P, is defined in [5, (2.1)]:

=05, W,

A~ A.11

4.3)

where @, — fluence for the duplicated microcircuit
during irradiation up to a failure of the microcircuit,
S — area of a hypothetical unreserved microcircuit

J.I1
containing N of the duplicated cells, W — see (3.1).
Let us insert (4.3) in (4.2):
= (@S,  W)*/(0,5N). (4.4)

For convenience of calculation of index a,_,, of the
variation of fault tolerance under formula (4.1) we will




specify correspondence between the values, which are
a part the formulas (3.8) and (4.4).

Value N in the formula (4.4) corresponds to the
number of N, of the quadrated transistors in a quad-
rated microcircuit:

N= N 4.5)

Area S |, corresponds to the area, which is occupied

by a quarter of the number of the single transistors in
a quadrated microcircuit:

S = ks

J.IT ()

Nor/4, (4.6)

where kK — number of the single transistors in a cell of
the bottom level of the microcircuit; s, ., — area occu-
pied by a single transistor; N, ., — number of the single
transistors in a quadrated microcircuit; s, and N, .
were defined above in formulas (3.2) and (3.4).
Taking into account (3.4) from (4.6) we will receive:

SLL]'[ = kSO.TNKB' (47)

Fluence @, for the duplicated microcircuit may not
coincide with fluence @, for a quadrated microcircuit.
For simplification of the estimation we will assume that
fluence @, is equal to fluence @

D, =D, (4.8)
Let us implement replacements of (4.5), (4.7), (4.8)
in (4.4):

Py = (D, ks Ny W)?/(0,5N, ). (4.9)

Having inserted (4.9) and (3.9) in (4.1), after trans-
formations we will receive:

Cym = szmax/su'

(4.10)
Since for the quadrated microcircuit G, = 6
and, at that, the relative probability p acquires two val-
ues, out of (4-10) at £k = 1 we get minimal values of
oy = 2.25at p = 1/3 and a,_,, = 1.125 at p = 2/3.
In fact k> 1. For example, in a duplicated microcircuit
without quadration of the transistors the duplicated log-
ic element (in case of replacement of the resistors and
diode by transistors) contains seven single transistors.
In this case at k=7 (|7, fig. 2]), we will get accordingly
oy = 110.25at p=1/3 and a,_,, = 55.125 at p = 2/3,
i.e. in this case the probability of a failure of a quadrated
microcircuit in comparison with the probability of a
failure of a duplicated microcircuit decreases 100 and
50 times. There is an essential reserve for a decrease of
the probability of a failure of a quadrated microcircuit
in case of the unequal types of defects in the single tran-
sistors of a quadrated transistor, because in this case it
does not work in case of a failure of three single tran-
sistors, but in case of a failure of two single transistors
preserves its operability. Thereof, an essential decrease
of the probability of a failure (approximately by three

orders) is ensured, at that, without an increase of the
hardware costs.

We should point out, that in a "simple" quadrated
microcircuit the hardware costs can be less, than in a
duplicated microcircuit constructed on the logic ele-
ments with a reserved structure. Thus, a quadrated
two-input OR-NOT logic element without a reserva-
tion of its structure contains three quadrated transis-
tors or 12 single transistors, while the duplicated logic
element realizing the same logic function, with a du-
plicated structure and without the use of the quadrated
transistors (see, for example, [7], fig. 2 with replace-
ment of the resistors and the diode by single transistors)
contains from 14 up to 20 single transistors, depending
on the internal reservation in the duplicated logic ele-
ment.

A possible way to improve the fault tolerance of the
microcircuits is to increase the reservation ratio of the
transistors in comparison with their quadration, name-
ly, to use N2-transistor structures (at N = 3), which re-
quire higher hardware costs [13, 14].

Conclusion

It was shown, that the quadrated microcircuits with
the identical types of defects in the single transistors in
comparison with the component-wise duplicated mi-
crocircuits ensured an essential reduction of the prob-
ability of a failure under the influence of irradiation
(by one or two orders). At that, the latter could be less
economic by the hardware costs.

