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[penynoxeHa KOHIEMIIUS co3naHus TecToBbIX KprucTtauioB (TK), chopmynnpoBaHbl OCHOBHBIE TPEOOBAHUS K CTPYKTY-

pam u 6;10kam Ha TK. Ipenioxen Tumnooit coctaB TK miist uccienoBaHmsi BOSMOXHOCTEH U XapaKTepu3aluu TEXHOJIOTUU

1o paHHaHHOHHOﬁ CTOMKOCTH. HOKa3aHO, YTO PE3YIbTAThI ucciaenoBanuit TK mo3ponsioT IIPOTHO3UPOBATH paguallMOH-

Hy1o cToiikocTb CBUC pacyeTHO-3KCIIepUMEHTAIbHBIMU METOJAMU.

Karouesovie cnosa: KMOIT-mpan3zucmopst; cucmema Ha kpucmanie; paduayuoHHas Cmoikocms,; paduayuorHle sghgexmol; paou-

ayuonHo-cmoiikoe npoekmupoganue;, CD-610k; mecmogolii KpUCmMani.

The paper highlights a concept of the test chip (TC) design as well as basic requirements for structures and blocks on the TC.
The typical TC composition has been proposed for studying the technology capabilities in terms of radiation hardness and
characterization thereof. It has been shown that the results of TC examination make it possible to predict the radiation hardness
of systems-on-chip or SRAM chips by calculation and experimental methods.
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BBEAEHUE

BaxXHBIM 3TarmoM paaraliioHHO-CTOMKOTO MTPOEKTUPOBAHUST HAHOMETPO-
Bbix KMOIT CBUC Tuna «cucrema Ha kpuctamie» (CHK) n O3V (nanee —
CBUC) aBasieTcss pa3paboTKa M UCCIEIOBAHUE TECTOBBIX KPUCTALIOB
(TK), conepxaiux criequajibHble GU3NUYECKUE CTPYKTYPBI, JTEMEHTHI
1 6J0Ku. B cTaHaapTHOM MapuipyTe NpOEeKTUPOBAHMS 3TAIl pa3paboTKU
u uccnenoBanus TK MoxeT 3aHMMaTb pa3aMyHOE MOJOXEHHUE B 3aBUCU-
moctu ot HazHayeHus1 TK. Tak, HampuMep, JaHHBIIA 3Tall MOXET Mpes-
1IecTBOBaTh Havasty paspabotku nepcrnektusHoit CBUC, Korna Heobxo-
TMMO Ka9eCTBEHHO OIICHUTH IMapaMeTphbl pa3padaThiBAEMOTO U3NEIVS, WU
SIBJISITBCST TIPOMEXKYTOYHBIM 3TAlOM B KAYeCTBE MaKETHOTO 00pasIia.

B Hacrosee Bpems B AO HITLL «BJIBUC» ns 6a30BbIX oTeue-
CTBEHHBIX 1 3apy0exkHbiXx KMOII-TexHOoMI0THiT 00EMHOTO KpeM-
Hug oT 250 HM 10 90 HM pa3paboTaHO, U3TOTOBJIEHO U UCCIIET0BAHO
oousbioe kosuuecTBo TK. Pesynabrarel uccinenosanuii TK mo3so-
JIVJTU CO3J]aTh BBICOKOTIPOU3BOAUTENbHBIE M KOHKYPEHTOCTIOCOOHbIE
CBUC CHK ¢ noBblILIEHHOI CTOWKOCTBIO K paiuallMOHHbIM (haKTO-
paM KOCMMYeCcKOro npocTpaHcTBa. B naHHoil paGoTe npeacraBieHo
onycaHue OJOKOB U CTPYKTYP ST TPOBEACHUS palluallMOHHBIX
Wcce0BaHMi, HA OCHOBAHUU KOTOPBIX pa3paboTaHa METOAMKA
pacuyeTHO-3KCIIepUMEHTAJIbHOI OlleHKHU 1030BO#i cToiikocTu CBUC.

KOHIEIIIINA CO3AAHNSA TECTOBBIX KPUICTAAAOB

Pa3pa60TKa TECTOBBIX KPUCTAJIJIOB IMPOU3BOAUTCA B LHEJIAX IMTPOBE-

JEHU S KOMIIJIEKCA MTPEABAPUTECIIbHBIX Uccaeq0BaHUN 1 HCHBITaHPIﬁ,

HEOOXOMUMBIX [IJIsSI TOCTUKEHUST HAMTYUIINX TapaMeTPOB KaueCTBa
TMepCIeKTUBHOTO mpoekTa. KoMTmyieke nccneqoBaHuil BKIovYaeT
B ce0s cienyroiiee.

