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Annomayua — B craThbe paccMOTpeHa  MeTOAMKA
ompefeJieHHs1  JJCeKTPOMUIpPalM¥  NPOBOASIIMX  LIHH.
OcHoBOJi Npe/JI0KeHHOii MeTOAMKH SIBJSIOTCSI CHeIIHAIbHO
pa3paboTaHHbIe TeCcTOBbIe CTPYKTYpBHI, AJITOPUTM
HU3MepeHHst TEeCTOBBIX CTPYKTYp  AJd KOHTPOJISt
3MeKTPOMUIPALMM, a  TaKxke  aBTOMATH3HPOBAHHas
NporpaMmMa  HM3MepeHHuil, MO03BOJIAKNIAsE  NPOBOAUTH
KOHTPOJIb 3JIEKTPOMUIPALIMM B ABTOMATHYECKOM pe:KHMe.
IIpeacraBiieHbl pe3y/abTaThl H3MEPEHUSI 1eKTPOMHIPALUH
B NPOBOAAINMX IIMHAX, HU3IOTOBJEHHBIX 1O 65 HM
TeXHOJIOTHYEeCKOMY  Ipoleccy W BBINOJIHEHHBIX €
MHHHMAJILHBIMH POEKTHBIMH HOPMAMH.

Kntouegvle cnosa — HiaekrpoMurpanusi, HaJaEKHOCTb,
TEeCTOBbIE CTPYKTYPHI, KOHTPOJIb napaMeTpoB
TexXHoJIorn4yeckoro npouecca, MOII-Tpan3ucrop.
l. BBEJEHUE
B HacTOSIIE  BpEMs  OCHOBHOM  TEHIEHUUH
YBEIIMYECHUSA MPOU3BOAUTEIBEHOCTH ucC SIBJIACTCS

HEIIPEPHIBHOE YMEHBUIEHUE TOMOJOTUYECKUX pPa3MEpPOB
9JIEMEHTOB M YBEJIMYEHHWE MX CTENEHU MHTErPaLly.
VYBennyeHne KOJIMYEeCTBAa AaKTHUBHBIX U ITACCHBHBIX
aneMeHTOB B VIC, yBemUUeHNE TAKTOBOW YacTOTHI PabOTHI
NC u mioTHOCTEH TOKa B MPOBOMSIIUX IMUHAX TUKTYET
BCcE HOBBIC TPeOOBaHUS K CHCTEME METAJUIM3AIlNH U €6
HaJIEXKHOCTH.

O obecriedeHnss 3agaHHBIX xapakTepuctuk HC
MPOMCXOINUT IMEPexoa OT OJHOYPOBHEBON MeTaJUTHU3AIUU
Ha ocHoBe Al K MHOrOYpOBHEBBIM  CHCTEMaM
MeTamm3anuuy  Ha ocHoBe CU ¢ HCHONB30BaHHEM
3JIEMEHTOB C HOBBIMH (DPM3MKO-XMMHUYECKHMH CBOHCTBaMHU
B KayecTBe MNPOBOMAIMX IMH U Juddy3noHHO-
GapbepHBIX CIOEB. YCIIOKHEHHE CHUCTEMbI METaJUIN3alnu
TpeOyeT CcO3laHHs ONEPaTHBHBIX HHCTPYMEHTOB OICHKH
KayecTBa M HaAE&KHOCTH elé Ha JTane e NpOM3BOJACTBA.
[ToaToMy BBeIeHHE aBTOMATH3UPOBAHHOTO MOHHUTOPHHTIA
JUIT  OLEHKM HaA&KHOCTH CHCTEMBI  MeETaILIM3AlNN
HEOOXOUMO IS YIIy4dIIeHUS €€ KauecTBa M yMEHBIICHHS
yucna oTka3oB  VIC, CBsA3aHHBIX C  OTKa3aMH B
METaJUTU3alNH.

Lenpto nmanHOW paboThl  sBisieTCs  pa3paboTka
METOAWKH W aBTOMAaTH3WPOBAHHOM MPOrpaMMbI KOHTPOJIS
JUIs MPOBENEHMs aHalu3a JJIEKTPOMUIPALUN B CHCTEME
Metammu3aimu MC ¢ moMompo yCKOPEHHBIX HU3MEpEeHHH
TECTOBBIX CTPYKTYpP B COCTaBE IUTACTHH.

JlaHHas cTaThs SBISCTCS MPOAOIDKCHHEM paboTel [1],
CBSI3aHHOH C KOHTPOJEM Ka4eCTB TEXHOJOIMYECKHX
npoueccoB npousBoycTea MUC ¢ moMomipio TecTUpOBaHUS
HaA&XKHOCTH HA ypoBHEe miacTuHH — WLR-MoHUTOpHHT
(Wafer Level Reliability Monitoring) [2].

WLR-TecTupoBaHME  —  3TO  CTaTHCTHYECKHA
HHCTPYMCHT YiipaBJICHUA TCXHOJIOTUYCCKUMU
MIPOLIeCCaMM, KOTOPBIN TMOJTydaeT JaHHBIC U3 Pe3yIbTaTOB
H3MepeHHﬁ JUIA OIpCACICHUA napaMeTpuICCKuX
OTKJIIOHEHWH TIPOLIECCOB OT HOPMAJIBHBIX 3HAUCHHH,
KOTOpBIE ~ MOIIM OBl  YXyAUWHUTh  JOJITOCPOYHYIO
HaJIC)KHOCTH HC. Dror Tun TCCTUPOBAHUA BBITIOJIHACTCA
IIPU BBICOKMX CTPECCOBBIX BO3JACHCTBHAX HA TECTOBBIX
CTPYKTypaxX B COCTaBe IUIACTHH U U3MEpSeT AErpajalluio
IapaMeTpoB TPH CTPECCOBBIX HArpyskax. I[Ipumenenne
CIIELIMATIBHBIX TECTOBBIX CTPYKTYP, OPUEHTHUPOBAHHBIX Ha
OJVH NOMHMHHUPYIOIINA MeXaHH3M (DPU3HUECKOTO OTKa3a,
IMO3BOJISICT BBIABUTH INCPBONPUYMHBI OTKa3a, a HE TOJILKO
¢akt ero obHapyxenus. Jpyrum mpemmymiectBom WLR
SBJIAETCS ~OTCYTCTBME 3aTpaT Ha  KOPIyCHPOBaHHE
CTPYKTYp, TaK KaKk BCE W3MEPCHMS MPOBOIATCA Ha
CTPYKTypax B COCTaBE€ ILUIACTUHBI, €€ HE PA3pE3aHHOM Ha
KPHCTAJUIBL.

