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Annomayus — B HacTosimedl padoTe mpeaioiKeHa KJIacCH-
(ukanusi OCHOBHBIX MEXaHH3MOB BO3HHKHOBEHHSI MHOIO-
KpaTHbIX c0oeB npu Bo3aeiictBuu T3Y. IIpeacraBiaeHsl Mo-
JeJIM M pe3yabTaThl JKCIHEPHMEHTANBHBIX HCCJIeJ0BAHUM
JJ151 pa3JIMYHBIX MEXaHH3MOB MHOTOKPATHBIX c00eB.

Knroueevle cnrosa — Muoroxkpatusie coon (MC), CO3Y,
¢ dy3us, BTOPpUYHbIE YACTHII.

l. BBEJIEHUE

ITo Mepe yBenuueHUs] CTENEHW MHTETPAIli B MUKPO-
cXeMax IMaMSTH TPHU BO3ICHCTBUH TSDKENBIX 3apsDKCHHBIX
gactur (T3Y) Bc€ OONBIIYI0 POJb WIPAIOT TPYIIOBBIC
coObITHS, B TOM unciie MHOTokparHbie coon (MC) [1-4].
JeiicTBUTENBHO, IPU pa3Mepax aKTUBHBIX AyeMeHToB 100
HM 1 MEHee B 30HY BIMSHUS OTHenbHOoro Tpeka T34 moma-
JlaeT cpa3y HECKOJBKO COCEIHUX IeMeHTOB. J[aHHas Mo-
JeNs BOSHUKHOBEHUS MC IJIe)KHT B OCHOBE METOMOB IIO-
BBINIICHUsT cOoeycToitunBocT MukpocxemM O3V myrem
pasHeceHust sieMeHTOB mamsitu [4, 5]. Bmecte ¢ Tem
MUMEIOLINeCs Pe3yabTaThl [6, 7] MOKa3bIBAIOT, YTO BO3HUK-
HoBeHHEe MC B MHUKpOCXeMaX MaMsATH HE OTPaHHYNBACTCS
TOJIBKO ATUM MEXaHU3MOM.

TpagummorHo MC npuHATO pa3aenaTs Ha (u3nIecKue
u sorndeckue [8]. K mepBbIM OTHOCAT cOoM, KOTOpBIE
(hopMHPYIOTCS B TEOMETPUIECKH CMEXHBIX STYeHKaX rmams-
ta. K norumdeckum cOOsIM OTHOCSIT COOBITHSI, KOTOPBIE
HUMEIOT MECTO Cpa3y B HECKOJIBKUX OUTaX SYCUKU MMaMSTH,
MMEIOIIMX OJIMH M TOT K€ JIornueckuil agpec. Takoil nmoa-
XOJI, KaK TPENCTaBIIeTCs, HEAOCTATOYHO YYHUTHIBACT CIie-
muduky mexannaMoB MC, mposBisonmx ceds B CoBpe-
Mmennbix MC. Ha nam B3risia, 6ojiee 000CHOBAaHHOU SIBJISI-
ercs knaccudukanust MC 1o MexaHH3MaM HX BO3HHUKHO-
BEHHs. AHAJIN3 TO3BOJISET BBIICIHUTH CICAYIOMIAE OCHOB-
Hele Tunbl MexaHu3mMoB MC, BosHukawomux B MC npu
BO3/ICHICTBHHM 3apsHKEHHBIX yacTuil (puc. 1):

1) nuddysuonHoe cobupanue 3apsaa OTACIbHBIMH HE3a-
BucumbiMu 3eMeHTamMu IC ¢ Tpeka uona (1 Ha puc. 1);

2) BKIIOYCHHE MAPa3UTHBIX OWIONSAPHBIX TPAH3UCTOPOB
13-3a IPOTCKAHUS 3HAYUTEILHOTO0 HOHU3AHOHHOTO TOKA B
obmiem kapMmaHe/momioxke (2 Ha puc. 1);

3) oHOBpEMEHHOE BO3/IEHCTBHE MEPBUYHOTO HOHA W BTO-
pUYHOTO MOHA, 00Pa30BAHHOTO BCJIEACTBHE YIIPYroro pac-
cestHAs (TOTCHIIMATFHO BO3MOXKHO BO3JCWCTBHE HECKOJb-
KHX BTOPUYHBIX YAaCTUIl — N TIPOJYKTOB SJEPHBIX PEaKLUil)
(3 ma puc. 1);

Puc. 1. MC B syeiikax namMsaTu, BbI3BaHHbIe AU(PY3HOHHBIM
cooupanuem 3apsia (1), napa3suTHLIM GUNOIAPHBIM Y dex-
TOM (2) M 0IHOBPEMEHHBIM BO3/1€liCTBHEM NMEPBUYHON 1
BTOpPUYHOI YacTul (3)

4) BO3HHUKHOBCHHUC JIOXKHOT'O JJICKTPHUYCCKOI'0 CHUTrHajla B
CXeMax YyIpaBJICHUA U CUHXPOHU3ALHU.