The most essential decrease of the probability of a
failure of the quadrated microcircuits, at that, without
an increase of the hardware costs, was reached in the
case when in a quadrated microcircuit "simple" quad-
rated transistors failed owing to unequal types of the de-
fects in the single transistors.
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HMucturyr HMCT HanmoHanpHOTO MCCIemOBaTeIbCKOTO YHUBEpCUTETa " MOCKOBCKUIT MHCTUTYT

BJICKTPOHHOM TEXHUKU"

OBECIEYEHUE PABOTbl U CAMOKAANBPOBKU MOMC-UHKAMHOMETPA
B YCAOBUAX BO3SAEMCTBUS PASAMYUHBIX BHELLHMX

BO3AEMCTBYIOLWUMX ®AKTOPOB

Ilocmynuna 6 pedakyuio 14.07.2017

JlanHble 06 uccae0o8aHuu uymo8 aKcenepomempos Ovlau UCnoab308aHbl 045 pacyema 803modicHo20 paspeuierus MIM C-unkau-
Homempa. Koncmpykmopckue pacuemsi n0380ASI0M OUeHUmb HadedcHocms U sggexkmusrocms pabomsr MOM C-unkaunomempa
noo delicmeuem GHeUHUX 8030elicmayuux hakmopos. B yeasx obecneuenus umnopmosameueHus: 6bl10 NPedLoNCeHO peuleHue,
nozeonsrouee paspabomams MIM C-unkarunomemp, He yCMynarouwull no QYYHKYUOHAAHBIM NAPAMEMPAM 3apyOedCHbIM AHAN02AM
U peanru3yiouwuli (PYHKUU camoxaiuoposku.

Karoueesvie caosa: unkaunomemp, axcesepomemp, 6HeW Ul 6o3deticmayiowue hakmopsl, camoKxalruoposKa 0am4uKos, mex-

Honoeus 3auumost, MOMC

BBenenune

Hukaunomemp — MUKpOMeXaHMYECKasl DIIEKTPOH-
Hasl ccTeMa, TIpeTHa3HadYeHHasT ISl U3MepeHUS yTiia
HaKJIOHA OOBEKTa OTHOCHUTEIHLHO TPaBUTAIIMOHHOTO
nonst 3eman. B coctaB matuymka BXOIST IpeoOpa3oBa-
Tenau auHeitHoro yckopeHnus (ITJIY), ocHoBHas 3anava
KOTOPBIX — M3MEpeHWe YCKOpPEHUs, HaIpaBIeHHOTO
BIOJIb U3MEPUTEITHLHOM OCH, C TIOMOIIBIO MUKPOMEXa-
HUYECKOro 4YyBCTBUTENbHOro snemeHTa (YD), usro-
TOBJICHHOTO IO OOBEMHOM TEXHOJOTUHM, MUKPOKOHT-
potep (MK) u apyrue nepudepuiiHble yCTpONCTBA.
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Pazmuyaior Tpu OCHOBHBIE TPYIIIBI TaTYMKOB Ha-
KJIOHA: oJHooceBbIe (0ch X), AByxoceBble (ocu X1 Y)
u TpexoceBble (ocu X, Yu 7).

MHKIMHOMETp MOXET HaWTH CBOE TpUMEHEHUE B
pPa3IMYHBIX 00JIACTSIX HAYKU Y TEXHUKMU:

— CaMOJICTOCTPOCHUH, MAIIMHOCTPOCHUM, B TOM
yycje B cUCTeMax KOMIIEHCAllMM U CTa0MIu3aluM;

— B CHCTeMax U3MEpPeHUsI yIila HaKJIOHA I1aTdopmM
pPaInoIOKAIIMOHHBIX aHTEHH;

— TIpY MOHUTOPUHTE CTPOUTEITBHBIX MHXEHEPHBIX
COOpPYXXEHMI, MPUPOIHBIX OOBEKTOB, TOPHBIX BBIPA-
00TOK;




— [OpU HCCAEAOBAHUU W3TUOHBIX AedopMalnii
3JIEMEHTOB CTPOUTEJbHBIX U JPYTUX KOHCTPYKIIMHA.