IIpumeneHne  gaHHOrO  moAxola K
JNEKTPOMHUIPAalM  MPOBOJAILUX LIMH MO3BOJIUT
OIIEpaTUBHO OLICHUTb CTEIECHb HaJEKHOCTU
METAJUIM3Al1H, 4 TAaK)Ke IOBBICUTh €€ KayeCTBO 3a CYET
pa3pabOTKH HOBBIX W  ONTUMH3AIMUA  HMEIOIIUXCA
TEXHOJIOTHYECKUX IIPOIIECCOB ITPOM3BOJICTBA C BBIOOPOM
HanOoliee ONTHMAJIBHOTO MpoLEcCa C TOYKH 3pEHUs
YCTOMYMBOCTH MPOBOJSINUX IIHMH K 3IEKTPOMUTPALUU.
[TpumeHeHne HanboJee ONTUMAIBFHOTO TEXHOIOTHYECKOTO
mpolecca Npy CO3JaHUU METAIUIM3alil YMEHBIINT YUCIIO
otkazoB MC, CBS3aHHBIX C D3JEKTPOMHIpAIUed, U
YBEIMUYUT HUX JOJITOCPOYHYIO HANAEKHOCTB.

aHaNN3y

I'maBHBIM MexaHM3MOM  (H3HYECKOTO OTKa3a B
CUCTEME METAUIM3aLMKU  SABJACTCA  BJIEKTPOMHUIpALUS.
OJeKTpOMUTpalusl BO3HMKAET B pe3yidbTaTe Iepenadn
KMITyJIbCA IIPU CTOJIKHOBEHUM 3JIEKTPOHOB IIPOBOJUMOCTH
C aToMaMH TIPOBOJMAINEro MeTamia. B pesynbrare
CTOJIKHOBEHMsI aTOM TEPSET 3JIEKTPOHBI M CTAaHOBUTCS
AKTHBUPOBAaHHBIM HOHOM. OTH HWOHBI IIPHOOPETAIOT
MOJIOKUTENbHBIN  3apsiyi B JJEKTPUYECKOM IIOJIE U
JOTIOJTHUTENIbHBI HMMIYNbC B HANpPABIECHUM JBIKCHUS
3IEKTPUIECKOTO MOTOKA. AKTUBHPOBAHHBIE HOHBI METaJlIa
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moj  JeHCTBHEM TepeaaHnHOTO um UMITyJITbCa
HNEepeMelaloTCsl BMECTE C AJIEKTPOHHBIM IIOTOKOM K
MOJIOKHUTEIFHOMY KOHILy HpPOBOAHHKA, 00pa3ys y ero
KOHI]A HAaIUTBIBBI W XOJMHKH, @ BaKaHCHUHM JBIKYTCS K
OTPHLATEIFHOMY KOHI[y TIPOBOJHHKA W  00pa3yioT
nmyctoTel. OOpBIB WIIM HAIUIBIB METalIa MPOBOJAUMOCTH
MOXeT OBITh JIOKaNM30BaH KaK Ha CcaMoOd JJIiHe
MPOBOJSIIECH MIMHBIL, TaK U B NEPEXOAHBIX CIOSAX MEXIY
COCETHUMH YPOBHSAMH METaJUTH3AIHH.

Otka3 nox IeHCTBHEM DIIEKTPOMHUIPALMH 3aBHCHT Kak
OT MAaKpOCTPYKTYPHBIX (DAaKTOpOB  (HCIIOJB30BAHHBIC
Marepuajbl, CTPYKTypa METAIMYECKUX CIIOEB, HX
reoMeTpusi W IOCICIOBAaTeNbHOCTB), TaK M OT
MHKPOCTPYKTYPHBIX (paKkTOpoB (pa3Mep 3epHa MeTamia u
€ro pacmpezeleHie, KpucTauorpaduieckas OpUeHTALS
3€pHa, IUIOTHOCTH IHCIIOKALMH, a TakKe KOJIMYEeCTBO U
Ka4eCTBO IPAHUIL pa3zeiia CI0ER).

OCHOBHBIE METOABI HCHBITAHMH Ha CTOHKOCTH K
JNEKTPOMHUIPAlMM  YCIOBHO MOXHO  pa3leiuTh HA
UCTIBITaHUSL CTPYKTyp B cocTaBe kopmyca (EM PLR) u
UCTIBITAHUSI CTPYKTYp B cocTtaBe mmactuHel (EM WLR).
IIpu EM PLR wucheiTaHust Ha  DIEKTPOMUTPAIHIO
MPOBOJATCS B COCTaBE KOpITyca IPU MOCTOSTHHOM TOKE U
temnepatype [3]. IlpemMyruecTBamMu IaHHOrO MeToza
UCTIBITAHUM SBJSIETCS HE3aBUCHMOE H3MEHEHHE TOKa U
TeMIlepaTypsl B TECTOBOM JMHHUH, HU3KHH Kod(duimeHt
YCKOPEHHUS Jlerpajaluu, 9To o0eclednBaeT HaMIydIIyio
OLICHKY BpeMeHHN HapaboTku 10 oTkasza. Ero HemoctaTkamu
ClefyeT CYHTaTh BBICOKYI0 CTOMMOCTh HCIBITAaHHH U
JUINTEIFHOE BpeMsl TIPOBEICHUS W3MEpPEHWil, a Ipu
W3MEPEeHUH MEIHOM MeTalIM3aluy, HCIOoIb3yeMOol B
coBpeMeHHbIX CBUC, Bpems u3MepeHus: 1 BOBCE MOXKET
COCTaBJIATH  JIO  HECKOJBbKMX  MecsAleB.  JlaHHBIe
OTPaHWYEHHSI CHOCOOCTBOBAIM TOSIBICHUIO YCKOPEHHBIX
METOMOB H3MEPEHHs AJIEKTPOMMIPAIMM, K KOTOPHIM
otHocutcst WLR.