B Hacrosimielt paboTe mpeacTaBiIeHbl JeTaabHbIE OIH-
CaHMs U aHaJIM3 HA3BAHHBIX BBIIIE MEXaHU3MOB BO3HUKHO-
BeHUsa MC, a Takke pe3yibTaThl UX HKCHEPUMEHTAIBHBIX
UCCJIEIOBAHUM.

Il.  MEXAHU3MBI MC

A, JTugpdysuonnsiii mexanusm

DTOT THI MHOTOKpAaTHBIX cOoeB [9] 0OycoBieH coou-

paHHeM 3apsiIoB COCCIHHMHE JIEMEHTaMU C TPEeKa 4acTH-
sl (puc. 1) [8], [10, 11].

IIpocTras oleHKa HOHU3ALMOHHOTO TOKA Y€pe3 OTAEINb-
HBII Iepexon paanyca R mpu HOpMaIbHOM TaJeHUH HOHA
MOJKET OBITh ITOJTy4eHa W3 PelIeHus ypaBHeHHUs quddy3nu
IOpU Pa3IN4YHBIX TPAHUYHBIX YCIIOBHAX Ha IOBEPXHOCTU
kpuctama [2, 3]. B atom ciydae nuddy3uoHHbIH TOK MO-
JKeT OBITh HaMJeH AJIS IUTIOCKON KPYTrOBOM YyBCTBUTEIBHON
00J1acTH, PacHoJIOKEeHHOH Ha MPOM3BOJILHOM PaCCTOSIHUH
OT TpeKa YacTHIIbI:

o -
I(t) =96 —=R -Dt&?)J J(ReYde, (D)
O=d6— {exp( £')3,(re) 3, (Re)dg

rae h — mapamerp, 3aBucsmmii ot Tomonoruu MC, q — 3a-
psin anekTpoHa, t — Bpems, G — nuHelHas reHepanusi HOCH-
Tenedt 3apsana, D — koadduiment ambumonsaproi auddy-
3un, Dy — koadunrent quddy3un 111 HEOCHOBHBIX HO-
cutenel 3apsaaa, R — paguyc p-n mepexona, I, — paccTos-
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HHME OT MeCTa IPOXOXKIEHHs TPeKa JO IIEHTpa Iepexona,
Jo, J1 — dynkmm Beccenst.
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Puc. 2. 3aBucumocTb GopMBI HMITYIbCA TOKA OT PACCTOSTHHS

MesK/1y YYBCTBHUTEJILHOI 00J1acThI0 paguycom R = 0.1 Mmxm u

HEHTPOM Tpeka yacTuubl. 1, 3 — ypaBHenue (1) (rpaHuyHbIe

yCJI0BHS IIEPBOTO poaa), 2, 4 — ypaBHenue (3) (pa3HOpPOIHBIE

rpaHuYHbIe YCJIOBUS), 5 — ypaBHenue (4) (rpaHuYHbIE yCiI10-
BHsI TPeThero poaa) aist h = 3 mxm

AHanuTHYECKOE pEeNICHNE BO3MOXKHO M B APYTOM TIpe-
JEIBHOM CIydae — HaJW4Ke OTAENBHOIO Mepexoja Ha Io-
BepxHOCTH Kpucraia 1C:

I (t) ~ qGD, 2 Texp(—Dtgz) J,(re)sin(Re)ds.  (2)
T 0

B peanpHBIX cxemax OJM3KOE B3aMMHOE PACIIOJIONKE-
HHE IIepexo/I0B He MO3BOJISIET CYUTATh UX M30JIMPOBAaHHBI-
Mu [12]. B 3TOM cilydae TOKH TEpEeXOIOB MOTYT OBITh
HNPUOTIKEHHO OLIEHEHBI U3 CHCTEMBl YpaBHEHUH WM pe-
IIEHUS 3a]1a4¥l C TPAaHWYHBIMH YCIOBUSIMU TPETHETO POA:

I(t) ~ qGD, exp(h’Dt)erfc(h/Dt )T exp(-Dte’ ) »

(hR)*
hR +1

*J, (&) Esin(gR)+ J,(ER) |dg, 3)
T

rie h — mapaMerp, 3apucsIuii ot Tonosoruu NUC.

BaxHO 1MOUepKHYTH, 9TO B O0IIEM CiTydae aMIUIUTY -
HO-BPEMCHHBIE XapPAaKTEPUCTHKH HMITyJIbCa TOKAa CHIJIBHO
BapbUPYIOTCA B 3aBHCHMOCTH OT MecTa nomaganus T3U.
Ilo Mepe ynaneHus Tpeka OT UYBCTBHTEIBHOW 00IacTH
najfiaeT aMIUINTYZAa, U YBEIWYHMBAETCS JUIMTEIBLHOCTh HO-
HHU3aIMOHHOTO Toka (puc. 2). Taxkoe m3meHeHue (GopMmsl
UMITyJIbCa TOKA IMO3BOJSIET 3aKIIOYUTh, YTO JUI yJalleH-
HBIX TIEPEX0JI0B KpUTEepHil cOOs, OCHOBaHHBIA Ha OIICHKE
cOOpaHHOTO 3aps/a, HENPHUMEHNM, U aHaJIu3 HeoOXOIUMO
MPOBOJIUTH C YIETOM PEATHHOTO OBICTPOJCHCTBUS SICHKH
namsata. Hanmpumep, MOXHO HpEANONIONKHUTh, UYTO KpaT-
HOCTB 0051 MOKET OBITH OIpeAeIeHa KaK YHCI0 YyBCTBH-
TENBHBIX 00JIACTEdl BHYTPH Kpyra ¢ paguycoMm ry. 3Hade-
HHE paauyca Ty omnpejensercs u3 ypaBHeHuit (1-4) st
3aganHoro 3HauyeHus JIIID. KparHoctu cboeB 1uist pasHbIX
OTHOILCHHUH pajuyca Iy U PacCTOSHUS @ MEKIY YyBCTBHU-