CurHan ot IIJIY cHauana nocrynaet Ha MK, ko-
TOPBIN 3aTeM Mpeodpa3yeT ero u3 aHaJIoroBoit (hopMEbl
B 1IM(POBOI KOA B COOTBETCTBMU C OJHUM U3 OOIIe-
U3BeCTHBIX nHTepdeiicoB nepenaun naHHbIX (UART,
12C, SPI u ap.).

Ha cerogHsiliHM# JeHb CYIIECTBYET MHOIO BUIIOB
WHKJIMHOMETPOB, KOTOPbIE MOTYT OBITh KJIacCU(pULIM-
poBaHbl 1o TUNaM Y9, 1mo cnocobam oOpabOTKU CUT-
HaJoB, IO clocob0aM BbIBO/JA CUTHaa OT 3JEKTPOH-
Horo ycrpoiictBa (B3Y), mo KoHcTpykuuu. KpymnHeii-
UMK 3apyOeXKHBIMU TPOU3BOAUTENSIMU WHKJIUHO-
METPOB SBIISIIOTCS Takue hupMbl, Kak Analog Devices,
Colibrys, Memsic.

AKTYyaJIbHOCTb MPOBOAMMON pabOThI 3aKJIIOYAeTCs
B IPEMJIOKEHHOM pEeLIeHUH, TTO3BOJISIONIEM pa3pabo-
taTh MOMC-unknuHomerp (M), dyHkumroHanbHbIe
rapaMeTphbl KOTOPOI'O He YCTYIaloT 3apy0ekKHbIM aHa-
JioraM, a ero KOHCTPYKTHUBHOE pellieHrue odecrieunBaeT
BO3MOXXHOCTBb PaOOTHI B YCJIOBUSIX NEUCTBUS pasidd-
HBIX BHEITHUX Bo3meicTByommx dakropoB (BBD),
YTO MOTEHIIMAIBHO JaeT BO3MOXHOCTh Peajn30BaTh
Takke (yHKIUIO CaMOKaJIMOPOBKY JaTYMKa.

AHAIIN3 KT09eBBIX (PYHKIHOHATBHBIX
napamerpoB MOMC-uHKIHHOMETpPA

OnHUM M3 KJIIOYEBBIX MapaMeTpoOB, OIpEeAeJIsio-
MM KadyecTBO (hyHKIIMOHUpoBaHUsI MU (TOYHOCTH
M3MEepEeHUsI yIjla HaKJIOHA), sSIBJISIeTCsS YPOBEHb COOCT-
BEHHBIX IIIYMOB. [JIaBHBIM HCTOYHUKOM IIIYMOB B
JTaHHOM ycTpoiicTBe siBasworcsa IIJIY, peanusyroiiue
(hyHKLMIO TTepBUYHOTO Mpeodpa3oBaTesisl yCKOPEHMS B
aJIeKTpruYecKuii curHaj. B tabi. 1 mpeacraBiaeHbI JaH-
HbIE O pe3yabTaTaX U3MEPEHMST CPeIHEro KBaapaTuy-
Horo otkjoHeHus wmyma (CKO) TITY, paspaboraH-
Heix B HUY MUBT [1-3].

HMcxonsa u3 naHHbIX Taba. 1, MOXHO clieJaTh BbIBOJ
0 ToM, uTo cpeaHee 3HaueHne CKO 1myma mns npen-
JIOKEHHOI BBIOOPKM 00pa3loB (Auana3oH U3Mepsie-
MbIX ycKopeHMit *1 g) B nuamna3zoHe yactot 0,1...1 T'g
cocrapisier 0,25 MB. Jlnsi uHKIMHOMETpa 11eJ1Ieco00-
pa3Hee ucroiyb3oBarh [1J1Y Ha mmanason +1 g, mac-
IITAaOHBIA Ko3(puLreHT KoTophiXx (K) cocraBisieT
okoJjio 2 B/g, HO Npu HEOOXOAMMOCTU MOXKHO TaKXKe
paccMaTpuBaTh BO3MOXHOCTh IpuMeHeHus I1JIY Ha
IMana3oH t5 g LeHOM yXyalleHUs U3MEePUTETbHOMN
TOYHOCTH.