K ocuoBueiM metomam WLR-ucneiTanuii Ha OTKas,
BbI3BaHHBIN INEKTPOMHUTPAIIUEH, OTHOCSIT:
uzotepmudeckuii TecT (ISOT [4]) u cTaHmapTHBIHA TecT Ms
YCKOPEHHUS 3JEKTPOMHUTPAMU B CTPYKTypax Ha IUIACTHUHE
(SWET [5]). OcCHOBHBIMH NpPEUMYILIECTBAMH JAHHBIX
METOJIOB  SIBIISIFOTCSL  BBICOKAas CKOPOCTh IMPOBEICHUS
W3MEpeHHid W HU3Kas CTOMMOCTh wHcmbITaHuid. K
HEJOCTATKAM  OTHOCSATCSI ~ OTCYTCTBHE  BO3MOMKHOCTH
HE3aBHCHMOTO KOHTPOJISI TEMIIEPATyPhl M TUIOTHOCTH TOKa
BO BpEMsI U3MEPEHHUIA, a TAKIKE MOBBIIICHHbIE TPEOOBAHMUS
K JU3aiiHy TECTOBBIX CTPYKTYP IPHU BBHICOKHX YCKOPEHHSIX
Jierpaialuu.

Ha npaktuxe ncrnonssytorcea kak EM PLR, tak u EM
WLR. JlaHHBIC METOABI B3aUMHO JIOTIONHSIOT APYT JpPyTa,
¥ BBIOOp METO/a 3aBHCUT OT 3aj]a4, MOCTABJICHHBIX TEPe.T
HCCIEIOBAHMIMHU.

Il.  PA3PABOTKA METOJUKU

B xauecTBe OCHOBBI A1 Pa3pabOTKH METOIUKH U
ABTOMATH3UPOBAHHOW MPOrpaMMbl HM3MEPEHU HaMH ObLI
BBIOpaH  METOJ  WCIBITAHUH  HAa  CTOHKOCTh K
SNEKTPOMUIPAllM Ha OCHOBE M30TEPMHYECKOr0 TECTa —
ISOT [4]. IlpermyiiecTBaMH JaHHOTO METOMA SBIISIOTCS:

BBICOKAsA CKOPOCTH IMMPOBEACHUA U3MCPCHUA, OTHOCUTEIIBHO

HeOONbIION  KOI(DUIMEHT yCKOpEeHUs  Jerpaianu,
OTCYTCTBHE JKECTKMX TpPeOOBaHWUN K IU3aliHy TECTOBBIX
CTPYKTYp U  XOpolllas  KOPPENSIUs  MOJy4eHHBIX

PE3YyJIBTaTOB C pEe3yJbTaTaMH HCIBITAHHH CTPYKTYp B
cocraBe koprnyca (EM PLR). Ha puc. 1 mpencraBnena
obOmrass ~ Oyok—cxemMa  pa3pabOTaHHOTO  aJropuTMa
TECTUPOBaHUS. AJITOPUTM cOCTOMT U3 6 wactedd. [laiee
NOAPOOHO paccMaTPUBACTCS KaXkaas U3 4acTel anroputMa
TECTUPOBAHUSI.

A.  ®@asza onpeodenenus TKC

TKC  saBnsercs  QyHKUMEH  TeMmmeparypbl U
oTpenenseTcs Kak OTHOCHTEILHOE MN3MCHECHHUE
CONPOTHUBJICHUS B TECTOBOW JIMHUM Ha EOUHUILY

HU3MCHCHHA TEMIIEPATYpPhl IIpHU OHOpHOﬁ TEMIIEpaType —
Tref .
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Puc. 1. Biok—cxemMa ajaropuTMa TeCTHPOBAHUSA



1 AR

TRC(T ref) = ——— =
R(T o) AT

rne TKC(T pef ) — TemneparypHeii  kodpdumment
CONPOTHBJICHHA TPH ONOPHOH Temmepatype T ref
R(T ref ) — compoTHBNeHHE TECTOBOW IHHUM TIpH

omopHo#i Ttemmeparype T pef AR —  wusmenenne

COIIPOTHUBJICHUA TPU UBMCHCHUUN TEMIICPATYPbL AT .

Hns onpenenenuss TKC He0OXOAUMO MOCTPOUTH
3aBHCHMOCTh  CONPOTHUBICHUS TECTOBOM JIMHAM  OT
temnepatypsl R(T) [4]. TKC(Tref) onpenensiercs omun pas
B Hayale TecTa M OXHOW BBIOOPKH KOHKPETHOTO THIIA
TECTOBBIX CTPYKTYD.

B. ®asza onpedenenusi coonocmu cmpyxkmypul

Jannas ¢dasza CIyKUT Uil OIpPEAENEHHs TOJHOCTU
CTPYKTYPHI K IPOBEJCHUIO CTpecc-TecTa. Ha nanHom sTamne
TECTUPOBaHMUSA IPOUCXOAUT M3MEPEHHE CONPOTHBICHUSA
TECTOBOW CTPYKTYphl M HPOBOJHUTCS €r0 CPaBHEHHE CO
CPeIHUM 3HAaue€HHEM CONPOTHBICHMSA JUIA JAHHOTO THIIA
CTPYKTYp NpH IaHHOM Temmneparype. Ecmm m3mepeHHoe
CONPOTHBJICHHE HAXOMUTCA B TIpefesax CpeaHero
3HAYEHMs, TO MPOBOIUTCS clenyromas ¢as3a Tecra, B
MPOTUBHOM Cllyyae TPOHCXOJUT Iepexo] Ha HOBYIO

