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Annomayusn IIpoananu3upoBaHbl OJUHOYHBIE
THPHCTOPHBIE 3P (PeKThl, KOTOpPble MOIYT aBTOMaTHYeCKH
NMapUpoBaThCsl B 3aBHCHMOCTH OT YCJOBHUH JIKCILIyaTaluu.
IIpyunna  HecTAOMJILHOCTHM  TUPUCTOPHOro  3¢pdexTa
o0bsicHAeTcs 3¢ deKTaMH «IPOCAAKW» NHTAHHA, B TOM
yucae  JOKAJILHBIMH,  HHXKe  TOpOra  yJep:KaHusl.
IIpeacrasJjeHbl IKCHEPHMEHTAIBHbIC pe3yJIbTAThI,
NOATBEP:KAAIOIIMEe JAaHHBIH MeXaHM3M BO3HHKHOBCHHS
HeCTA0M/IbHBIX OJUHOYHBIX THPHCTOPHBIX 3(deKToB.
Knrouesvie cnosa — TsaKeNble 3apsiKEHHbIE YaCTHIDI,
OJMHOYHbIC THPHCTOPHBIE 3 (PeKThI, «IPOcaLKa» MHUTAHMSA,
CBUC.

l. BBEJEHHUE

OpuHouHble  pamuammoHHble  3QdexTer  (OPD),
BO3HHUKAIOIIHE B W3JCIUSIX MHUKPO- M HAHODJIEKTPOHUKH
MIPY BO3JICHCTBUM TSDKENBIX 3apspkeHHBIX dacTturl (T3Y), B
3HAYUTEIbHON CTENEHU OINpPEACISIOT (QYHKIIMOHUPOBAHHE
paauoassexktponHoit anmapatypsl [1]-[3]. K naubonee

KPUTUYHBIM sddexram OTHOCHUTCS OJIMHOYHBIN
THPHCTOPHBII (KT, KOTOPEI B psAAe CIy4aeB MOXKET
NpUBOAMTH K KaTtacTpoduyeckum oTkazam CBUC.

[ostromy mis Bcex CBUC, u3roToBineHHBIX M0 00BEMHON
KMOII nnmn buKMOII TexHONOTHsAM ¥ TpeHa3HAueHHBIX
UII  TPUMEHCHHWs B DIIEKTPOHHOW  ammapaType
KOCMHUYECKHX amlapaToB, HEOOXOJMMO MPOBECTH OILIEHKY
CTOMKOCTH K Bo3gecTtBuio T3 1o OIMHOYHBIM
TUPUCTOPHEIM 3 dextam (TD).

OOmienpuHsATas TpakTHKa OueHKH ctoiikoctn CBUC
npu BozaercTBuM T3YU mo TD ocHOBaHa Ha KOHTpOIJE
YCPEIHEHHOTO TOKa, MPOTEKAIOIIEro Yepe3 Lelb MUTaHUsI
Ipyd  TIOMOLIM HW3MEpHTENeld TOKOB, BCTPOSHHBIX B
WUCTOYHUKM TUTAHUS, KOTOpblE MOTYT 0OecneduTh
OTCIIC)KUBAaHHE JAWHAMUKM B JAWAla3oHe EIWHHUIl |
necsitkoB Mmc [4], [5]. Tpu peructpaiuun T mpouCXOauT
ero napuposanue nyreM otkitoueHus nuranus CBUC c
HNOCJIEAYIOUIMM €ro BKIodeHueM. Ilpu Takol MeToguke
peructpanmu IO  [OCTaTOYHO  CJIOXKHO  OTCIEIUTH
BO3MOXHbIE HecTabunbHbele TD, AIUTENBHOCTH KOTOPBIX
MOXET COCTaBJIITh E€AMHHIBI MKC. Bo3MoxHas mnpuumnHa
BO3HHKHOBEHHS TOJOOHBIX HECTaOMWJIBHBIX TD MOXeT
ObITH cBs3aHA C d(PdEeKTaMu «IPOCaIKN» MUTAHUS, T.€. K
MaJICHUIO HANPSDKEHHUIO Ha BHyTpeHHHX tementax CBUC
W BHEIIHUX 3JeMeHTax ocHacTku [6]-[10]. Ilpu stom
CIIeZyeT OTMETHTh, YTO BEIMYMHA «IIPOCAIKN» IHTAaHHS B
CIJIbHOM CTETEHU 3aBUCUT KaK OT XapaKTEepUCTUK CaMOU
[apasuTHOM N-P-N-p CTPYKTYpbl, TaKk MU OT YCJIOBUH
HNpPOBEIEHNUs HSKCIEPHMEHTA, B YaCTHOCTH, HAIMPSKEHUS

MMUTAHKS, TEMIEPATYpbl OKPYKAaloWIeH Cpelpl, peKrMa
¢yaxkuunonuposanus CBUC u psaga npyrux.