BripaxeHue, ycTaHaBIMUBAIOLIEE CBSI3b MEXIY BbI-
xofaHbIM curHanom IUTY (Uy,,,), TPUIOKEHHBIM YyC-
KOPEHUEM (g) U €ro HyneBbIM curHaiaom (U,) mmeer
BMI;

U,

BBIX

= Kg+ U (1)

C y4eToM TOro, YTO B C/Iydae MHKIMHOMETPA HYKHO
OIIEHMBATh HE caMO YCKOpPEHMe, a YroJ IMoBopoTa (o)

Tabauua 1
Table 1
3navenns CKO myma ILTY
Values of AQD noise of CLA
JIrana3oH U3MepsieMbIX YCKOPEHUI tlg t5g

Range of the measured accelerations

CKO mryma ITJTY B yacToTHOM
nuanaszone 0,1...1 I'g

AQD noise of CLA in the frequency
range of 0,1...1 Hz

KakK BEJUYMHY, CBSI3aHHYIO C HUM, U TIPU 3TOM IMa-
Ma30H U3MepSIEMbIX YCKOPEHU A HE TIPeBBIIIAST 3HavYe-
Hus *1 g, BeipaxkeHue (1) mpumeTr BuU:

Upx = Kg *sina. + U 2)

HyneBoii curHan B JaHHOW OLIEHKE YYUTHIBATh HE
OyneM, Tak KakK IIpU caMOKalMOpOBKEe HATYUKOB €ro
3HAUYE€HME MOXET ObITh CBEIEHO K MUHUMaJIbHOMY. Ta-
KAM 00pa3oM, MOXHO OLIEHUTb pa3pelrarolrylo CIio-
COOHOCTb MHKJIMHOMETPA, YYUTHIBAsI, UTO Sino ~ o MpU
o — 0

CKO

sina =
(04 Kg

~ a. 3)

COOTBCTCTBCHHO, MOXKEM ITOJIYUYUTH OLICHKY 3HA4YC-
HUA yrja:

o~ CKO _ 0.25 MB

~ 0,125°, (4)
Kg lg%

B pabore [4] npencraBiaeHbl UCCIIEIOBAHUS B -
HUSI MarHUTHBIX MOTOKOB Ha IMOTPEIIHOCTU Kaiuo-
POBKM MHKJIMHOMETPOB. Bo m30exkaHue ucKaxkeHus
3HAYEHUI MHKJIMHOMETPA OBbLTM OTOOPaHbI HECKOJIBKO
HEMarHUTHBIX MaTepUaJIOB, TPUBEAEHHBIX B Ta0. 2.

st kopryca MU 13 nipencTaBieHHBIX MaTEpUAIOB
ObIT BEIOpaH crutaB amtoMuHust J16T.

11 U3roToBIEHUSI MHOTOCJIOMHOM TIeYaTHOM 1ia-
Thl MOAXOJSIIMM BapUaHTOM ObLI CTEKJIOTEKCTOJIUT
Mapkun FR4 KB-6167F ¢upmbr Kingboard ¢ Temiie-
patypoit crekiaoBanus 135 °C. [lng MerallinuecKoro
MOKPBITUSI OblIa UCIIOJb30BaHA MeAHasl (oybra ToJI-
LIUHOU 35 MKM.

B xauectBe mnpermnpera ncnonb3oBad KB-6067 1080
TOTIMHOM 69 MKM, a (poJibra — TOJIIIUHON 35 MKM.

OcHoBHas 3amaya mpu pa3paboTKe KOHCTPYKIIMU
MU — pacnonoXuTb TpU aKCeJepoMeTpa COOTBETC-
TBEHHO 1O TpeM ocsMm X, Y, Z.

Koncrpykuus 0oka mpeacraBieHa Ha puc. 1, Ha
puc. 2 — KOMIoHOBKa 0yioka. KOHTaKT siueek MexXiy
co00it JoCTUTaeTCs 3a CYET OOBEMHBIX MTPOBOJIHUKOB.
BHeuiHue BBIBOABI BBIMOJHEHBI C MTOMOIIBIO T€pMe-
TUYHOTO pa3bema.