CTPYKTYpY.
C. ®@asza unuyuanuzayuu

Ha  pmanHOM  3Tame  NPOMCXOAWT  HM3MEpEHHE
TEeMIIepaTypsl HAIPETOr0 CTOJMKA Tcpycx U CONPOTHBICHUS
TecToBOi JMHMM npu ganHON Temmepatype R(T )
(puc. 2). [4]. Mamee mnpoBogWTCS MEPECUET 3apaHee
uamepeHHoro TKC(Ty) B TKC nipu Temneparype CToluKa
TKC(Teghuer). Tloce 3TOro  BBICTAaBISIETCS — EPBBIiA
UTEpalMOHHBIH TWKI | = 1, mpoucxoaut BBIOOP
HAaYalbHOrO TOKa |; W BENMYMHBI ero mpuparieHus foyr.
Janee HauuMHaeTcs NEPBBIM  UTEPALMOHHBIM  LMKIL,
OCHOBHas 11€J1b KOTOPOT'O — 3a CYET ITOBBIMICHUS BETHINHbI
TOKa, MPOTEKAIOUIET0 Yepe3 CTPYKTYpy, U e€ J»oyneBoro
HarpeBa H0BeCTH 3(P(EKTHBHYIO TeMIepaTypy TECTOBOM
aubaun g0 Temnepatypsl  (Tchuck+50) °C. B cimyuae
YCIEITHOTO ~ BBIMOJIHEHWSI  WTEPALIOHHOTO  [MKJIA
MPOMCXOAUT  ONpeNesIeHHe  Ha4YaJbHOTO  TEMJIOBOTO
conpotuBneHuss Rth, HavambHOW Temmepatypsl Tg; H
JanbHeimmi nepexox Ha (aszy HaOopa TeMmIepaTyphl.
Ecnu ke BO BpeMs HTEpAlMOHHOTO IHMKJIAa BO3HUKIIA
ype3MepHasi Aerpajalis TECTOBOH JIMHUU, TO TIPOUCXOUT
BBIXOA W3 (a3l MHUNMAIM3aLUM M TEpexo]l Ha
CIIEYIOIIYIO CTPYKTYPY.

D. ®@a3za nabopa memnepamypot u cxooumocmu

Jlannabpie (a3pl paccMaTpPUBAIOTCS COBMECTHO, TaK Kak
OHH UCITONB3YIOT OOIIUI HTEPAIIMOHHBINA UK JJISI OLICHKH
HAYaJIbHOTO TEIUIOBOTO COMPOTHBIICHHS.
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Puc. 2. ®a3pl H30TEpMUYECKOr0 TeCTa

T[°C]

B xoje 3Tux nBYX (a3 TemmepaTrypa TECTOBOH JTHHUHU
T, MOCTETIEHHO YBEIMYUBACTCS 0 3aJaHHOM TeMIlepaTypbl
cTpecc-TecTa T, KOHTYp YIpaBIEHUS MPOHM3BOIMT
yBEUYEHHE PACCEMBAEMOM MOIIHOCTU B TECTOBOW JIMHUU
Ha KaXXOM HWTEpalMOHHOM Ilare 3a c4€T mepepacyéra
TEIIOBOTO COIPOTHUBIICHUS, KOTOpOE CUHTaEeTCs
MOCTOSIHHBIM B OTIPAHUYCHHOM JHANa30HE TEMIIepaTyp
T, - 50°C < T < T, Takum o00pa3oM, MPOUCXOIHUT
HETIPEPHIBHOE MTOBBIIIIEHHE TEeMIIePaTyphl u
obecrieynBaeTCsl  XOpOIIast MeXay — (dazamu
HU30TEPMHUYECKOTO AJITOPUTMA.

B  ¢a3ze Habopa Temmeparypel — IPOHCXOAUT
BO3pacTaHue TEMIEpaTyp TECTOBON JIMHUM C TIOCTOSTHHBIM
maroM 1o temrepatype AT. Temmeparypa Bo3pacraer 1o
JIMHEHHOMY 3aKOHY C IOCTOSIHHBIM HAKJIOHOM HPSMOM.
HanHas Qa3a 3akaHUMBaeTCs, KOTHa TeMIlEpaTypa
TECTOBOW JMHWU |, CTAaHOBHUTCS OCTATOYHO OJM3Ka K
3aJJaHHOM TEMITEPATYpe CTPECC-TECTA Tt U HEOOXOIMM
Ooiee IUIaBHBIA TOAXOX K d3ToH Temmeparype. [amee
HauMHaeTcs (a3a CXOJUMOCTH, BO BpeMsi KOTOPOi
MPOUCXOJNUT IUIABHBIA ITOIXOJA TEMIEpaTyphl TECTOBOW
TUHAUM T, K TeMIepaType CTpecc-TecTa I OTO
MO3BOJSIET ~ W30€XKaTh  TPEBBINICHUS  TEMIIEPaTypsl
TECTOBOMW JTUHHUU T, JOMYCTUMOTO JAHManazoHa omuoku. Ha
KKIOM Imare Nomaércsi TOJBKO YacTb MOIIHOCTH,
HeoOXoauMast Ui JOCTIDKEHHUS BEpXHEW TpaHHIIbI
JMana3oHa OIIUOKK TeMOeparypbl TegtBe/2. OTta daza
MpeKpamaercs, Korja TeMmIepaTypa TEeCTOBOH JIMHUHU
JOCTUTHET WIIM TIPEBBICHUT IIEJIEBYIO TEMIIEPATypy CTpecc
TeCTa Ttest-

CBA3b

E. ®@aza cmpecc-mecma

Kak Tonpko cpenHsis TeMnepaTypa TeCTOBOM JIMHHH BO
BpeMsi (asbl CXOOMMOCTH JAOCTHIVIA WM TpEeBbICHIA
TEMIEPATYPy Tres, HAUMHACTCS cTpecc-TecT puc. 2. Ha
JAHHOM JTale ajrOpUTM INepeKiroyaeTcs Ha KOHTPOIb
paccemBaeMoOi MOIIHOCTH B CTPYKType P, Tak Kak 3To
Jy4dIINK  crioco0 mojyiepKaHusl TOCTOSIHHOW — cpelHei
¢ dexTrBHON TeMmIepaTypbl TeCTOBOW JuHMM. s
T0JI/Iep KaHusl TIOCTOSIHHOM paccenBaeMoi MomHocTH P B
TECTOBOH JIMHWH, KOTOpas OOECIeYMBaeT IOCTOSHHYIO
CPEIIHIOIO TEMIIEPaTypy ltest, NPUMEHSCTCS IMKI C
obparHoii  cBsa3pto.  OcHOBHas  3ajada IWKJIA  —
peryimpoBaHHe 3HAYeHHWE TOKA, IPOTEKAIOIIEro 4Yepes