TEJFHBIMHU 00JTacTSIMHK TTOKa3aHkel Ha puc. 3. Kak BugHO M3
MPEACTaBICHHBIX PE3yJIbTATOB, MOJYUYEHHbIE pacrpeese-
HUS CYINIECTBEHHO OTIHMYAIOTCS OT HOPMAJBHOTO pacrpe-
JienieHus wiu pacrnpenenenus [lyaccona.
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Puc. 3. Pacnipenesienusi KpaTHOCTH cG0€B: & - paccTOsIHHE
MekK/1y YyBCTBHTEJIbLHBIMH 00JIACTAMH f4YeeK NaMATH

(@) (6)

Puc. 4. Ouenka kpaTHocTH c00eB 151 TU(PPY3MOHHOTO Me-
XaHu3Ma npu AByX 3Hauenusix JID (JIMI(a) < JIII(b)),
YHCJIA COOTBETCTBYIOT KPATHOCTH c00eB

Hpyroit Meron oueHku ceueHud MC ocHOBaH Ha OI-
peneNeHu  IJIoMaa 00IacTH COOMpPaHUs OTACIFHON yB-
CTBUTENBHON oOnacThio. [Ipym 3amaHHOM KpHTEpHM BO3-
HUKHOBEHHS OJUHOYHOTO cOOS /Ul 3aJaHHOTO 3HAYCHHUS
JITID 310 ycnoBHe OlpesesieT MaKCUMaIbHOE PacCTOsTHNE
TpeKa Iy OT LIEHTpa YyBCTBUTEIBHOI 00JacTH, TPH KOTO-
poM mpousoiiner cooit. Takum 0Opa3oM, IPU HEKOTOPHIX
3HadeHusx JIIID cocexnne 0b61acT MOTYT MEPEKPHIBATHCS
(puc. 4). O6macTu epeKpeITHI U OYAYT ONMPEeNATh cede-
HHE JIByKpaTHBIX cOoeB (puc. 4, a). [Ipu nanpHeiiniem yBe-
muernu JITID moryt mepekpriBaThes 3, 4 u Oonee obmac-
teit (puc. 4, 6). KonnuectBo nepecekaeMbIx obsacteit om-
pernensier KpaTHOCTh cOOeB.

B. MC u3-3a npocaoku nomenyuana xapma-
Ha/NOON0JICKU

MC 3T0TO THIIA TEOMETPUUYECKHU TIPUBSA3AHBI K KApPMaHy
(6o obmacTé TOMJIOXKKH), B KOTOPOM HAXOJWUTCS He-
CKOJIBKO siueek mamsaTH. [Ipum mpoxoskaeHWH HOHa depes
KapMaH WK B HETIOCPEJICTBEHHOH OJIM30CTH OT Hero obpa-
3yeTcsi MOHM3AIlMOHHBI TOK KapMaH-OAJIOXKa. I3-3a
BO3HUKAIOIIEH MPOCAAKU HAIPSDKEHUS [HUTAaHUS BHYTPU
KapMaHa IIpY NPOTEKaHHMH HMOHW3ALMOHHOTO TOKa Mapa-
3UTHBIE OWIOJSIPHBIE TPAH3UCTOPHI CTOK-KapMaH-HCTOK



OTIMPAIOTCS, BBI3BIBas cOOM B sueiike mamstd [13-18].
IIpoBeneHHbIE YHCIEHHBIE PACYETHl IOKA3BIBAIOT, YTO
KpaTHOCTh COOEB OYyIeT OMNpeNeNnsaTbCs PacCTOSTHHUEM OT
MecCTa TMOMaJaHus WOHA N0 KOHTaKTa K LIMHE MUTaHUs
(3emiis), yOETHHBIM CONPOTHBICHHEM KapMaHA, BEIHYH-
Hot JI[13, Temneparypoii u psaoM Apyrux HaKTopoB.