Kopnyc MU numeeT MHOTO (DYHKIIMI1, B TOM YHUCIIe
3allATa OT BJaru W 3JEKTPOMArHUTHOTO U3JIyYEHUS,
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Puc. 1. KoncTpykumus 0Jioka
Fig. 1. Unit design

Puc. 2. Komnonoska 6J0ka
Fig. 2. Unit configuration

OCHOBHbIE XapaKTE€PUCTHKH HEMATHUTHBIX MaTepuaioB [5]
Basic characteristics of the nonmagnetic materials [5]

Tabauia 2
Table 2

HaumenoBanue Mapka Monynb ynpyroctu [Ipenen npouHocTu [notHOCTH MarHuTtHasi TpOHULIAEMOCTh
Name Brand Elasticity module, GPa| Ultimate strength, MPa Density, g/cm3 Magnetic permeability
ATIOMUHMEBBIE CILJIaBBI 16T 72 450 2,78 <1,01
Aluminum alloys B9S 74 560...600 2,85 <1,01
MapraHiueBble 4yTyHbI YreC3i — 490 — —
Manganese irons yr7x4 _ 150 _ _
yrsas — 150 — —
AYCTEeHUTHBIC CTaJI 12X18H9 — 550...600 7,7
Austenitic steels 08X18H10T 198 420...520 7,9 <1,05
196 470...740 7,8

Ha KOpITyce UMEETCsl TEIJIOOTBO/, AJISI 3alUThI OT Tep-
MOYIapoB.

s HamexHo# paboThl ycTpoiicTBa YD OblM 3a-
(¢uKcupoBaHbl B Maszax Kopmyca C IOMOIIbIO KJes
BK-9. Kperuienune neyaTHbix miaat ¢ MK BbIMOJIHEHO
C IIOMOLIBI0 BUHTOB M1.6h5.5.

I'epMmeTnzanus Kopryca BBIIOJHEHA C MOMOIIBIO
nasHoro umBa. [IpeaBapuTelbHO OBLIM TPOBEACHBI
clenyoume onepanuu:

e yknagka pesuHoBoil mnpokmagku MPII-1267 mis

OoJibllIeil TepMETUYHOCTH;

e VYKJIaJKa CTaJbHOU IPOBOJOKM auameTpom (0,8 MM

MO MEePUMETPY MasiHOTO 111Ba.

st co3naHusi MHEPTHOM Cpelbl BHYTPU Kopryca
HCIIOJIb30BaH a3o0T.

3akmouenue

B pesynbTaTe BBINIOJHEHHOI pabOThl ObLIO Haline-
HO ONTUMAaJIbHOE pellleHre sl TocTpoeHuss MOMC-
UHKIMHOMeTpa. [IpoBeeHHbIE UcCaen0BaHUs MO3BO-
JIMJIA OLIEHUTh KauyeCTBEHHbIE XxapakTepucTuku. I1po-
OsiemMa MMITOpTO3aMellleHUsl Oblla pellieHa YaCTUYHO.
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Research data concerning the noise of accelerometers were used to calculate a possible solution. The layout scheme was developed
Jor a design of an inclinometer. The inclinometer is a micromechanical electronic system intended to measure the inclination angle
of an object in relation to the Earth's gravitational field. The sensor consists of the linear acceleration converters, the purpose of which
is to measure the acceleration directed along the measuring axis by means of a micromechanical sensing element manufactured by
the volumetric technology, a microcontroller and other peripheral devices. The engineering calculations allow us to estimate the re-
liability and efficiency of operation of MEMS inclinometer under the external influencing factors. The case of the MEMS incli-
nometer has many functions: protection from moisture and EMP, its body has a heat sink for protection against a thermal shock.
A protection technology was developed to ensure a reliable operation of the inclinometer under the influence of the external factors.
In order to ensure an import substitution, a solution was proposed, which will make it possible to develop a MEMS inclinometer
(M1) and achieve the values of the functional parameters, not inferior to the analogues. The conducted research works allowed us
to evaluate its qualitative characteristics. The problem of import substitution was partially solved.
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Introduction

An inclinometer is a micromechanical electronic sys-
tem for measurement of the angle of inclination of an ob-
ject in relation to the gravitational field of the Earth. The
composition of the sensor includes converters of linear
acceleration (CLA), the primary goal of which is meas-
urement of the acceleration directed along the measuring
axis, by means of a micromechanical sensitive element
(SE) made by the volume technology, a microcontroller
(MC) and other peripheral units.