B Hacrosiieit pabore TpencTaBiIeHBI PE3yJbTATHI
nccienoBannii HecTaOmIbHEIX T B Tpex Tumax CBUC.

CXeMOTEXHUYECKOE MOJCIUPOBAHUC THUPUCTOPHOI'O

VIPOLIEHHASI MOJIEJIb «TTPOCAJIKW» IUTAHUSA

a¢¢eKxTa OCyImEeCTBISIECTCS, KaK IMPaBHIO, C IIOMOIIBIO
OTHOCHUTEJIBHO IIPOCTOH JIByXTPaH3UCTOPHOM
skBuBaneHTHOW cxembl (puc. 1) [2], [3], [6]. Tlo

CPaBHCHHMIO C KJIaCCHYECKOH B 3Ty cxeMy a00aBieH
pesuctop R,., OTpaxalomui BIMSIHHE OMHYECKOTO
najeHus  HampsDKeHUs, Kak  [OpH  TIPOTEKaHWU
HMOHHU3aMOHHOTO TOKa |lj; BHYTPHM CXEMBI, Tak ¥ Ha
SJIEMEHTaX BHEIIHEW OCHACTKU. JlOMOJHUTENbHO B
SKBUBAJIECHTHYIO CXeMy BBeneHa eMkocTh Bceit CBUC
(C.), KoTOpas MOXeT BIHATh Ha JHHAMHYCCKHE
XapaKTepUCTHKH BKJIIOYCHUS/BBIKJIIOUCHUS Mapa3UTHON
TUPUCTOPHOM CTPYKTypbl. BenuuumHa »3Toil emxocTu
JocTaToyHo Gonbiias u g coBpeMeHHBIX CBUC moxer
cocTtaBiATh 1...10 HOD.
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Puc. 1. YnpoieHHasi JKBHBAJIeHTHAs cXeMa 115
Moneauposanus OTI

B OonpmuHCTBE CciydaeB oanemeHtsl R, u C,.
HEM3BECTHBLI, YTO HE IO3BOJIIET OLEHUTh BO3MOKHOCTH
BO3HMKHOBEHHSI HecTaOWiapHBIX TO. B  kimaccrmueckom
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BapUaHTE BOJbTAMIICPHAs XapaKTEPHCTHKA THPHCTOPHOTO
a¢dekra onuceiBaeTcs S-o0pa3Hoil kpusoi (puc. 2). [pu
3TOM, JO BO3HHMKHOBeHHs TD cxema HaxomumTci B
COCTOSIHWUM 1, a TpH BO3HUKHOBeHMH 1D 3a cuer
BKITIOUCHUS TMApa3sUTHON 0OpaTHON CBS3M TEpEeXOIuT B
cocrostuue 3. ToybKO KpaTKOBpEMEHHOE OTKJIFOYCHHUE
MUTAaHUST HIDKE BEIMYWHBI yaepxkaHus (coctosHue 4)
TMI03BOJISIET NIEPEBECTH CXEMY 00paTHO B cocTosiHue 1.
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Puc. 2. BoiibTaMnepHasi XapaKTepUCTHKA THPUCTOPHOTO
3¢ dexTa
BBenenue pesuctopa B OKBUBAJICHTHYHO CXEMY

MO3BOJIACT, B TIEPBOM MPHOMIKCHUH, Y4ecTh 3S(P(deKT
«mpocanku» nutanus. OueBuaHo, uto B peanbHoit CBUC
3TOT PE3UCTOP paclpesiesieH TI0 BCeH IO KpUcTauia
Y OKa3bIBaeT Pa3HOE BIMSHUE JUIS PA3INYHBIX NAPa3UTHBIX
N-p-n-p cTpykTyp. Tem He MeHee, BO MHOTHX CIIy4asX OH
MO3BOJSIET  y4YecTh BIMsHHE O(PQeKTa «IPOCaTKI»
MUTaHUS Ha YyBCTBUTENBHOCTB K TO.