1) Uccnedosanue ocobenrnocmeil nposieaeHus OOMUHUPYIOUUX padud-
YuoHHbIX 3¢ppexmos 6 cmpykmypax u snemenmax CBHC no konkpemHoi
mexHoa0euu. BbICOKUiT ypOBEHb CTOMKOCTH MOXET ObITh 00eCIeYeH Tex-
HOJIOTUYECKUM MEPEX0I0M MEXIY MPOSKTHBIMU HOpMaMK 0e3 ImpruMe-
HEHMS crielMalibHbIX MeTos10B [1]. TakuM criocoGom, Harnpumep, MoBbI-
IIAeTCsl 1030Basi CTOMKOCTb U CTOMKOCTb K TUPUCTOPHOMY 3 dekTy
(TD), uTO 0OBSICHSIETCA MACIITAOMPOBAHUEM TEXHOJIOTMYECKUX Mapa-
meTpoB MOTI-cTpyKTyp, TaKUX KaK KOHIIEHTpAIIUs TIPUMeceii B MO/ -
JIOXKe ¥ KapMaHe, ITyOnHa 3ajieranust n+/p+-obiacTeil, KapMaHOB
Y U30JISAIIUH, TOJNIIMHA MOA3aTBOPHOTO OKucaa u ap. MccnenoBanust
ocobeHHocTeill nposiBaeHus TO Ha pa3paboTaHHbix TK mokaszanu, uto
B joruueckoit yactu CuK, pa3paboranHoit mo texHonoruu 90 Hm 6e3
TMPUMEHEHMsI CIIeLIMATIbHBIX METOIO0B, TO B JOCTATOYHO LIMPOKOM JHa-
na3oHe JIMHEIHBIX oTepb aHepruu (JITID > 60 MaB - cM?/Mr) yacTHIbl
He nposiBasieTcst. TakuM o6pazom, B TexHoaoruu 90 HM [1st obecreye-
HMSI IOCTATOYHO BBICOKOI CTOMKOCTH JJOTMYECKUX 2JIEMEHTOB K TO npu
BO3IECTBUU TSIXKEJIBIX YACTULL HEe TPEOYIOTCS CIIOLIHBIC P+ OXpaHHbIE
KOJIbLIA, PUMEHsIEMbIe Ha 60Jiee BBICOKMX MPOEKTHBIX HOpMaXx.

CrenyetT OTMETUTh, YTO Ha OJHOM YpPOBHE MPOEKTHOUW HOPMBI
Ha pa3INYHbIX (habprKax WU OIMIIMSIX OMHOM TEXHOJIOTUU MOTYT OBITh
TOJTyYeHbI OTAnYaoecs napamerpsl PC. BTo 06ycioBiIeHo pasiu-
YUeM TeXHOJIOTHIT MeXIy co00ii Ha OTHOM YPOBHE MPOEKTHBIX HOPM
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Tabauya 1. [Tapamempot mpan3ucmopos u cmpykmyp, onpedeasouux paouayuoruyo cmoiikocms CEUC

Table 1. Parameters of transistors and structures determining radiation hardness of VLSIs

3HaveHre mapaMeTpa JJis NPOEKTHBIX HOPM
The parameter value for different technology nodes

ITapameTp
Parameter
130 90 90
«MuKpOH» . «MUKpOH»
®dab6puka | Foundry Mikron Silterra TSMC Mikron TSMC
HanpsixeHue nutaHus siapa, B
Core power voltage, V 18 1.2 1.2 1.2
TonmuHa Moa3aTBOPHOrO OKMUCIA, HM 32 20 2,8-n 21 2,6-n
Gate oxide thickness, nm ? ’ 3,0-p ’ 2,8-p
MuHuManbHas IIMPUHA KaHAJIa TPAH3UCTOPa, HM
Minimum transistor channel width, nm 20 Bt = =
MuHuManbHas IIMHA KaHala TPaH3UCTOPa, MKM
Minimum transistor channel length, pm e =0 Y 60
MuHMMalbHOE PACCTOSTHUE MEX Ty N+-00JaCTIMU, MKM
Minimum spacing between n+ regions, um e Ll L L
MuHMMalbHOE pacCTOSTHUE MEX Ty N+-001aCThIO U N-KapMaHOM, HM
Minimum spacing between n+ region and n-well, nm Ll o2l L2z 0,16
TToporosoe Hanpsixxenue HVT tp-pa, B i 0,59 0,44 0,42 0,46 0,41
HVT transistor threshold voltage, V p 0,54 0,46 0,44 0,51 0,49
VnenbHbiit mpsimoit Tok HVT Tp-pa, MKA/MKM il 497 358 378 368 413
Saturation current of an HVT transistor, uA/um p 202 155 166 173 206
VnenbHbiit Tok yreuku HVT Tp-pa o croky n 5 17 12 9 13
(T =25°C), nA/MxM
Drain leakage current of an HVT transistor p 7 11 1 14 1
(T=25°C), pA/um
Acumnroruueckasi 3afaepxka (M =1, HVT), nic
Asymptotic delay (M =1, HVT), ps 29,3 2 = Ay 13,9
TTno1aab OAHOMOPTOBOM TYESHKM MaMSITH, MKM? COTS* 4,98 2,43 L,15 0,525
The area of a single-port memory cell, pm’ RHBD** 9,18 5,49 3 1,21/1,36
Kputnuecknii 3apsim, Ko COTs 6.3 2,5 L1 0,8
Critical charge, fC RHBD 18,3 12 6 -

* COTS — Commercial off-the-shelf, ** RHBD — Radiation-Hardened-by-Design

INTRODUCTION
Design and examination of test chips (TC)
containing specific physical structures, ele-
ments and blocks are an important stage
of radiation hardening-by-design of nanome-
ter CMOS VLSIs of “system-on-chip” and
SRAM types (further on referred to as VLSIs).
The stage of test chip design and examina-
tion may take a different position in the stan-
dard design flow depending on the test chip
purpose. For instance, this stage may pre-
cede the development of a promising VLSI
when it is necessary to evaluate the parame-
ters of the device being developed, or it may be
an intermediate stage if it is necessary to make
a prototype.