There are three basic groups of sensors of inclination,
these are one-axial (axis X), two-axial (axes X and Y)
and three axial (axes X, Y and Z).

The inclinometer can find its application in various
spheres of science and technologies:

— aircraft industry, mechanical engineering, includ-
ing for the compensation and stabilization purposes;

— in the systems for measurement of the angles of
inclination of the radar platforms;

— monitoring of the engineering constructions, nat-
ural objects and mines;

— research of the bend deformations of the con-
struction elements and other designs.

A signal from CLA comes to MC, which transforms
it from the analogue form into a digital code, according

to one of well-known interfaces for data transmission
(UART, I2C, SPI, etc.).

There are many kinds of inclinometers, which can
be classified by types of SE, by the methods of signal
processing, by the output of a signal from an electronic
device (ED), and by the design. The largest foreign
manufacturers of the inclinometers are Analog Devices,
Colibrys and Memsic companies.

The importance of the undertaken work consists in
the proposed solution, allowing to develop a MEMS in-
clinometer (MI), the functional parameters of which do
not concede to the foreign analogues, while its design
solution provides a possibility of operation in the con-
ditions of various external influencing factors (EIF),
which potentially gives a chance to realize the function
of self-calibration of the sensor.

Analysis of the key functional parameters of MI

One of the key parameters, which determines the
quality of functioning of MI (accuracy of measurement
of the angle of inclination), is the level of the own nois-
es. The main source of the noises in the device is CLA,
realizing the function of the primary converter of ac-
celeration into an electric signal. Table 1 presents the
data concerning the results of measurement of an av-
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erage quadratic deviation of noise (AQD) of CLA, de-
veloped in MIET [1—3].

Proceeding from the data, it is possible to draw a
conclusion that an average value of AQD noise for the
proposed samples (range of accelerations =1 g) in the
range of frequencies of 0.1...1 Hz equals to 0.25 mV.
For the inclinometer it is more expedient to use CLA for
the range of *1g, the scale factor (K) of which is about
2 V/g, but if, necessary, it is possible to consider also a
possibility of application of CLA for the range of £5 g at
the expense of deterioration of the measuring accuracy.

The expression, which establishes connection be-
tween the output signal of CLA (Uy,,,), applied acceler-
ation (g) and its zero signal (U,) looks like the following:

U, = Kg+ Uy (1)

BBIX

Considering the fact that in case of the inclinometer
it is necessary to estimate not acceleration, but the an-
gle of a turn (a) as the value connected with it, and, at
that, the range of the measured accelerations does not
exceed the value of *1 g, the expression (1) will look
like the following:

U,

BbIX

= Kgsina + U,. 2)

In the given estimation we will not take into account
the zero signal, because during a self-calibration of the
sensors its value can be minimized. Thus, it is possible
to estimate the resolution power of the inclinometer,
considering, that sina ~ o at o — 0:

sino. = CTI;O ~ a 3)
Accordingly, we can estimate the value of an angle:
g lg-2Z

In [4] the research is presented of the influence of
the magnetic flows on an error of calibration of the in-
clinometers. In order to avoid distortion of the values
of the inclinometer, several nonmagnetic materials
were selected and presented in table 2.

From the presented materials for the case of MI the
D16T aluminum alloy was selected.

A suitable material for manufacturing of a multilayer
printed-circuit board was FR4 KB-6167F glass-cloth
laminate from Kingboard Co. with the temperature of
vitrification of 135 °C. For the metal covering a copper
foil with 35 micrometer thickness was used.

As a prepreg, KV-6067 1080 with thickness of 69 pm
was used, and the foil with thickness of 35 um.

The primary goal in development of MI design was
to arrange three accelerometers on three axes of X, Y, Z.

The design of the unit is presented in fig. 1, and in
fig. 2 — the configuration of the unit. The contact be-
tween the cells themselves is reached due to the volume
conductors. The external outlets are made by means of
a tight socket.

Case of MI has many functions, including protec-
tion against moisture and electromagnetic radiation, on
the case there is a heat-conducting path for protection
against the thermoblows.