CTPYKTYpYy, B OOJBIIYyI0 WM MEHBIIYI0 CTOPOHY B
3aBHCUMOCTH OT H3MEPeHHOro conpoTuBieHus R(Tis),
KOTOpOE M3MCEHSIETCS B 3aBUCHMOCTH oT
3NEeKTPOMUIPAIlMOHHOTO  moBpexiaeHus.  Crpecc-Tect
3aKaHYMBACTCS, KOT/1a KPUTEPUH 3JIEKTPOMUTPALIOHHOTO
paspyuieHus OyJIeT JOCTUTHYT.

F. ®asza ananuza

AHaIM3 MOJNyYEHHBIX PE3YIBTATOB MPEANONIATaeT, YT
BpeMs HapabOTKU 10 OTKa3a TECTOBOM JIMHMK BO BPeMs
YCKOPEHHBIX HCIBITAHUM MOXKET OBITh CMOJEIMPOBAHO
ypaBHeHueM bimka [6]:

Ea
ts5o=A-J " Mexp 7. O

rae J/A/cm’] — IWIOTHOCTD TOKA B METAIUIMYECKON JHHHH,
N — mapameTp MoJENM Ui TUIOTHOCTH ToKa, E g [0B] —

SHEPIUsl AKTUBALMH TIPOIIECcCa deKTpoMurpanuu, 1 [KJ —
TeMIepaTypa TecToBol muHuM, A — koHcraHTa, K
[2B/K]— xoHctanTa bosbiiMaHa.

Ilpn ananmu3e mnpexnnonaraeTcs, 4ro BCE OTKAa3bl
TECTOBOW JIMHUM MMEIOT JJOTHOPMAJIbHOE PacIpeaeICHUE C

IUIOTHOCTBIO BEpOSTHOCTH | (t) (puc. 3):

)= —Fo—- o ~| =5 [(n®-1)° |

r7ie cpeaHee BpeMs HapaOOTKH J0 OTKas3a t50 = exp(y) S
O — napameTp (GOpMBI.
B ciyuae OHMOJAIBHOIO PACIPEICICHHS OTKa30B

aHauM3  HEOOXOAMMO  MPOBOAMTH  Ha  OCHOBHOM
pacnpenenennn (puc. 3 r).

B mnpexmnonoxeHny, 4TO IIOTHOCTh TOKa IOCTOSIHHA,
npeoOpasyemM ypaBHeHHE 1 Kk BUIY:

=E-E+C. )
k T

VpaBHenue (2) HOCUT JIMHEHHBIH XapaKTep:

It )

y=kx+b, 3)
MO3TOMY JUUIsl HaXOXIeHus [ a HEOOXOAMMO TMOCTPOUTH

sasucnmocts IN(ts;) or ? U C INOMOWIBK JIMHEHHOMN

armpokCcuMaiui 1o METoAy HAaUMCHBUINX KBaJApaTOB
paccHuTarb 3HAYCHUC Ea .
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Puc. 3. Il10THOCTH BEPOSITHOCTH U HHTErpajbHasi PyHKUHUS
pacrnpese/ieHHs] 0TKa30B B cJIy4ae YHHMOAAIbHOIO
pacnpeseienus (a, 0) U B ciiyyae 0HMOJAJbLHOIO
pacnpeneseHusi (B, r)

B npeanosioxkeHuu, 4To TEMIIEPATYPa TECTOBOMN JMHUM
B ypaBHeHue Binka nocrosnua, mpeodpasyem (1) k Buay:

In(t50):—n-ln(1)+B. (4

VYpaBHeHue (4) HOCUT JUHEHHBIN XapakTtep (3), MO3TOMY
JUIS HaXOKAeHUsI N HeoOXO0AMMO MOCTPOHUThH 3aBUCHMOCTh

In(ty,) or In(j) wu ¢

alnmnpoKCUMaly 10 METOAY HAWMEHBIINX KBaApaTOB
paccuurath 3HaueHue N .

MOMOIIBI0  JIMHEHHON

3HaueHust KOHCTaHTBl A ONpeNeNnsieTcss U3 ypaBHEHUS
(1) ¢ yu€rom HaiineHHbIx 3HaueHuid Eg u N .

Tak Kak M30TEPMUYECKHUN aITOPUTM B SIBHOM BUJE HE
MO3BOJSIET  3aJaTh IUIOTHOCTh TOKA MpPH  OJHOHU
TEeMIIEpaType TECTOBOM JIMHUM, TO BO3MOKHO IIPOBECTU
JaHHblE HM3MEPEHUs TMpU Ppa3auyHbIX TeMIIepaTypax
CTONMHUKA Tepyk, HPU 3TOM dGhEKTHBHAS TeMIeparypa
CTpECC-TeCTa Tiest IOIDKHA OBITH MOCTOSHHOM. M3mMeHeHue
TEMIIepPaTypsl CTOIHMKAa ODECHEeYHT >XKelaeMoe H3MEHEHHe
TOKa, TpH 3ToM 3(QeKTHBHas TeMmIepaTypa TeCTOBOMH

JVHWY, JOCTUTaeMas BO BpeMs CTpecc-TecTa, Oyner
noctosiuHON. Takum  oOpasoM, s pacuéra [ a
NPOBOJUTCSL  BBHIOOPKA M3MEPEHUH IpHU  Pa3IMYHBIX

TeMIlepaTypax TeCTOBOM JIMHUM W MOCTOSIHHOM TUIOTHOCTH
TOKa, a JyIi pacdyéra N — MPH Pa3IMYHBIX IIOTHOCTSIX TOKa
1 TIOCTOSTHHOW TeMIIeparype.