ELVEES R&D Center, JSC, by far
has developed, manufactured and exam-
ined a large number of test chips produced

according to basic Russian bulk CMOS
250 nm to 90 nm technologies and those
of other countries. The results of test chip
examination allowed creating high-per-
formance and competitive VLSI SoCs
with higher space radiation hardness. This
paper describes some blocks and structures
to be used for radiation hardness examina-
tion which served as a basis for the method
of experiment-based calculation of VLSI dose
hardness.

THE CONCEPT OF TEST CRYSTAL
DESIGN

Test chips are developed for a set of prelim-
inary studies and tests required to provide
the best quality characteristics of the future
design. The set of studies includes the follow-
ing steps:

1. The study of particular manifestations
of the dominant radiation effects in VLSI
structures and elements produced according
to the given technology. A high level of radi-
ation hardness can be achieved by techno-
logic transition to new design rules with-
out using any special methods [1]. In such
a way dose hardness and latch-up tolerance
can be achieved by scaling such technology
parameters of MOS structures as dopant con-
centration in the substrate and the well, depth
of nt+/p+ areas, wells and insulation, thick-
ness of the gate oxide, etc. The study of the
particular latch-up manifestations in the test
chips developed according to 90 nm process
without using any specific methods has shown
that latch-up does not occur in a rather wide

range of linear energy transfer of the particle
(>60 MeV-cm’/mg). Thus 90nm process does
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B YPOBHSIX JICTUPOBAHUSI, TOJNIIMHAX OKUCIIOB, TIIyOMHAX 3aJieTaHus
o0JacTeit u p., a TakXKe B KA4€CTBE U3TOTOBJICHUSI, HAPUMED, B TEM-
MepaTypHbIX PeKMMaxX BbIPALIMBAHUSI OKUCIIOB [2], TEXHOIOTHYECKUX
pas6pocax [3] u T.a. B Ta6u. 1 mpencraBieHbl OCHOBHBIE TTapaMeTphl
TPaH3UCTOPOB U CTPYKTYP, ONMPEACISIONINE PAAMAllMOHHYIO CTOM-
kocth CBUC. BunHo, uto 6oJbluasi yacTh apamMeTpoB MacluTabu-
pyeTcsi 1o OTPEeAeIEHHOMY MpaBWIy 3a UCKJIIOUEHUEM HAIPSIKEHUSI
TIMTaHWST, TOJIIMHBI TOA3aTBOPHOTO OKKCIIA, TTOPOTOBOTO HATIPSIKEHUST
¥ TOKA YTEYKU TPAH3UCTOPOB. DTO 0OYCIIOBICHO MPOSIBJIEHUEM KOPOT-
KOKaHAJIbHBIX 9 (HEKTOB 1 HEOOXOAUMOCTBIO KOPPEKIIMY TeXHOJIOT -
YeCKOro MapuIpyTa U3roTOBJIeHUsI TPUOOPOB. Pasinuus B pacueTHbIX
3HAYCHUSIX TOKA YTEYKU TPAH3MCTOPOB Ha Pa3HbIX (habpUKax OTHOrO
YPOBHSI MPOEKTHBIX HOPM 90 HM nocturatot 30 %.

2) Cpasnenue 3¢pghekmusHOCMU PaA3AUYHBIX MEXHUHECKUX pPeldeHUll
noeviuenus paduayuorntoii cmoiikocmu CbHUC, evipabomka pexomenoayuii
1O UX UCnOAb308aHUI. B CBSI3U TIEPEX0lOM Ha HOBBIE MTPOEKTHbBIE HOPMBbI
nepecMaTpuBalOTCsl MOAXOABI U METOIbl TPOEKTUPOBAHMS, KOTOPhIE
IOJIKHBI OBITh Al TUPOBAHBI IO HOBBIC TIPaBUJIa MIPOSKTUPOBAHUS
¥ TIpOBepeHbI Ha 3 deKTUBHOCTL. Harpumep, mpu repexoze ¢ ypoBHSI
250 HM Ha 65 HM YacTOoTa OMMHOYHBIX c60eB B crarndyeckux O3Y yMeHb-
maercst B 60 pa3 [4] 3a cueT yMeHbIIIEHUs TJIONIAIN SIYCHKY TaMSITH.
Bxutan ymeHbleHYst TOporoBoro 3HadeHust JITD B yactoTy OMMHOYHBIX
cOOeB MpU 3TOM OKa3bIBaeTCsl HecylecTBeHeH. [10aToMy ncronb3oBa-
HUE TPAH3UCTOPOB C MOBLILICHHON IIMPUHON KaHaja B siueiike maMsTu
IUJISL yMEHBILIEHMST YaCTOThl OMMHOYHBIX COOEB CTAHOBUTCS Headdek-
TUBHBIM. [1py 3TOM aKLIEHT B IPOEKTUPOBAHUY CMELIAETCSI B CTOPOHY
MHOTOKPaTHBIX CO0€B B HECKOJIBKMX pa3psiaax OIHOTO CI0Ba, HEHC-
MPaBJISIEMBIX CTAHAAPTHBIMU CPEICTBAMU TTIOMEXOYCTOMYNBOTO KO-
poBaHus. CienyeT MpoaHAIM3UPOBATHL METOIBI TPOEKTUPOBAHUS,
HaIpaBJIeHHbIE HA CHYIDKEHUE CKOPOCTH HAKOTICHVSI OMMHOYHBIX OV~
GOK B HAKOIIUTEJIE, OMIHUM M3 KOTOPBIX, B YACTHOCTH, SIBJISICTCSI KCITOJTb-
30BaHME TPAH3UCTOPOB C MIOBBILICHHOI IIMPUHOM KaHANa, U TIOIaBIIe-
HME MHOTOKPATHBIX CO0EB B OHOM UH(DOPMAIIMIOHHOM CIIOBE.