In order to ensure a reliable operation of the de-
vice, SE are fixed in the grooves of the case by means
of VK-9 glue. Fastening of the printed-circuit boards
with MC is done by means of M1.6h5.5 screws.

The hermetic sealing of the case is implemented
with the help of a soldered seam. The following pre-
liminary operations were implemented:

e Packing of IPP-1267 rubber gasket was done in or-
der to ensure the proper tightness;

e A steel wire with diameter of 0.8 mm was laid on the
perimeter of the soldered seam;

Nitrogen was used for creation of an inert environ-
ment within the case.

Conclusion

As a result of the implemented work the optimum
solution was found for the design of the MEMS incli-
nometer. The carried out research allowed us to esti-
mate its qualitative characteristics. The problem of im-
port substitution was partially solved.
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Pucynxu k cratbe H. A. Topxosa, E. B. Hukympankosoii

«Metoapt ACM [isi KOHTPOJIsi KavecTBa p* — n-nepexonoB GaAsy»
N. A. Torkhow, E. V. Nikulnikova

Puc. 2. ACM-n300pa:kenns penbecda HoBEpXHOCTH p' — 1
GaAs{100} (a), ero KPII nmoBepxnoctn (6enble 061acT co-
OTBETCTBYIOT HOTCHNHAILHBIM SIMaM JUIL JIEKTPOHOB «€»
(6ebie CTPEIKHA), TEMHBIE 00/1aCTH — HOTCHIHAIBHBIM AMaM
UL IBIPOK «/» (depubie erpenkn) (b), KPII nonepeunoro ce-
qenns narepdeiica p*t — n-nepexona (c)

Fig. 2. AFM images of the relief of the surface of p*-n —
Gads{100} (a), its CPD of the surface (white areas
correspond to the potential wells for electrons «e» (white
arrows), dark areas — fo the potential wells for holes
«h» (black arrows) (b), CPD of the cross-section of the
interface of p++-n junction (c)

«Methods of AFM for p+ — n-junction GaAs Quality Control»
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Pue. 4. ACM-m3o6pakenne yuacTKa HCXOTHOH XHMAYECKH OKH-
ciennoif HoepxHocTH. CTpeIKaMH yKa3aHbI TOYKH H3MepeHHS
BAX kantnieBepa Ipr-metonoMm (a); kpusbie noqsosa I 0 oteona 2
kaaTmiesepa k uexoqnoii XOII DFL-1 1 orox:kennoif npu 360 °C
DFL-2 nosepxnocrsm (b). BAX 1 n 2 kanTniieBepa B Toukax I n
2 nexomnoif XOII n tnmmunaas BAX 3 kaaTmieBepa B Touke XOI1
nocie otr:knara 360 °C (¢)

Fig. 4. AFM image of a section of the initial chemically oxidized
surface. Arrows show the points of measurement of VAC of the
cantilever by Ipr method (a); curves of advance 1 and retract
2 of the cantilever to the initial COS DF[-1 and annealed at
360 °C DFL-2 surfaces (b). VAC 1 and 2 of the cantilever in
points 1 and 2 of the initial COS and typical VAC 3 of the
cantilever in point of COS after annealing at 360 °C (c)
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«KPUTEPUI OTITUMU3ALIU KOHCTPYKIIUN
MUKPOMEXAHNYECKOT'O KJIIOYA CBY TNAITA30HA»

A. V. Korlyakov, A. V. Lagosh

«CRITERION FOR OPTIMIZATION OF THE
MICROMECHANICAL SWITCH FOR RF BAND»

A -4

Ynpasnsiomas uerns 1 Ynpapnsomas uernb 2 Vnpaesasiowjue

Actuator 1 Actuator 2

5

cieaarby), 27849 («Ilpeeca Rocer

R
3%
5%
X

s
S

ERRRARI

RS

o
%

g

£
£5
2955

5

s

Samvikaroujuii

BY nunHuda nepenaun / 7 / e \ BY sinns nepegadn noA0COK |

RF Line i , RF Line Contact
f Mecemopana

GBI

Membrane

HIICK:

a)

140
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Fig. 7. Bistable design of a switch with «nternaly fastening of the torsion suspensions:
a — top view, b — lateral sections
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