[puanumumansHolr ocoberHocThi0 MC Takoro THIa
SBJIAETCS 3aBUCUMOCTh MX MaKCHUMaJIbHOH KpPaTHOCTH OT
JIOKaJIM3aluK O0JIaCTH BO3ICHCTBUS BHYTPH HAKOIHTEIS.
OueBHHO, YTO HaNOOJIBIIAST YYBCTBUTEIBHOCTD 110 ATOMY
MexaHmMy MC Oyzmer UMeTs MeCTO TIpH MONaJaHHN HOHA
B LIEHTp KapMmaHa. ['py0as oleHKa ycJOBHsS BO3HHKHOBE-
HUS 3TOT0 d(h(eKTa MOKET OBITh ITOJTydeHa U3 CIIeIyFOIIe-
T'O BBIPOKCHUS:

u(y,t) = —rlj(L—s) j j(s, x, t)dx ds +
L 0

-d 12

d, /2
W

+rj(y—s)j j(s,x,tydxds =U_ , (4)

-d, /2

rae L, d, r — quHa, IMUpUHA U TOTOHHOE COTPOTHBIIEHUE
kapmana, Ug, — HamnpspKeHWe OTIHPaHUS Mapa3suTHOTO
GunomsipHOro TpaHsucTopa, U(Y, t) — HM3MeHeHHe MOTeH-
nuana kapmasa B touke Y, j(X, Y, t) — mrotHOCTH Aubdy-
3HOHHOTO TOK&, KOTOpas MOXKET OBITh OLCHCHA B IIPHU-
OJMKCHUH OJJHOPOIHBIX TPAHMYHBIX YCIOBHIA.

C. Bmopuunsie uacmuybl

JlaHHBII MEXaHW3M BO3HHUKAET M3-3a PACCEUBAHUS
MEPBUYHBIX HOHOB B KOHCTPYKIMOHHBIX Marepuanax MC
[19-21]. B obmieM ciy4yae BO3MOXKHBI HECKOJBKO MeXa-
HI3MOB Bo3HHKHOBeHHss MC. [lepBelif MexaHH3M 00y-
CJIOBJICH NPEABAPUTENIBHBIM PACCESTHUEM MEpBUYHOTO HO-
Ha IIpU €ro IoJUleTe K YyBCTBUTENbHOW oOsactu. Ilpm
BTOPOM MEXaHH3ME BO3MOJKEH IPOJIET HOHA Yepe3 TyBCT-
BUTENBHYIO 00JIacTh M 00paTHOE paccesiHue MOHA WIIH BBI-
JIeT BTOPUYHOH YacTHUIIBI B 00paTHOM HAIpaBJICHHH.

Paccmotrpum mexanusm Bo3HMKHOBeHUs: MC mpu Ky-
JIOHOBCKOM PACCESIHHU B CIIOSIX MEKCOETUHEHHH (puc. 6).
B mpocrteiitiem crnydae (0e3 ydera 3KpaHHPOBKH) nudde-
PEHIHATBHOE CEUEHHE YIPYTOro paccesiHust paBHo [22]:
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rae My, Z3, My, Z, — Macca U 3apsij] IEPBUYHOM 1 BTOPUY-
HOUW 4aCTHUI] COOTBETCTBEHHO, 0 — CEYCHUE PACCESHUS, 1 —
JHEPTHUsl IEPBUIHON YaCTHUIIBI B TOYKE PACCESHUS C KOOP-
JIMHATOM Z.
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Puc. 6. Cxemarnunoe n3zodopaxenne MC BcieacTBHE YIPYTo-
ro paccesiHusl YaCTHIbI U 00Pa30BaHHsA BTOPMYHOI0 HOHA

BoszuukHoBeHne MC BO3MOHO NpPH BBITOJIHEHUU PS-
na ycinoBui. IlepBuuHas M BTOpPMYHAs YacTHULBI IOCIE
paccesHUs ¥ IPOXOXKAEHHS CJI0€B METAJUIU3ALUN JTOJIKHEI
HUMETh SHEPTHIO, JTOCTATOYHYIO AJISI TeHepaluu KpHUTHUC-
ckoro 3apsma B Si mojmoxke. Takke 4acTHIBI JOJIKHBI
JOCTHYb MOAJIOKKHA Ha HEKOTOPOM yHaleHWUH I Jpyr oT
Jpyra TaK, 9To0Bl MPOUTH Yepe3 TyBCTBUTEIBHBIE 00IacTH
Pa3IUYHbIX SYEEK MaMSITH.

Yka3zaHHbIE yCIOBHUS OTYACTH BXOAAT B IPOTHBOpEUNE
Ipyr ¢ apyroM. /st Toro 4ToObI BTOPUYHAST YaCTHIA IO-
nasa B [OJIIOKKY Ha OOJIBIIOM PacCTOSIHUHU OT NMEPBUYHOM,
YTOJI OTJA4H Y HE JOJDKEH ObITh MaubiM. [1pu 5TOM yBEnH-
YHBAETCS IyTh S BTOPUYHON YaCTHIBl Yepe3 CIOU MeTa-
mu3arn. C Ipyrod CTOpOHBI, OOJNBIINE ¥ COOTBETCTBYIOT
MaJIbIM HEPTUSAM OTAA4H, YTO OTPAaHHMYUBAET BO3MOXKHBIN
poOeT BTOPUYHON YaCTHUIBI B CIOSX METAIH3AIHH.

Takum 00pa3oM, 3TH YCIOBUS HAaKJIAAbIBAIOT OTpaHU-
YEeHUsI Ha 3HAYCHUsI MakCUMAIbHOW M MHUHHMAJIbHOW J10-
MYCTUMO# 3Hepruu otia4u. [Ipy 3TOM JaHHBIE 3HAYCHUS
SIBISTFOTCS (DYHKIMEH KOOPAMHATHI TOUKH paccesHus Z. Ha
puc. 7 mokazaHa o0JacTh 3HAYCHUH SHEPTUU OTAAYH, NPH
KOTOpBIX BO3MOXHBI MC.