3) Ammecmayus saemenmos u CO-610k06 Ha coomeemcmeue mpe-
OyeMbiM mexHuyeckum napamempam oas npoexkmuposarus CBUC,
ompabomku aneopummos mecmupo8anus u 63aumooeticmeus mexcoy
cocmasnuimu yacmamu u 6aoxamu nepcnekmugrnoil CuK. B nanHoM

cinyyae TK siBisieTcsl MOJTHOLEHHBIM MPOTOTUIIOM, PE3yJbTaThl

MCCIe0BaHUS KOTOPOTO SBISIOTCS MaKCUMaJIbHO MPUOIUKEH-

HBIMU K ONbITHOMY BapuaHTy CHK.

CO-610KHM 1 OUOIMOTEKH ITUPPOBBIX 2JIEMEHTOB pa3pabaTbiBa-
IOTCS B paMKaXx eIMHON METOOJIOTUY TPOSKTUPOBAHUSI, B TOM YHUCIIE
u ¢ opueHTanueii Ha PC, u ©opMuUpyI0T cpeny mpoeKTUPOBAHUS IS
paspaboTuukoB CHK [5]. [TapameTpbl CTOMKOCTH UCIIOJIb3YEMBbIX ITPH
npoektupoBaHu CHK C®-6;10K0B 1 OMOJMOTEK JIEMEHTOB OIpe-
neasiioT cToiikocTh camoit CHK. TTo3TOMY OHU AOJIKHBI OBITH MIPe/i-
BapUTEIbHO aTTECTOBAHBI HA COOTBETCTBME TPEOOBAHMSIM MO KPU-
tepusim PC.

Takum o6pazom, TK oxBaTbhiBaeT 10CTATOYHO WIUPOKUI KPyT
HarnpaBJIEeHUI UcCleqOBaHU, TPOBEACHUE KOTOPBIX SBJISIETCS 9KO-
HOMMYECKU OMPaBIaHHBIM MIPU Pa3paboOTKe CepUU MUKPOCXEM LTSI
MacCOBOTO MTPOU3BONCTBA B paMKaxX OTHOTO TeXIpoiiecca. B cBsizu
C 9TUM K TE€CTOBBIM CTPYKTypaM, dJeMeHTaM u Oiokam Ha TK,
TMPEbSBISIOTCS CleAyIoLIue TpeOOBaHMSI.

1. PeanusyeMoCTb — MPUHLUMIHUATbHbBIE BO3MOXHOCTH 110 OCYLIECT-
BJICHU IO 9KCTIEPUMEHTA; MPU pa3paboTKe TeCTOB JOJXKHbBI ObITh
YUTEHbI BO3MOXHOCTH 000PYI0BaHMSI, TECTOBOI OOBSI3KU, BIMSI-
HUSI BHYTPEHHMX CXeM U BHEIUHUX (PaKTOPOB HAa METOAUKY MPO-
BEIEHU S 9KCIIEPUMEHTA U MOJIyYeHUe KOHEYHBIX PE3yJIbTaTOB.

2. MHdopMaTUBHOCTH PE3yJIbTATOB — U3BJIEUEHUE MAaKCUMaJIbHOTO
KoJInuecTBa MHGMOOPMALIMU U3 IIPOBEICHHBIX UCCICTOBAHUIA.

3. HarmsimHoCTb pe3yinbTaToB — MOKAa3aTelIbHOCTh U MTOTEHIIMATbHBIE
BO3MOXHOCTHU CPaBHUTEIBHOTO aHalu3a MOJKHBI 00ecTeuynBaTh
pe3yabraTaM MPUTOAHOCT IS AaTbHEUIEeTo UCTIONIb30BaHuUs.

4. YHuBepcaJbHOCTb — MPOBEAEHUE MAaKCUMaJbHO BO3MOXHOTO
KOJIMYECTBA 9KCIIEPUMEHTOB Ha OJJTHOM TECTOBOM 2JIEMEHTE.

5. Bpewmsi- 1 pecypco3aTpaTHOCTb — KOJIMUECTBO MaTepuaibHbIX,
YeJOBEYECKUX, BDEMEHHBIX U IPYTUX PECYPCOB, HEOOXOAMMbBIX
JULSL IPOBEICHU Sl OKCIEpUMEHTA.
3avacTyio 1Jis MPOBEAECHUS MOJHOTO KOMIIJIEKCa UCITbITAHU I

onHoro TK oka3piBaeTcss HELOCTATOUHO, YTO MOXET ObITh 00Yy-

CJIOBJICHO, HAMIPUMep, OTPAHUYCHUSIMHU 10 TUIOMAAU KpUcTasia

WJIY KOJIMYECTBOM BHEUITHUX BBIBOIOB. DKOHOMUYECKH OTPaBIaH-

HBIM OKa3bIBaeTcsl BBINMYCK Heckonbkux TK Ha ogHoll maacTuHe

not require complete p+ guard rings to pro-
vide sufficient latch-up tolerance of the logical
elements exposed to massive particles, unlike
the ones used at higher technology nodes.