I11.  PA3PABOTKA TECTOBBIX CTPYKTYP U I[TPOI' PAMMBI
W3MEPEHUI

Jlnst peanuzanuy METOJIWKHA TIO TEXHOJOTHH 65 HM
pa3paboTaHbl ¥ M3rOTOBIICHBI TECTOBBIE KPUCTALIBI (pHC.

4) [7].



Puc. 4. ®parMeHT TONOJIOIMH TECTOBOI0 KPUCTAJLIA

TecTOBBI KpHCTalJl UMEET pa3Hble TUIBI TECTOBBIX
CTPYKTYp JUIl OLEHKHM D3JIEKTPOMUTPALUHN IPOBOISIINX
[IMH, BBIOJHEHHBIX B PA3IMYHBIX YPOBHIX MeETaia.
Kaxnas TecroBasg CTpyKTypa OpPHEHTHpPOBaHa Ha OJUH
JOMUHHPYIOMIAN MEXaHu3M (r3mdeckoro otkasa. [m3aifn
TECTOBBIX CTPYKTYp pa3paboTaH C BO3MOXKHOCTBHIO
MIPUMEHEHNS!  YCKOPEHHBIX METONOB H3MEPEHHH U
HCIIOJB30BaHHEM cxeMbl KenbBuHa JJId onpeACJICHUA
3HAYEHMS COTIPOTUBIICHHS.

Jis anpoGammu Mmetoauku Ha sizeike VEE Pro 9.0
HalMcaHa TporpaMma TECTHUPOBAHMS, IIO3BOJIAIOIIAS
NPOBOJIUTH OLEHKY CTOMKOCTH NPOBOSLIMX INHUH K
3JIEKTPOMHTPAU B ABTOMAaTHIECKOM PEXHUME M3MEPEHHS
[8]. Tlporpamma mnpenHa3HaueHa JJiss [POBEACHHS
aBTOMAaTH3MPOBAHHBIX N3MEPEHUH TECTOBBIX CTPYKTYp B
CcoCTaBe IUIACTHH C IIOMOIIBIO  MapaMeTpU4ecKOro
m3mepurenss Agilent B 1500 u momyaBTOMaTHYECKON
3oH10BoM craniuu SUSS PA 300.

[IporpamMma  TO3BONAET  ONPEACTWTh  3HAYCHHSA
napamMeTpoB B ypaBHeHue bidka (1), Ha OCHOBE KOTODPBIX
MOXHO OLEHUTh BpeMs HapaOOTKM 10  OTKasa
WCTIBITBIBAEMBIX CTPYKTYp TIPH HOPMAJIBHOM PEXHME
JKcIuTyatanud. EE€ OTJIMYUTENBHBIMH  OCOOCHHOCTSIMU
ABJIAIOTCS  TOCJIEIOBATEIbHOE  aBTOMAaTHU3MPOBAHHOE
NpoBeeHHE W3MEpeHH W 00paboTKa IMOJy4eHHBIX
JAHHBIX, YTO TO3BOJIAET B PEXHUME PEaJbHOIO BPEMEHH
MOJYYNUTh CTATHUCTHYECKOE pACIpeselieHHe M Ha €ero
OCHOBE — TII0 Mepe Habopa HEOOXOAMMOro 4mucia
U3MEpPEeHH — pacCYMTHIBATh HapaMeTpbl B ypaBHEHHUE
bmka. Taxke B mporpaMme peann3oBaH MOIYNb IO
npeaBapuTeabHoMy u3MepeHnio 7KC u KapTHPOBAHHIO
IUIACTUHBI 110 THUIy OTKaza. Bo Bpems mpoBeaeHHs
u3Mepenuii mporpamma ¢opmupyer Excel-gaiin oruéra ¢
pe3ysbTaTaMu N3MEPEHUH.

IV. PE3VJIBTATHI IPUMEHEHUS

C momomipio pa3pabOTaHHON METOJIWKU MPOBEICHBI
W3MEpeHUs] Ha  CTOMKOCTb K  DJIEKTPOMHUIPALUH
MPOBOJSIIUX IIUH TECTOBBIX CTPYKTYp. OHU M3TrOTOBJICHBI
o 65 HM TEeXHOJOTMYECKOMY IPOLECCY U BBIMOJHEHBI C
MHHUMAJbHBIMH TPOCKTHHIMA HOpMamu B 1-M u 2-M
metamiax (M1 u M2) ¢ yaenpHbIM conpoTHBICHHEM 2,66
u 3,07 MxkOm:-CM. TecToBBIE CTPYKTYpHI PAcIIOJIOXKEHBI B
TECTOBOM KpHUCTaJule, NPEJCTaBISIOT COOOH JUIMHHBIE
HIMHBI METajula ¥ CIYXXaT JUIs NMPOBEPKH OTKa30B B BH[E
paspeiBa WJIM 3aKOpPOTKM MeTaum3aiuu. [lapamerpsl
CTPYKTYp NpHBEACHBI B Tabue 1.

Tabimna 1

Iapamempul ucciedyemvix mecmoguix CmpyKmyp

Tun Rsq Hnuea | Hlupuna | Tommuza
CTPYKTYPBI [OM/ks] L [mxm] | W [mMrMm] | d [mMrMm]

M1 0,1477 800 0,09 0,18

M2 0,1395 800 01 0,22

Pesynbrar usmepenus TKC B nuana3oHe TeMIlepaTypbl
ot 25-105 °C ¢ marom B 10 °C msa BeIOopku cTpykryp M1
n M2 mpexacraBieH Ha puc. 5. B kadecTBe OHOpHOM
TeMIeparypbl ucnosssyercs 3uauenne Tref = 0 °C. s
YBEJIMYEHHUs] TOYHOCTU ONPEJENICHUS] CONPOTUBIICHUSI €r0
U3MEpeHHe NPOBOAAT IO Metoxy KenbBHHA IpU pasHBIX
TIOJISIPHOCTSIX TIPHIIOKEHHOTO HAMPSDKEHUSL.
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Puc. 5. U3mepenne TKC nas crpykryp M1 u M2

Jns pacuéra sHepruu axkTHBaluu | a [POBCACHEI

M3MepeHust BBIOOPKH CTpykTyp M1 mw M2 mpu
Tenuek = 100 °C B amanazone TemmepaTyp T 220, 250,
280 °C (puc. 6).