ITnoTHOCTE BepoATHOCTH BO3HHMKHOBeHHs MC 1o Ko-
OpIMHATE Z TOJyYUM, MHTErpUpYs BbIpaxkeHue (5):

p(Z):NT[ﬂa_ ;_; .
m T\E (z) E (2)

2 min max

o(E,-E,) (M

max

E_(z2)=min(E_, E_,), ®)
rae © — ¢ynkius Xesucaiiia.

Awnanu3 Beipakennst (7) MOKa3bpIBAET, YTO OHO HMEET
MaKCHMyM B OOJaCTH MalbIX Z. DTO O3HAa4yaeT, 4TO Hau-
Ooompmmii BkIax B 3pdext MC OynyT maBaTh HIDKHHE
CJIOM MeTajulM3aluu. J[aHHBIA pe3ysbTaT COIVIACYETCs C
SKCIIEPUMEHTANIbHBIMU JaHHBIMU [19].

[TonHas BepossTHOCTH P BozHuMkHOBeHHMsI MC mipu mpo-
XOXKICHUU TMEPBUYHOI 4YaCTHUIIbI MOJIy4aeTCsl MHTETPUPO-
BanueM (7). Ha puc. 8 moxa3aHa 3aBHCHMOCTH BEPOSITHO-
CTH BO3HUKHOBeHUs MC OT 3Hepruu nepBUYHON YaCTHULIBI
(Xe), mosyueHHast B paMKax IpeJICTABIECHHON aHAJIUTHYE-
ckoii Mozenu. CTpyKTypa oOJacTH METaIM3alu Tpej-



[oJjarajoch OMOTE€HHOM ¢ MaccoBoi posei Cu 81%.
AHasnu3 MpoBOAMIICS C YUETOM MapIMaibHBIX BKIanoB CU,
Si, O. Bugno, uro BeposstHOCTs MC HMesa MpaKTHIECKH
MOPOTOBBIN XapakTep W MAKCHUMyM B OOJacTH 3HEPruit
MOpsAJKa HECKOJIBKUX cOTeH MaB.
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Puc. 7. 3aBUCHMOCTB 10NYCTUMBIX JHEPTUii OTAAYH OT KOOP-
JUHATHI TOYKH paccessHusi. Pacyer mpoBoamiics 1Js ciry-
yasi: nepBUYHBIA aToMm — Xe ¢ sHeprueii Ty = 220 MaB, BT0-
puuHbIi aToM — CU, I = 3 MKM, 06J1aCTh METAJUIM3AIMH CO-
aepxut 25% Cu (mass fracture - 51 %), 25% Si, 50% O
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Puc. 8. 3aBucumocts BeposiTHocTH MC ot 3nepruu T, mep-
BUYHOI1 yacTuubl (Xe). Kpurnueckoe paccrosinue r = 3 MKM

Pacuer aHanoruyHOM CTPYKTYphbl IPOBOJWICA B CHC-
teme GEANT. Ipu 3Heprusx mepBUYHON YacTHIBI Oojee
500 M»B HaOmomaercss yIOBICTBOPUTEIHHOE COTIIACHE
npoctoit monenu ¢ pacuetom GEANT (oTimune cocraisi-
et 20%). [Ipn ManbIX SHEprusx HaOIrOaeTCs CyIIeCTBEH-
HOe oTiauune mopora 3ddekra. J[aHHOE 0OCTOSITEIBCTBO
MOXeT OBITh CBSI3aHO C TEM, YTO B paMKaX aHAIUTHYECKO-
o0 TIOAXOJa PacCMaTPUBAJIOCh TOJIBKO OJHO paccesHHe
YacTHIl TIPH MPOXOXKAEHUU CJIOSl MeTayuth3auud. JlanHoe
MPE/IONIOKEHNE MOXKET OKa3aThCsl HEBEPHBIM IPU JHEp-
THSAX TIEPBUYHON YaCTHUIIBI, OJIM3KUX K MOPOTOBOMY 3HAYeE-
uuto. Ha puc. 8 mokaszana 3asucumocts P(T), momydennast
C YYETOM PEAJMCTHYHOH CTPYKTYpHI IIUH METaJUIU3aluy
(65 M) ¢ TOit 3KE MaccoBO#t o€l Meau. BiusiHue peais-

HOW CTPYKTYPHI IIMH METAJUTU3AINH MPOSBIIETCS TOIBKO
BOJIM3M TIOPOTOBBIX 3HAYCHHUN SHCPTHH.