It should be noted that different found-
ries or technology options may yield different
radiation hardness performance even at the
same technology node. This is due to the
differences in particular technologies at the
same technology node in terms of impu-
rity level, oxide thickness, region depths,
and so on as well as the differences in man-
ufacturing quality, for example, tempera-
ture conditions of oxide growth [2], man-
ufacturing tolerance [3], etc. Table 1 lists
the key parameters of transistors and struc-
tures determining VLSI radiation hard-
ness. It can be seen that most of the param-
eters are scaled according to a particular

rule, except for power voltage, gate oxide

thickness, threshold voltage and transistor
leakage current. The reason for this is short-
channel effects and the necessity of technol-
ogy adjustment of the device manufacturing
process. The difference in the leakage cur-
rent of 90 nm transistors produced at differ-
ent foundries may be as high as 30 %.

2. The comparison of the effective-
ness of various technology solutions meant
to improve VLSI radiation hardness, and
the development of recommendations for
the application thereof. The transition to the
new design rules requires the approaches and
design methods to be reconsidered, adapted
to the new rules and proved in terms of effi-
ciency. For example, as a result of the transi-
tion from 250 nm to 65 nm, the single error
rate in the static SRAMs reduces by a factor
of 60 [4] due to the memory cell area reduc-
tion. In this case the contribution of the

reduction in the threshold value of the lin-
ear energy transfer to the single error rate
is insignificant. That is the reason why
it becomes inefficient to use transistors with
wider channels in a memory cell in order
to reduce the single error rate. Thus the
focus of the design process shifts to multi-
ple upsets in several bits of one word which
cannot be rectified by the standard means
of anti-noise coding. The design methods
aimed at reducing the single error accumula-
tion rate in the storage circuit should be con-
sidered, some of which use transistors with
a wider channel and suppressing multiple
upsets in one data word.

3. Certification of elements and IP-blocks
as compliant with the data sheets on VLSI
design and algorithms of testing and interop-
erability of the components and blocks of the
prospective SoCs. In this context the test chip
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BO3MOXHOCTb MPOBOAUTD UCCIEOBAHMNS MMapaJJIebHO U MONTYUYaTh
pe3yabTaThl ropas3no ObicTpee.

TUIIOBOM COCTAB TECTOBBIX KPUCTAAAOB

3anaHHble TpeOOBaHU S MO3BOJISIOT C(HOPMUPOBATH TUITOBOI COCTAB

TK, HeoOXONMMBI MU AOCTATOUYHBINM AJIsI MPOBEACHUS MOJHOTO

KOMIIJIEKCA UCIIBITAHU I, MO3BOJISIOUIUX MOJYYUTh MAaKCUMaJIbHO

nHOOpPMATUBHBIC U HATMISIIHBIE pe3yabTaThl. COCTaB BKJIIOYAET dJIe-

MEHTBI ¥ OJIOKU JJIST CTATUYECKUX U TUHAMUYECKUX UCCIICIOBAHUM,

YTO TIO3BOJISIET BBISIBUTH HAMXYIIKNE YCIOBUS (DYHKITMOHUPOBAHM S

0JIOKOB ¥ HAM0OJIee KPUTUUHBIC Y3JIbI U IIeTIU.

B cooTBeTCTBUU ¢ TOMUHUPYIOLIUMU PAAUAIITMOHHBIMU 3 deK-
Tamiu [6], mposBasionumucs B HaHoMeTpoBeix CBUC, Habop cTpyK-
TYp U 2JIEMEHTOB Ha TECTOBBIX KPUCTAIIaX COACPKUT CAEAYIOLINE
M30JIMPOBAHHBIC TOMEHBI U OJIOKU.

1. Boabuiue MaccuBbl PU3MUYECKUX CTPYKTYP, PA3JIMUHBIX TUITIOB
MOII-TpaH3UCTOPOB, OMOJIMOTEYHBIX 2JIEMEHTOB U STYeeK IMaMsITU
IUTST OTIpE/IeJICHU ST UX TTapaMeTPOB MIPU CTAllMOHAPHOM 00y de-
HUW B Pa3JIMUHBIX DJIEKTPUUECKUX PEKUMaX JJIsl XapaKTepu3a-
AU 2JIeMEHTOB OuGanoTek o PC.

2. HaGop KOJIbIEBBIX TEHEPATOPOB, COCTOSIIMX U3 JIEMEHTOB pa3-
JIMYHBIX OMOINOTEK [IIST UCCIENOBAHMS BIUSHUS NOHUZUPYIO-
1Iero 00NyYeHUsT Ha UX OBICTPOAEUCTBUE U TOK YTEUKU.