947 Tchuck =100 [°C]

1

8,0 ] E=1,05 /»B]
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Ln(t) [s]

E=0,62 [5B]

7,04 ]
6,8 ]
6,6 ]
6,4 H ]

)
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Puc. 6. PacyéT 3HaueHMs1 JHEPIrUU aKTUBALUM AJISl CTPYKTYP
M1 u M2

Juns  pacuéra  mokaszarenst  IUIOTHOCTH — TOKa
N mpoBeneHB! M3MEpPEHHs BBIOOPKH CTpYKTyp M1 m M2
mpu Tt = 250 °C B auamazone temmepatyp Tehuck: 40, 70,
100 °C (puc. 7).
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Puc. 7. PacuéT 3Ha4YeHHs MOKAa3aTeJs IVIOTHOCTH TOKA JIJIsI
cTpykTyp M1 M2

3Ha4yeHUs] PACCUUTAHHBIX MAPAMETPOB B YpaBHEHHH
bmka (1) mrst TecToBBIX cTpyKTYp M1 11 M2 TipuBeneHs! B
tabnuie 2.

Tabiuma 2

Paccuumannvie napamempoi 6 ypasnenuu busxa ona
mecmoswix cmpykmyp M1 u M2

Tun TKC [°CT] = n A
CIPYKIYPPL | Tref=0[°C] | [4B]

M1 2,671 0,62 2,09 | 47*10%

M2 2,798 1,05 2,42 | 594*10°

C yuéroM HaWAEHHBIX IApaMeTpoOB MOXKHO OLICHUTH
IUIOTHOCTh TOKa, 00ECICUMBAOIIYI0 BpeMs HApaOOTKH 10
oTkaza B 100000 u 200000 yacoB Al TECTOBBIX CTPYKTYD
M1 u M2 npu temneparype 125 °C (tabnuma 3).

Tabauma 3

3nauenue nromnocmu moxa J, obecneuusaiouee 3a0aHHOE
8pemsi Hapabomku 00 OMKA3a OJis MECHOBbIX CIPYKMYD

M1u M2
Bpewmst Ha paboTKH 10 OTKa3a
4]
1000000 2000000
Tun T[°C] J [MA/em?]
CTPYKTYPBI
M1 125 1,481 1,067
M2 125 6,995 5,255

V. 3AK/IIOYEHUE

B pabore paccMOTpeHa METOIUKA IO OIPEACICHUIO
CTOMKOCTH K OJCKTPOMHUTPALMH TMPOBOIAIIAX  IIHH
TECTOBBIX CTPYKTyp ¢ momompio WLR-merononoruu. Ha
OCHOBE N30TEPMHUYECKOT0 TecTa pa3padoTaHa METO/IUKA T10

KOHTPOJIO CTOHKOCTH K 3JICKTPOMHUTPALNHU ITPOBOISIINX
IIMH C MOMOILIBI YCKOPEHHBIX W3MEPEHMH TECTOBBIX
CTpYKTyp B cocTtaBe IactuH. OCHOBOH METOIWKH
SIBJSIETCSI QJITOPUTM M3MEpEHHsI 1 00pabOTKU pe3yiIbTaToB,
TECTOBBIE CTPYKTYPBI I TIPOBEACHUS KOHTPOIS H

IporpaMma U3MepeHui JUIs MaKCHUMaJbHOU
aBTOMAaTH3AaI[N TECTUPOBAHMS.
OCHOBHBIMH ~ TNIPEUMYIIECTBAMU  pa3paboTaHHON

METOJUKH SIBIISIFOTCS aBTOMATH3MPOBAHHOE OIpE/ICICHIe
mapameTpoB B ypaBHCHMH bBidka W BBICOKas
MPOU3BOIUTENILHOCTh, YTO OOECIEUYUBAET BO3MOMKHOCTh
WCTONB30BaHMS  JIAHHOM  METONUKH B  CEPUAHOM
mpousBoncTBe VC. DTu mpemMyiecTBa JOCTHTAIOTCS 3a
C4éT MPHUMCHEHUS aBTOMATU3MPOBAHHOTO AJITOPUTMA,
[I03BOJISAIOILETO HCKIIFOYNTD HETIPUTO/IHBIC TUIS
MPOBE/ICHUS U3MEPEHHUIA CTPYKTYPHI, a TaKKEe MPOBOIUTH
aBToMaTtniyeckoe miMepenne 7KC m BpeMeHH HapaOOTKH
JI0O OTKa3a TECTOBBIX JIMHHUN IMPHU PA3IUYHBIX 3HAYCHUSIX
IUIOTHOCTH TOKA ¥ TEMIEPATYPBL.

MeToauka mO3BOJSET OICPAaTUBHO OLICHUTH CTCIICHL
HaJEKHOCTH METaJUIM3aluu, IpOBOANUTH eé aTTeCTanmro, a
Tak)K€ TOBBICHTh KadyeCTBO METaNIM3aluud 3a CUuéT
pa3pa60T1<H HOBBIX n OIITUMHU3allK1 HMCIOIIUXCS
TCXHOJIOTUYCCKHUX MMPOLECCOB IMTPOU3BOJACTBA.

Jnst anpobanuy METOIUKH CHPOEKTHPOBAHBI pa3HbIe
THMBI  TECTOBBIX  CTPYKTYp. TE€CTOBBIE  CTPYKTYpPBI
pa3MeleHbl B TECTOBOM KpHCTalle M H3TOTOBJIEHBI IO
65 HM TexHOmormyeckomy mpoueccy. C  TOMONIBIO
pa3paboTaHHOW  METOAMKM  TPOBEACHO  HM3MEpEHHUe
CTOMKOCTH K DJIEKTPOMUIPALMH TPOBOIAIIMX  IIUH
TECTOBBIX CTPYKTYD, BBIIOJHEHHBIX B 1-M M 2-M MeTajuiax
C MHMHHMJIBHBIMH TPOEKTHBIMH HOpMaMu. Paccumransl
mapamMeTpbl B ypaBHEHHMH biska, Ha OCHOBE KOTOPBIX
NPOBEZICHAa  OIIGHKa  3HAYCHMS  IUIOTHOCTH  TOKa,
oOecrieunBaroIias BpeMs HapaboTku 10 otkaza B 100000 u
200000 gacoB npu temmeparype 125 °C st ykazaHHBIX
TECTOBBIX CTPYKTYP.
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ABSTRACT

The increasing number of active and passive elements
in the IC, as well as higher clock rate of the IC
performance and current densities in the conductive tracks
lead to new requirements to the metallization system and
its reliability.