B MomeHT Bo3HUKHOBeHHMs TOJ, Kak NpaBuIIO,
BO3HUKAET 3HAYMTENIbHBIA CKaYOK MMITYJIbCa TOKA B IICTH
NUTaHUS, KOTOPBI 3a BpEMEHA IIOpS/KA JECATKOB HC
YMEHBIIAETCsS JO CBOEro CTAlMOHAPHOTO 3HAUYCHUS
(puc. 3). BeiOpoc Toka B HadaJbHBII MOMEHT BpPEMCHHU
00YCIIOBJIEH KaK BJIMSHHEM €MKOCTH, TaK U BO3MOXKHBIM

pasorpeBoM  kpuctaima MC  mpu  nporekaHMn
3HAYUTENBHOIO  TOKa,  IPHUBOAAIIETO K  POCTY
SKBHUBAJIEHTHOIO  pesrcropa. OueBUAHO, 4YTO MpH

OIIPE/ICIIEHHBIX YCIOBHUAX 3TO MNaJCHUE HalpsHKeHUE Ha
pe3ucrope R,. MOXET MPUBECTH K TOMY, YTO HalpsDKCHHE
Ha CaMOH CXEME OKaKeTCS MEHBIIE HalpsHKSHUs
yaepkanust (puc. 2, cocrosuue 4), u TD copsercs ¢
TUTIOBOW OCHMJIOTPaMMO¥, TTpUBEIEHHON Ha pucC. 4.

Puc. 3. TunoBasi ocuu/LIOrpaMMa TOKa BUeNH NUTAHUS NPU
BO3HUKHOBEHUHU CTAOMJILHOIO THPUCTOPHOTO 3¢ dexTa
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Puc. 4. TunoBasi ocHWIJIOTPAMMa TOKA BUENH MUTAHUS PH
BO3HUKHOBEHHH HecTa0mjibHoro TO

OKCIIepUMEHTANbHBIE HUCCIICIOBAaHUS HECTaOMIFHOTO
OJIMHOYHOTO TUPUCTOPHOTO 3 (eKTa MPOBOAMIUCH B TPEX
tumax KMOII CBUC: O3V u IIVIMC Ha ycKOpHTEsIX

OKCHEPUMEHTAJILHBIE PE3YJIbTATHI

WOHOB, TPOTOHOB ¥  JIa3epHOM  YCTaHOBKE  CO
cOKyCHPOBAaHHBIM N3ITy4CHUEM MMKOCEKyHIHON
JUTUTENIHOCTH.

B cxeme O3V B kauecTBe BapbHpPyEMOIo NapaMeTpa
UCITIOJIB30BAJIOCh ~ HANpsDKCHHE  MHUTAaHUsS, W3MEHEHHe
KOTOPOTO TO3BOJIAIO IEPEIBUIaTh HArPy30YHYIO KPHBYIO
okosio cocrosiuus 4 (puc. 2). B IINIMC wuccnemnoBanoch
BIMSHHUE pPEXnMa (QYHKIMOHUPOBAHHUA (CTATHYECKHH U
JUHAMHUYECKHI) Ha OLIEHKY ee YyBCTBHUTEJNbHOCTH K OTO.
B nmanHOM ciydae mpoBoAmiIach OIGHKA, Ha CKOJBKO
COOCTBEHHOE TOTpeOJieHHE TOKAa B CTaTUYECKOM |
JVUHAMAYECKOM pPEXHMax MOXKET OKa3aTb BIHMAHHE TIa
MOpOT BO3HUKHOBEHUS TD.