3. Marpuusl siueek namMsTi 1 6JOKHU MaMsITH C Pa3IMYHBIMU CXe-
MOTEXHMYECKUMU U KOHCTPYKTUBHO-TOMOJOTUUYECKUMU pelle-
HUSIMU U5 McciienoBaHust 3¢ dekra «3aleJKuBaHus» MPU BO3-
neiictTBum Tskesbix yactull (TH), oleHku nmapameTpoB cboe-
YCTOMYMBOCTH B LIEJISIX BBIOOpA ONTUMAJIbHBIX pereHuii st PC
C®-610KOB TaMSITH Pa3TUYHBIX TUTIOB.

4. CrmeniajibHBIC TECTHI JJIsSI UCCIENOBAHUS COOCYCTONUYMBOCTHU
(M MOHUM3ALMOHHOM peaKIMu) Pa3IuUHbIX JIEMEHTOB U CTPYK-
TYp MPU BO3AEUCTBUY Tsikeabix yactuil (TH).

5. CraHaapTHbIE U ClielMaJu3upoBaHHbIe HHTepdeiicHbie (LVDS,
SpaceFibre, SSTL u np.) nuomiaaouyHbie 3JIeMEHTbI IJTS1 UX UCClie-
JIOBAaHU Sl Ha CTOMKOCTD K CTAaTUYECKOMY DJIEKTPUUECTBY.

6. Atrtectyemble CD-610KH.

TEXHOAOIrMM ¥ KOMIIOHEHTHI MUKPO- 1 HAHOSAEKTPOHUKH

B o01iem ciiyyae TecToBble CTPYKTYPbI U OJIOKM TSI paaraliu-
OHHBIX UCCJIEJOBAHUI MOXHO KJIacCU(PULIMPOBATH B 3aBUCUMOCTHU
OT paJMallMOHHOT'0 BO3IEMCTBUS U Uccienyemoro adexra (tad. 2).
Kaxk BUIHO M3 TaGIUIbl, HaMbO0JIee MTOJTHBIMK, YHUBEPCATbHBIMU
1 THGOPMATUBHBIMU TECTOBBIMU GJIOKAMU SIBJISTIOTCST TIOTUYECKUE
3JIEMEHTBI, KOJIbIIeBble TeHepaTopbl © CP-61oku naMsaTu. JJaHHble
0JIOKU TO3BOJISIIOT MPOBECTU MOJHBIM KOMITJIEKC UCTIBITAHUN KakK
B CTATMYECKOM, TaK U B IMHAMUYECKOM PeXrMe B TPUOTUKEHHBIX
K peaqbHOMY (OyHKIIMOHUPOBAHUIO YCIOBUSIX.

Habop snemMeHTOB, pa3pabOTaHHBIX B COOTBETCTBUU C PACCMOTPEH-
HBIMHU BbIIIIe TPEOOBAHUSIMU K TECTOBBIM CTPYKTYpaM, IMO3BOJISIET OMpe-
NeTUTH TIPEICTbHbIE U KOMITPOMUCCHBIE BO3MOXXHOCTH TEXHOJIOTHYE-
CKOTO TIpoliecca 10 PaaualliOHHON CTOMKOCTH U B IAIbHEUIIIEM TIPOBO-
nuTh oteHKM ctoiikoct CBUC K 1030BbIM painaliMoHHbIM 3G dekTam
pacyeTHO-dKCMepUMEeHTATbHBIMU MeTonaMu. [1penoxkeHHblii cocTaB
TK 1no3BosisieT OUeHUTD BIMSHUE TEXHOJIOTMYECKUX Pa30dpOCOB, MOIIHO-
CTU 103bl UM (PITIOEHCA YaCTHLL, TeMIIepaTyphbl U HAMPSDKEeHWI MUTaHUSs
Ha rapaMeTpbl paIuallMOHHOM CTOIKOCTH, ObICTpONeHiCTBYUS, TOTPEdIIsie-
MOIi MOIITHOCTH MCCJIENYEMbIX U pa3pabaTbiBaeMbIX 2JIEMEHTOB 1 GJIOKOB.

B uneanbHOM ciyyae Ha pa3HBIX ATanax NpoeKTUPOBAaHU S JOCTa-
TOYHO uccaenoBaTh ABa TK: nmepBblii — «3KcnepuMeHTadbHbI TK»
C TECTOBBIMU CTPYKTYpPaMU U OJIOKaMH, BTOPOU — «aTTeCTaIlMOH-
Hblii TK» ¢ roroBeiMu CD-610KaMu, pa3pabOTaHHBIMU 110 PE3YyJib-
TataM uccienoBanuii nepsoro TK. Ha puc. 1 mpencTaBieH momoOHbI i
TTO/IXOMI, PeaTM30BaHHBIH 1O TeXHoJoruu 90 HM.

Huxe moapo6HO paccMaTpuBalOTCsl 0COOEHHOCTH pa3paboTKu
CTPYKTYP U OJIOKOB /7151 3KcrepuMeHTaabHoro TK.

CTPYKTYPBI 1 BAOKU AASI PACUETHO-
SKCIIEPUMEHTAABHOM OILIEHKUA A030B017I
CTOUKOCTU CBUC CuK

TTpornosupoBanue croitkocth CBUC K 1030BbIM paguaiiuOHHBIM
3¢ dexTam B YCIOBUSIX BO3paCTaIOIEil CTEITEHN UHTErpalluy U Tpe-
00J1aaoleil poJii Mapa3suTHBIX CTPYKTYP SBJISIETCS aKTyaJIbHOM 3a1a-
yeil, MOCKOJIbKY OOJBIIMHCTBO CYLIECTBYIOIINX METOIOB OCHOBAHBI
Ha CJIOXHBIX MAaTEMATUUECKUX BBIYMCIEHUAX Ha YPOBHE OTAEIBHBIX
TPAH3UCTOPOB U CTPYKTYpP. Pe3yIbTaThl TaKMX BEIYUCICHUI 3a4aCTYIO

is a fully functional prototype, whose exami-
nation results are closest to those of the exper-
imental variant of the SoC.