Tabuuma 1

MC nabniooaemvle npu sxKcnepumenme

Mexanuzm MC | Iuddyszus |[lorenunan |Bropuunsie | @yHKIIHO-
KapMaHa | 4YacTHIbl | HaJbHbIC

256K (0,8 MxMm) + - - -

128K (65 HM) + + + -

PM (0,18 mMxm) X X X +

A82DL1632

1M (0,18 mxm) X X X +

AS7C1026

UM (0,18 MxMm) + - - -

H zHabOmomamcy MC, - He HaOmromamucs MC, X — He UCCIeOBaHO

Takum 00pa3oM, NPOBENECHHBII aHalM3 IOKA3bIBAET,
410 BepoaTHOCTh MC 3a c4eT KyJIOHOBCKOTO Jpaccesnus B

coBpeMeHHBIX IC MOXET COCTaBISATh 10°-10°

D. ®ynxyuonanvuvie MC

OauH U3 MeXxaHHu3MOB Bo3HUKHOBeHHss MC — Qukca-
Ut (3aIHCh) JIO’KHOTO CHUTHAJIA Cpa3y HECKOJIBKUMH sUCH-
KaMu namsaTH. Harmpumep, B IUKIJIE 3alUCH NP MO aHUN
OS1Y B cxembl nemmpanuy BO3MOXXHA KPaTKOBPEMCHHAS
ounboyHas BHIOOPKA, YTO MOXKET HPHBECTH K 3aIHCH TOH
K€ BXOAHOW MH(opMammu, HO MO ApyroMmy azapecy [6].
WuannupoBanne MC Takke MOXKET OBITH OOYCIOBIICHO
BO3HUKHOBEHHEM KpPAaTKOBPEMEHHOIO HMMITYIbCa HOHH3a-
LIUOHHOM peaKiy («UTOJIKI») B MepUPEPUIHBIX y3IIax.

BoszuukaoBerne MC B pesynsTare c6os B mepudepuii-
HBIX CXEMax dYallle BCero XapakTepHO MMEHHO Ui JuHa-
MHYECKOT0 pexuMma padotsl. [Ipu sToM HEoOXoaMMO TIpoO-
BOJUTH TECTHPOBaHME KaK B PEXXHMME CUMTBHIBAHHUS, TaK U
3aIlMCH C MOCIEAYIOIUM KOHTPOJIEM 3alHCaHHON MH(OD-
Manui. OHaKO BO3MOXKHA CHUTYaIWsl, KOTJa BO3JCHCTBHE
Ha nepudepuitHble Y3116l MUKPOCXEMBI MOXKET MPUBOIUTD
K Bo3HMKHOBeHHI0O MC Kak B IMHAMHYECKOM PEXHME, TaK
U B PeKUME XPaHEHMUS.

E. Cosemecmuvie aghghexmul

OuesuHo, uTo B coBpeMeHHbIX CBUC atn addexts
MOTYT TPOSIBISITECS. KOMILICKCHO, 32 UCKITIOUCHUEM (DyHK-
moHansHEIX MC. Hampumep, ecnu MOH momai psaoM ¢
KapMaHOM, TO Ha TMEPBOM 3Talie BO3MOXKHBI AU(Py3HOH-
Hele MC, a BIOCIEICTBUH MOXET BKJIIOYUTHCS MEXaHU3M
MC wu3-3a mpoTekaHHs TOKa B TOAOXKe. HamOonpmime
BO3MOKHOCTH MMEIOT MECTO NpH BO3HHKHOBeHHH MC oT
MIEPBUYHON W BTOPHYHO gacTuibl. Hanpumep, mepBryHast
yactuia Moxer co3naBath MC kak 1o qud¢dy3noHHOMY
MEXaHU3My, TaK H depe3 KapMaH, IPH 3TOM 00pa3oBaB-
IIMACS 32 C4YeT KYJIOHOBCKOTO PAcCEsSHUS IEPBUYHO-
BeIOUTHI aToM ([IBA) moxer Ttarke cosmaBath MC.
Baxxno oTmeTuts, 4TO 3a cueT AeiictBus [IBA moryT cos-
JlaBaThCsl OJHOBPEMEHHO M OJHOKpaTHble cbou, nu MC,
€CIIM €T0 TPEeK PAacIojaraeTcsi HaKJIOHHO K MOBEPXHOCTH
kpuctamna. Taxxe Heckonbko rpynn MC u OC moxer
CO3/1aBaThCS MPOAYKTAMHU SICPHBIX PEaKIMi, €CIM Ha UX
BBIX0JI€ UMEETCSI HECKOJIBKO HOHOB.
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Puc. 10. 3aBucumocts noporosoro JIIIIJ u kpaTHocTn cooeB
OT npoeKTHBIX HOpM A5t CO3Y, ucciie0BaHHBIX B TaHHOM
pabote

IIl.  DKCIEPUMEHTAJIBHBIE PE3YJIbTATHI

OKCIepUMEHTAIbHBIE NCCIIEIOBaHUS MPOBOIMINCH Ha
yckoputene uoHoB «Y-400» (Pockocmoc, OUSIN, JlyOna)
[27] m uMITyIECHONM MUKOCEKYHIHOM JIa3epHONM YCTaHOBKE
«I[TUKO-3» 8 HUSY MUDU (Mocksa) [23-25]. B cBsizu ¢
OOJIBIIMMH ONTHYECKUMH MOTEPSIMU PsIJT MUKPOCXEM I1a-
MSATH Ha JIa3epHON YCTaHOBKE 0OJydascs ¢ TBUIBHOH CTO-
pOHBI. B X071€ 9KCIIEpHMEHTOB HCCIIEIOBAIUCH MUKPOCXE-
MBI M TECTOBBIE KpHCTaJUIBI cTatndeckux O3V pasnuuHoi
MH()OPMAIIIOHHONH EMKOCTH ¥ TEXHOJIOTHH.