HawuGomnee HEOXKUJIAHHbIC IKCIIEPUMEHTAJIbHBIC
pe3ynbrathl 0buH Tonydensl st [IJIMC. Okazanock, 910
YYBCTBUTEIIBHOCTh  MHKPOCXEMBI [0  THPHCTOPHOMY
3hdexkTy B AMHAMHUYECKOM PEXKUME C 3arpyKeHHOM
«TPOIIUBKOI» 3HAYUTEIHHO HIDKE, YE€M B CTATHYECKOM
pexumMe 6e3 3arpyKEeHHON «IIPOIIUBKI.

bonee nmonpo6usie uccnenosauus [1JIMC Ha nazepHo#
YCTaHOBKE BBISBWJIM, YTO B CTaTHYECKOM PEXHME B Hel
HUMEET MECTO MHOTO Pa3iIMYHBIX THPUCTOPHBIX CTPYKTYp C
pasNMuYHBIMK 3HAUEHHWSIMH TOKOB B YCTaHOBHBIIEMCS
cocrostuum (puc. 5). Tlpu mpoBeIeHUH HCCIIEAOBaHUN B
JVUHAMHAYECKOM PEXHME C 3arpyXEHHOH («IpOIIMBKOID
pAA  TUPUCTOPHBIX  CTPYKTyp  HE  BKIIIOYAJNCh.
JlonosTHUTENTbHBIE WCCIEOBAHUS ITOKAa3ajiH, 4TO HMEIOT
MECTO THPUCTOPHBIE CTPYKTYpbl C  HampsDKEHHEM
yoepxkanusi okoiao 24 B, 49rto oueHp ONM3KO K
HaIlpsHKEHUI0 TNUTaHUs MuKpocxembl. Ha puc. 6 u 7
TIPUBEICHBI BOJIbT-aMIIEPHBIE XapaKTEePUCTUKH
CTaOMIBPHONH M HECTaOWIBHOW THUPUCTOPHOH CTPYKTYPHI.
BuaHo, 94TO B AMHAMHYECKOM pPEXHUME IPH HANPSHKEHUH
mutaHus 2,5 B tupucTOpHBIA 3¢ ¢EeKT He pa3BHBAETCH,
OJIHAKO TMpHU TOBBbIIIEHWU HanpsokeHus po 2.7 B
(uKcupyercsi THPHCTOPHBIA 3((deKT ¢ HampsukeHHEM
yaepxkanus 2,6 B.

B cratuueckoM pexuMe HaNpsHKEHHE YAEp KaHUs
cocTaBisieT okosio 2,4 B, 4ro mo3BossieT 3adMKCHPOBATH



T3 B nporiecce obmyderus. Takoe moBeneHNUE MOXKET OBITh

00YyCIIOBIICHO 3HAYMTETHHOM BETMIHUHOM TOKa
norpebnenuss ITIJIMC (okomo 60 MA) B JUHAMHYECKOM
peXMMe, W3-32 UEro Harpy3ouHas KpuBas —cpasy

pacrionaraercss HmKe cocTosHuA 4 Ha puc. 2. Ho ecim
MEPEUTH B CTATHYECKUI PeXUM paboThl, TOK MOTPEOIeHUS
B KOTOPDOM COCTaBIeT OKOJNO IMA, TO 3TOro TOKa
OKa3bIBaeTCsl HEJIOCTATOYHO I cpbiBa TO.

B IINIMC Takxke OpUCYTCTBYIOT cTabwibHBIE TD C
MOpOroM yJiepkanust okoyio 1,2 B, nposiBisitomuecs: Kak B
CTaTUYECKOM, TaK W B JAWHAMHYECKOM pexknmMmax. BAX
OJTHOY M3 TAKUX CTPYKTYp MPHUBEJCHA HA pUC. 7.
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Puc. 6. BosibT-aMnepHble XapaKTePUCTHKU HeCTAOMIBHOI
THpHCTOPHOI cTpyKTypHI B [IJIUC
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Puc. 7. BoiibT-aMnepHble XapaKTePUCTUKHU CTAOHILHOI
THPHCTOPHOI cTpykTypsI B [IJTUC

B O3V wumeror Mecto Kak CTaOWIBHBIE, TakK H
HecTaOwibHble T3 B 3aBUCHMOCTH OT HAMPSHKCHUS
rmutanus. Ha puc. 8 B kauecTBe mpumepa MpeaCcTaBICHBI
OCLIIJIOrPaMMBI JJIsl TPEX THIIOBBIX ciiydaeB. Ha puc. 8.a
MpeacTaBiIeHa ocnmniorpaMMa crabmisHoro TO. OnHako,
pU  YMEHBIIEHUH HANPSDKCHUS THTAaHUS —MOXHO
HaOMIOJaTh CHAaYala MEPHOJMYECKOC BO3HUKHOBCHHE U
cpwiB T (puc. 8.6), a 3aTem HectabunbHbIi T (puc 8.8).