IP-blocks and digital element librar-
ies, including the radiation-hardened ones,
are developed in the framework of the single
design methodology and form the design envi-
ronment for SoC designers [5]. The radiation
hardness of the IP-blocks and element librar-
ies used in the design determine the radiation
hardness of the whole SoC. That is why they
should be pre-certified as compliant with the
radiation hardness requirements.

Consequently, the test chip addresses
a rather wide range of research fields which
are economically viable when designing a line
of mass-produced ICs in one process flow.
In this regard, the test structures, elements,
and blocks on the test chip should comply with

the following requirements:

1. Practicability — a possibility to carry
out the experiment in principle, the capabili-
ties of the equipment and test harness as well
as the impact of internal circuits and external
factors on the experimental method should
be taken into consideration during the test
design.

2. Informative value of the results —
obtaining maximum information content
from the performed research.

3. Ilustrative value of the results — the
representativeness and the potential for com-
parative analysis should make the results suit-
able for further usage.

4. Multipurposeness — performing
as many experiments on one test element
as possible.

5. Time and resource efficiency — the
material, human, time and other resources
required for the experiment.

It is not infrequently when one test chip
is not sufficient for the full test cycle, which
can be accounted for by the limited chip area
or the number of external terminals. Manu-
facturing several test chips on one wafer using
MPW (Multi-Project Wafer) principle proves
to be economically viable. Another advantage
of this approach is the possibility to perform
research simultaneously and obtain the results
much quicker.

TYPICAL COMPOSITION OF TEST
CRYSTALS

The above stated requirements determine
the typical composition of a test chip neces-
sary and sufficient for performing the whole
set of tests and obtaining as informative and
representative results as possible. The compo-
sition includes elements and blocks for static
and dynamic tests, which makes it possible
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Tabauya 2. Cmpykmypol u 620Ku 045 padUAUUOHHBIX UCCAe008AHUI
Table 2. Structures and blocks for radiation examination

OL[MHO‘IHI)IQ U MHOrokKpart-

Crarnyeckue (C)

TupucTopHblii
T Gy Jo30BbIe Heie 3¢ ekl (SEU, SET, ) VEP, BIIP m'm JHHAMHAYE-
" - a(dexTs MCU, MBU) . _ ckue (/) TecTsl
Test structure/block ) . < B ) Latch-up (SEL, Dose rate effects e
Dose effects Single or multiple effects Tk Static (S) or
(SEU, SET, MCU, MBU) puk dynamic (D) tests
Dusnveckre CTPyKTYPbI
(n+-n+, n+-‘n-KapMaH, p-n-p-n) 4 . 4 . C|s
Physical structures
(n+-n+, n+-n-well, p-n-p-n)
Tpan3ucrtopsl _ _ _
Transistors * C|s
J'Iomqe_cKl/Ie 9JIEMEHThI 4 + 4 4 CHI|S+D
Logical elements
KoaneBoﬁ TeHEPaTop 4 oy X L CHI|S+D
Ring oscillator
Maccus siueexk namMmsTu 4 . 4 _ c|s
Memory cell array
CO-610KM MAMATH :
IP memory blocks + * * + C+I|S+D

He TIPEICTaBIIsIeTCs] BOZMOXHBIM 9KCTPAINOJMPOBATh HA KOHKPETHYIO
CBUC, comepalilyto HeCKOJIBKO MIJUTUAPIOB TPAH3UCTOPOB U CTPYK-
TYP, U3-3a GOJIBIIOTO KOJIMIECTBA MIEPEMEHHBIX, OTIPEIEIISIOIINX CTOM-
KOCTh MUKPOCXEMBbI, 1 HEN30EKHOTO BIUSIHUSI Pa30POCOB TEXHOJIOTU-
yeckux rnapameTpoB KMOII-cTpyKTyphl.

[Mpoananu3upoBarh BAUSIHUE PA3IUUHBIX (DAKTOPOB Ha 1030BYIO
croiikocTb oTAeaAbHbIX KMOII-32/1eMEHTOB 103BOJISIET TPUOOPHO-TEX-
HoJornyeckoe monenrponaHue ¢ momouibio SPICE-nono6HbIX cumyJisi-
TopoB, BcTpoeHHbIX B CAIIP, Takux Kak, Hanpumep, Synopsys TCAD.
ITpu 3TOM /JIs1 MPOTHO3MPOBAHUST CTOMKOCTH IOJIb30BATENI0 HEOOX0-
IIMMO 00JIaaTh TOYHOM, Yalle Bcero KoHMUIeHIMaIbHON HHbOpMa-
1Meit 0 TapamMeTpax TeXHOJIOTMIEeCKOTO mpoiiecca. I pyrumM NCTOTHUKOM
TAHHBIX MOTYT SIBJISITHCS PE3YJIBTAaThl 9KCIIEPUMEHTOB U MCCIIEIOBAHUI