In order to provide the predetermined characteristics of
the IC, transition from single—level metallization on the Al
basis to multi-level metallization systems on the Cu basis
using elements with new physicochemical properties as
conductive tracks is going on. Complication of the
metallization system requires creating effective tools of
quality and reliability assessment at the production stage.
Therefore, the introduction of an automated monitoring for
reliability assessment of the metallization system is
necessary in order to improve its quality and reduce the
number of IC failures associated with failures in
metallization.

PURPOSE

The purpose of this work is to develop a method and
automated monitoring programs for electromigration
analysis in IC metallization system using accelerated
measurement of test structures as part of wafers.

This article is a continuation of work [1] related to
quality control of IC production processes using the
reliability testing at the wafer level — WLR monitoring
(Wafer Level Reliability Monitoring) [2].

METHODS

The main test methods for resistance to
electromigration can be divided into structure tests within
the package (EM PLR) and structure tests as part of a
wafer (EM WLR). EM PLR — electromigration tests are
conducted as part of the package at constant current and
temperature [3]. The advantages of this test method are
independent change in current and temperature in the test

line, low coefficient of degradation acceleration that
provide the best estimation of operating time to failure.
The disadvantage of this method is high cost of testing and
long measurement time; besides, in case of measurement
of copper metallization used in modern VLSI, the
measurement can take up to several months. These
restrictions have stimulated formation of highly accelerated
electromigration measurement methods, which include the
WLR.

The main methods of WLR tests to failure caused by
electromigration include: isothermal test — ISOT [4] and
standard test for electromigration acceleration in the
structures on the wafer — SWET [5]. The main advantage
of these methods is the high measurement speed and low
test cost. The disadvantages include the inability to carry
out independent control of temperature and current density
during the measurement, as well as strict requirements for
test structures design at high degradation accelerations.

As a basis for the development of the method and
automated measurement program, we have selected a test
method for resistance to electromigration based on the
isothermal test — ISOT [4]. The advantage of this method is
high speed of measurement, relatively low degradation
acceleration coefficient, lack of strict requirements for test
structures design and good correlation of the obtained
results and the results of structure tests within the package
(EM PLR). The algorithm consists of six parts:

* The phase of temperature resistance coefficient (TCR)
determination

* Determination of structure suitability for the stress
test performance

« Initialization phase

* Temperature and convergence gaining phase
» Stress test phase

* Phase of measurement results analysis

To implement the method for 65 nm technology, test
crystals have been developed and manufactured [7].



The test chip has different types of test structures for
electromigration evaluation of conductive tracks made on
various metal levels. Each test structure is focused on one
dominating mechanism of physical failure. The test
structures design is developed with the ability to use highly
accelerated measurement techniques as well as with the use
of Kelvin scheme for determining the resistance value.

For practical approval of the method, testing program
has been written in VEE Pro 9.0 that allows the assessment
of the conductive tracks resistance to electromigration in
automatic measurement mode. [8] The program is
designed for automated measurements of test structures as
part of wafers using parametric meter Agilent B 1500 and
semi-automatic probe station SUSS PA 300.

The program allows you to determine the parameter
values of the Black equation, which can serve as the basis
for time to failure estimation of the structures being tested
at a regular operating mode. Its distinctive feature is the
automated sequential measurement and data processing,
which allows obtaining the statistical distribution in real-
time mode and, on the basis of it, calculating parameters in
the Black equation when getting the required number of
measurements. The program also features a module for the
preliminary measurement of TCR and wafer mapping
based on the type of failure. During the measurement, the
program generates Excel report file with the measurement
results.

RESULTS

With the help of the developed technique, the
conductive tracks of test structures made on the basis of
65 [nm] technology process in the first and second metals
(M1 and M2) with minimum design rules have been
measured for the resistance to electromigration. Test
structures are located in test chip and they are long metal
tracks that are used for failure verifications in the form of
metallization breakup or short circuit. Parameters of M1
and M2 structures, respectively are: length of test line —
800/800 [pm], width of test line — 0,09/0,1 [um],
thickness of test line — 0,18/0,22 [um], the resistivity —
2,66/3,07 [uOhm-cm], surface resistance 0,1477/0,1395
[Ohm/sq].

TCR measurements have been performed in
temperature range of 25-105 °C with 10 °C interval for a
sample of M1 and M2 structures. T,=0 °C was used as
the reference temperature. To increase the accuracy of the
resistance evaluation, it was measured by means of Kelvin
method with different polarities of applied voltage. TCR
values  (T=0) for M1/M2  structures  were
2,671m/2,798m [°C™Y].

In order to calculate the activation energy Ea, a sample
of M1 and M2 structures has been measured at Tenyex =
100 °C in the temperature range Teg: 220, 250, 280 °C.

Activation energy Ea values for structures M1/M2
amounted to 0,62/1,05 [eV]

In order to calculate the current density index, a
sample of M1 and M2 structures has been measured at
Test=250°C within a temperature range Tene: 40, 70, 100
°C. The values of the index of n current density for
M1/M2 structures amounted to 2,09/2,42.

DIscuUSsSION

The method allows quick estimation of the degree of
metallization reliability, conduction of its certification, as
well as improved metallization quality due to the
development of new technological processes of production
and optimization of the existing ones.

With due consideration of the conducted research, one
can estimate the current density that provides the operating
time to failure of 100,000 and 200,000 hours for the M1
and M2 test structures at 125 °C. For M1 structure it was
1,481 and 1,067 [MA/cm?] correspondingly, for M2
structure — 6,995 and 5,255 [MA/cm?].
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