B pamMkax ynpomeHHONH SKBUBAJIEHTHOM CXEMBI BCE
NIpeICTaBICHHBIC OCLIJITIOT PaMMBI MOT'yT OBITH
o0bsACHEeHBl. B mepBoM ciydae Harpy3ouHas KpuBas
pacroJio’KeHa BbIle TOUKH 4, mosToMy cpbiBa TO Hert. Ilo
Mepe YMEHBIICHUS HaNpsDKCHUS IUTAaHWA 3a CYET
NepBOHAYANILHOTO OOJNBIIEro 3Ha4YeHHs Toka B 1O
MPOUCXOOUT €ro cpeiB. OpHAaKO OH HE YCIEBAaeT
MOJTHOCTBIO COpBAaThCs, TaK Kak TOK 1D majaer u
napasuTHas CTPYKTypa BHOBb BKmodaercs. lIpormecc
mopropsicTcs. OOparmaer Ha ceOs BHUMaHHE, YTO YeM
Janblle HAXOAWTCS OdYEpeNHOH CphIB  OT  CBOETO
Ha4aJbHOTO 3HA4YeHHs, TeM OoJbllIe  OKa3bIBAeTCA
JUTITEIIEHOCTh HAXOXICHHUS B COCTOSIHUM HECTAOMIBHOTO
T3. Takoe moBeneHHE OOYCIOBICHO BHYTPEHHHUM
pazorpeBom  kpucraimma CBUC, 3a cuer dero
YBEJIMYUBAETCS €T0 YyBCTBUTEIBHOCTh K TJ. [lanbHeliee
CHIDKEHME  HampsDKEHWs  [HUTaHus  NPUBOJUT K
OJTHOKpaTHOMY HecTadbminbHOMY TO (puc 8.B).

IIpencraBieHHbIe AKCIIEPUMEHTANbHBIE PE3YNbTaThI
CBHJETEILCTBYIOT O TOM, 4YTO KOHTposib TO B pamkax
KJIACCUYECKOM MpOoIeTyphl U3MEPEHUS YCPETHEHHOTO TOKa
MOTpeOIEHN OKa3blBAaCTCSI HE BCErZa KOPPEKTHBIM.
Hannuue wHectabwibHoro TO MOXET MPUBOJUTH K
MaccoBeIM cOosiM B pabote CBMC, KoTOpBIE 10 BHEITHIM

MIpU3HaKaM MOTYT KJaccu(UINPOBATHCS Kak
¢hyHKUHOHABHBIN cO0il. KpoMe Toro, B JaHHOU cHUTyamuu
He Oyayr paboTaTh  aJrOPpUTMHYECKHE  METOJbI

TIOBBIIIEHU COOCYCTOWYNBOCTH CHCTEMBI, 3aJ0>KCHHBIC
pa3paboTUYNKOM ammapaTypbl, HAIPUMEpP AECTEKTHUPOBAHUSA
1 WCIIPABJICHWE OIHOKPATHBIX M JIBYKPAaTHBIX OLIMOOK B
CJIOBE JJAHHBIX U JIpyTHE.

Taxotit 3¢ dext Habmogancs npu ucnsitanusax [TJINC u
HPOSB/LUICA HE B KIACCHYECKOM IUIABHOM pPOCTE TOKa
NOTpeONIeHHsT M3-3a HAKOIUIeHHs cOOeB B  sidelkax
KOH(QUTYpaIIOHHON TaMsITH, a B PE3KOM CHM)KEHHH TOKa
noTpeOIeHHs, COIIPOBOXKAAFOLLIAMCS HapyLieHHEeM
(YHKIIMOHUPOBAHMSI.
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Puc. 8. OcunsiorpaMmMbI TOKOB B lleNH MUTAHUSA NPU
BO3HHKHOBEHHH THPUCTOPHOrO 3¢ dexrta B O3Y nas
Pa3IUYHBIX IUTAHUI:

a) Ucc=5.5 B 6) Ucc=5.0 B B) Ucc=4.9 B

V.