OcHOBHasl II€7Ib IKCIIEPUMEHTAIBHBIX HCCIICIOBAHUIM
Obla HarpaBieHa Ha BblsBIeHHe MexaHnm3Ma MC B uccie-
JIoBaHHBIX 00pa3nax SRAM (tabm. 1).

Huddysuonnsie MC nHabmronammcs B O3Y 0,8 MkM u
0,18 mkm. OcHOBHas MpPUYMHA WX MOSBICHHS CBS3aHA C
ONM3KMM PACIIONIOXKEHHEM CTOKOB JIByX COCEIHHUX SUeeK
namsata. Jpyrux tumoB MC B 3TuX cxeMax oOHapyKeHO
He Obuto. [Ipenmoceuikoil k nccnenosanuo CO3Y ¢ mpo-
exkTHpIMU HopMamu 0,8 MKM Ha MpeJMeT YyBCTBUTEIbHO-
cti kK MC mocmy»uio To, 9TO B X0J1¢ UCTIHITAHWIA Ha CTOM-
kocTh K OC OBUIO YCTaHOBIJIEHO, YTO 3aBUCHMOCTh CEYECHUS
c6oer or JIIID mMeer HeHachImaromuiics xapakrtep. B

pe3yabpTaTe aHaM3a ObTo yctaHoBieHo, uto B CO3Y 256
Kour, HecmoTpst Ha mpoekTHble HOpMBI 0,8 MKM, BO3HH-
karoT 3P dexTs! 2-x U 3-X kpaTHeIXx MC [26]. 3aBHCHMOCTH
ceueHus cboeB pa3nu4yHOM kpatHocTH OT JIIID mpencras-
JeHbl pUCYHKe 9. BUIHO, 4TO CeueHUs MUMEIT HEHAaChl-
LIAoIIKIics XapakTep, 4YTo Xopoulo cornacyercs ¢ quddy-
3MOHHBIM MEXaHU3MOM COOMpaHHSI.
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Puc. 11. DxcnepuMeHTaIbHbIEC Pe3yJbTAThI, I0J1y4Y€eHHbIE
s 2M CO3Y npu Bo3eiicTBUH TSKeJIbIX HOHOB U JIa3ep-
HOT0 U3JIy4YeHHs

Ha pucynke 10 mpuBenmens! 3aBucumoctu moimun MC
paznuunoit kpatHoctu s KMOIT CO3Y ¢ npoeKTHbIMU
HopMmamu 0,8 MkM, 0,18 MKM U 65 HM IpH pa3IUYHBIX 3HA-
yenusax JIIIO. IlpocnexuBaercst obmas TEHISHLUS pocTa
yyBcTBUTENBHOCTH K MC ¢ pocToM 3Hauenus JIIID.

[MpakTruecku Bce Trbl MC HabII01aach B TECTOBOM
kpuctame O3Y 65 uM. B ganneix O3V orMevanoch BO3-
HuKkHOBeHHe MC BbICOKOW KpaTHOCTH [17], CBA3aHHBIX,
TIPEATIONIOKUTENBHO, C BIMSHIEM OUIOIApHOTO 3¢ deKTa.

B uccienoBaHHBIX TECTOBBIX KpUCTaUIax ObUTH OOHa-
pyxeHsl u komOmHumpoBanHele MC. B CO3Y
A82DL1632UG mnpum Bozueiicteun T3YU HabGmomamocsk
BO3HHMKHOBeHHE 3P dexToB cO0eB B OI0KaxX sSUEEK MAMSTH,
OTHOCAIINXCA K OTHOMY pa3psamy AaHHbIX. IIpu 3ToM 3ape-
THCTPUPOBaHHOE cedeHHe 3(P(HEeKToB B pesKMMax XpaHEHUS
U CUMTBHIBAHMS MH(GOPMAIMU TPEBBINIATO IUIOMIAAb KPHU-
cTayuia. /| BBIABIICHHS MEXaHHM3Ma ATHX cO0eB 00pa3Ilsl
CKaHUPOBAINCH C(POKYCHPOBAHHBIM JIA3€PHBIM JIy4OM, B
XO/ie KOTOpPOro ObLJIO BBISBICH (YHKIMOHAJIBHBIA Mexa-
Hu3M MC. danasie MC BO3HUKIN TIpU OOyYCHHUH TEpPH-
¢bepuiinbix ydactkoB O3Y 1uist IByX PEXHMOB DPabOThI
(puc. 11).

IV. 3AK/IIOYEHUE

B GonpmMHCTBE MPAKTUYECKUX CIYy9IaeB MOXKHO BBIZE-
JIUTh 4YeThIpe MeXaHu3Ma BO3HUKHOBeHUs MC: 3a cuer
G Gy3nOHHOTO cOOMpaHMsl 3apsaa C TpeKa MOHa, Maje-
HUS HanpsDKEHWsS B KapMaHE/NOAJIOKKE NPH TPOTEKAaHUU
HMOHN3AITMOHHOTO TOKA, MOSIBIICHNS] BTOPHYHBIX YaCTHIL U3-
3a paccessHUsI HIOHOB Ha aTOMax MaTepHanoB KOHCTPYKIMI
VC u BO3HHMKHOBEHUS JIOKHBIX YHPABJIIIONNX CHI'HAJIOB
(dbynxumonansapie MC). BaxxHO OTMETHTh, YTO MOCIE/-
HUE TPH MEXaHHW3Ma HE IMO3BOJIAIOT CYIIECTBEHHO MOBBI-



mrate c00CyCTOWIMBOCTD SUEEK MAMATH M3-32 Pa3HECCHHUS
UX B TIPOCTPAHCTBE.

TTOJIEPXKKA

PaGoTa BEINOJIHEHA B paMKax rOCyIapcTBEHHOTO 3ajia-
Hust Ne8.826.2014/K MununcrepcTBa 00pa3oBaHus U HAYKH
Poccuiickoit @enepanun.
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ABSTRACT

Multiple node events, including multiple cell upsets
(MCUEs), are the crucial single event effects (SEES) under
ion beam irradiation for IC technology with feature sizes
less than 100 nm [1-4]. For dimensions of active elements
of 100 nm and less, several neighboring elements can fit in
the area affected by a single particle track. This MCU
model is the basis of the hardening approach using inter-
leaving of memory cells that belong to several different
words and/or interleaving of nodes of several DICE stor-
age elements [4-5]. Nevertheless, obtained results [6, 7]
indicate that this mechanism is not solely responsible for
MCUs in SRAMs.

MCUs are traditionally categorized into physical and
logical upsets [8]. The former includes upsets occurring in
physically adjacent memory cells. Logical upsets include
events that affect several memory cells belonging to the
same word (multi-bit upsets - MBUSs). This approach, in
our opinion, does not sufficiently account for the principal
causes of each MCU occurrence in modern memory ICs.
For that reason, in this paper we present a different MCU
classification based on their underlying mechanisms. The
analysis allowed us to distinguish following MCU mecha-
nisms types detected in SRAMs under heavy ion irradia-
tion:

1. Diffusion charge collection from an ion track by
separate sensitive nodes. This MCU mechanism has been
studied for more than 30 years [10] and caused by charge
collection from an ion track by neighboring elements [9],
[11, 12]. Analytical solutions for the diffusion component
of the ionization current were found for the flat circular
sensitive area approximation and three types of boundary
conditions on the IC surface: Dirichlet boundary condi-
tions, mixed boundary conditions and Robin boundary
conditions.

2. Parasitic bipolar effect caused by well potential
perturbation due to ion hit. MCUs of this type are geomet-
rically tied to the well (or substrate region) in which
memory cells are located. In case of an ion strike in or
near the well, ionization current pulse in the well-substrate
junction is formed. Due to relatively large size of this
junction and high value of well resistance, the current
pulse can be large enough to cause significant change of

the potential in the well. As the electrostatic potential in
the well drops, parasitic bipolar transistor with the base in
the well region is turned on and the resulting bipolar con-
duction current leads to the upset of the cell [14-18]. Con-
ducted simulations indicate that upset multiplicity in this
case is determined by the distance between the strike loca-
tion and a well tap, well conductivity, LET value, temper-
ature, and several other factors.

3. Simultaneous upsets caused by incident ion and
secondary ion produced by elastic scattering or nuclear
reaction products. This upset mechanism is possible due to
elastic or inelastic interaction of incidence particles with
the nuclei of the IC materials. The nuclear reaction prod-
ucts can determine circuit SEU response in the low LET
region when the charge generated by the primary ion is
not sufficient to cause an upset [19-21]. Another important
case is multiple upsets caused by an elastic recoil ion from
the metallization or the substrate. The analytical expres-
sion estimating MCU probability due to Coulomb scatter-
ing in metallization and isolating layers is presented.

4. SET in control circuitry or non-stationary single
event latch-up (SEL). In case of an ion hit to the decoding
circuitry during the writing cycle, the selection mistake
can result in the writing of the same input data at the
wrong address [6]. MCU can also be initiated by the sin-
gle event transient (SET) in the peripheral circuitry. An-
other possible reason is non-stationary SEL. Transient
SEL can cause MCUs due to the rail span collapse in
RAM during transient latchup current pulse. This type of
MCUs cannot be effectively analyzed by computer calcu-
lation and its estimation requires an experimental re-
search.

It is important to notice that all aforementioned effects,
with the exception of functional MCUs, can take place in
modern ICs simultaneously.

Accordingly, the main goal of the conducted experi-
ments was a correct identification of MCU mechanisms in
SRAMSs under test. Experimental techniques were based on
the combined use of ion accelerators and focused laser
sources. The former were used for determination of the
device’s susceptibility to MCUs, and the latter allowed the
MCU sensitive regions and MCU type to be identified, if
possible. The MCU mechanisms observed in several
SRAMs are discussed in the paper.
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