IIpencraBieHHble pe3yJIbTaThl pacyeTHo-
SKCIIEPUMEHTAIbHOIO MOJEIMPOBAHUS CBUAETENBCTBYIOT

3AKJIIOYEHUE

180

0 BO3MOXHOCTH Bo3HHMKHOBeHHsI B KMOII CBHC
HECTAOWIBHBIX OJMHOYHBIX THPHCTOPHBIX 3(dekToB mpu
BO3ACUCTBUH T34. [Tpuuuna BO3HUKHOBEHHUS
HecTabmwibHOTO TO cBsizaHa ¢ 3PPEeKTOM «IIPOCATKU»
MMUTaHUS W3-32 YEro BO3MOXKEH KakK IIONHBIH, TaKk W
YaCTUYHBIA  CpbIB  TD.  AKTyalbHOCTH  TIPOOIIEMBI
BO3pAaCTaeT C YMCHBIICHHEM HANpsDKCHHS IHTaHUSA
MHKPOCXEM U POCTOM TOKa MOTPEOICHUS.

Knaccuueckne wmeTtoamkn peructpanud 13D 1o
YCPEIHEHHOMY TOKY B IIETIM ITUTaHMS B PsJe CIydyacB HE
TapaHTHUPYIOT PETHCTPAINI0 HecTaOmIbHEIX TO. Bmecte ¢
TeM BO3HUKHOBeHHE HectabwibHoro TD  crmocobGHO
MPUBECTH K MAacCOBBIM HM3MEHEHUSM  XpaHSIIEHCS
nH}opMaLUK B peTHCTpPax, TPUITEpax U sSUeHKax HaMsTH.
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Abstract - The most critical single event effect is a single
event latch-up (SEL) in bulk CMOS or BiCMOS VLSI,
which sometimes can cause catastrophic failures in them.
Therefore, it is necessary to estimate SEL sensitivity of VLSI
intended for use in electronic equipment of spacecrafts.

A common practice to estimate SEL sensitivity of VLSI is
based on measurement of stationary current in power supply
circuit. When its value exceeds the critical meaning we can
conclude about SEL in VLSI under ion irradiation. Only
stable SELs can be observed with help of this technique.

Meanwhile, we can obtain non-stable (non-stationary) SELSs,
namely SELs, which exist for a certain relatively short
period of time. Experimental results show that this time
period does not exceeded several microseconds.

The main reason of SEL instability is the rail span collapse.
Indeed, when SEL appears, current in power supply circuit
increases. Thus voltage drop in substrate, wells, metal strip
connections and so on increases and finally effective supply
voltage can drop below holding voltage of latch-up. So we
can observe latch-up effect measuring transient current in
power circuit and we can miss such latch-up effect with help
of traditional technique. It should be noted that the value of
the “internal” voltage drop depends both on the
characteristics of the parasitic n-p-n-n structure and on the
conditions of the experiment, in particular, the supply
voltage, temperature and functional mode of VLSI.

Experimental investigation of nonstable SEL was carried out
in two types of CMOS VLSI: RAM and FPGA using
different facilities: proton and ion accelerators and
picosecond focused laser setup.

Nonstable SELs were observed in the both VLSI. The
influence of power supply voltage was carried out in RAM.
The evaluation of the functional mode (static and dynamic)
influence on SEL was studied in FPGA.

We obtained unusual results for FPGA. Sometimes, there
were no SELs in FPGA in dynamic mode, while it had very
high sensitivity in static mode. There was no SEL in FPGA in
dynamic mode using a traditional technique of measure of
stationary current in power supply circuit, but we could see a
lot of functional upsets. FPGA had high SEL sensitivity with
SEL threshold below 7 MeV:cm?*mg in the static mode. We
proposed in this case that there were nonstable SELs due to
high value of power supply current in dynamic mode.

We observed stable and non-stable SELs in RAM depending
on the value of supply voltage. For large voltage we could
see stable SEL. In the middle range of voltage there were
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periodic oscillatory SELs. At last the only peak of current
occurred for relatively small voltage.

The obtained experimental results show possibility of non-
stable SELs under ion irradiation. In our opinion the reason
of such behavior is determined by the effect of rail span
collapse. Additional voltage drop can occur because of both
transient latch-up current and large value of power supply
current in dynamic mode.

Keywords — ion irradiation, single event latch-up (SEL), rail
span collapse, VLSI.
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