TECTOBBIX CTPYKTYD U 37eMeHTOB. [1pu ncmonb3oBaHny Habopa dKCIie-
PUMEHTABHBIX TAaHHBIX 3a/1a4ya CBOAUTCS K allMpPOKCUMAIIUU Pe3yIbTa-
ToB 3KkcrnepuMeHTOB B CAITP u obecnieueHuo nx Haubosee 0J1M3KOTo
COOTBETCTBUS MOJENU. YUUTHIBAsI OOJNbIIOE KOJTUYECTBO MEePEeMeH-
HBIX, MPOLIECC AMMPOKCUMALIMY U TPEXMEPHOTO MOIETUPOBAHUSI C yue-
TOM pa3IMYHbIX KpaeBbIXx 9P (HeKTOB 0Ka3bIBaeTCs BpEeMsi- U Pecypco-
3aTpaTHbIM, a Pe3y/IbTaThl MPOrHo3upoBaHus croiitkoctu CBUC npu
3TOM MOTYT CHUJIbHO OTJIMYATBLCS OT peasibHOM CTOMKOCTU. DTO CBSI3aHO
C TeM, YTO B CTaHAApPTHBIX KomMepueckux Bepcusax CAITP orcyTcTByoT
MOJIEJIU, aeKBATHO OMUCHIBAIOLIME 3aBUCUMOCTH 3JEKTPODU3UUECKUX
TapaMeTpoB OT TeMIepaTypbl U paguaimoHHbIX (GakTtopos [7]. [Toa-
ToMy B o01IeM ciydae Takue CAITP gBasgioTcs uccienoBaTeIbCKUMKU
Y TIpeHA3HAYEeHBI TSl IPOBEICHUS KAYeCTBEHHOTO aHATN3a MTPOIIECCOB,

to identify the worst functioning conditions
for blocks as well as the most critical nodes
and circuits.

In accordance with the radiation effects
[6] prevailing in nanometer VLSIs, the set
of structures and elements on test chips con-
tains the following isolated domains and
blocks:

1. Large arrays of physical structures, MOS
transistors of various types, library elements
and memory cells to quantify their parameters
upon exposure to steady state radiation in dif-
ferent electric modes to characterize the radi-
ation hardness of the library elements.

2. A set of ring oscillators consisting of ele-
ments of different libraries to study the effect
of ionizing radiation on their operating speed
and leakage current.

3. Arrays of memory cells and mem-
ory blocks demonstrating various sche-
matic, topological and constructive solu-

tions to study the latch-up upon exposure

to massive particles and high-power pulse
ionizing radiation and to evaluate the failure
tolerance characteristics in order to select the
optimal solution for radiation-hard IP-blocks
of different memory types.

4. Special tests to examine failure toler-
ance (and ionization response) of various ele-
ments and structures upon exposure to mas-
sive particles.

5. Standard and custom interface (LVDS,
SpaceFibre, SSTL and so on) area elements
to study their static electricity tolerance.

6. The IP-blocks being certified.

In general the test structures and blocks
to be used in radiation hardness examina-
tion can be classified according to the radi-
ation exposure and the effect being studied
(Table 2). As can be seen from the table, the
most complete, multipurpose and informa-
tive test blocks are logic elements, ring oscil-
lators and IP memory blocks. These blocks
allow a whole set of tests both in the static and

the dynamic modes under the conditions close
to real functioning.

The set of elements designed in accor-
dance with the above requirements for test
structures allows identifying the limit and
tradeoff capabilities of the process in terms
of radiation hardness as well as evaluating
the VLSI tolerance to dose radiation effects
using calculation and experimental meth-
ods. The proposed composition of the test
chip makes it possible to evaluate the impact
of manufacturing tolerance, dose rate, fluence
of particles, temperature and power voltages
on radiation hardness, operating speed and
consumed power of the elements and blocks
being examined and developed.

Ideally it would be sufficient to exam-
ine two test chips at different design stages:
the first — ‘experimental’ test chip with test
structures and blocks, the second — ‘certifica-
tion’ test chip with ready IP-blocks developed
on the basis of the first test chip examination.
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6|b

Puc. 1. Tonoaoeuu TK no mexnonoeuu 90 um: a) skcnepumenmanvHlii, 6) ammecmayuoHHbll

Fig. 1. 90 nm test chip topologies: a — experimental; b — certification

3arsop TpaHaucTopa | Transistor gate

Uyn | vdd

TIPOUCXONSIIUX TPU BO3AEUCTBUU palualiim
Ha KMOITI-31eMeHTHI.

Pa3paboTaH pacueTHO-IKCIEPUMEH-
TaJbHbI METOJ MPOrHO3UPOBAHU ST 1030BO
croiikoctu CBUC, ocHOBaHHBIIT Ha XapakK-
Tepu3aluu CTAaHAAPTHBIX LUMPOBBIX 71€-
MeHTOB U C®-6110K0B O3Y 10 CTOMKOCTHU
K CTallMOHAPHOMY MOHU3UPYIOMIEMY U3ITY-
YeHUIO TI0 pe3yJbTaTaM HUCCIeTOBaHM I
TECTOBBIX CTPYKTYP U 2JieMeHTOB Ha TK.

Nwmeronyiecs: B HaCTOsIIIEE BPEMST TEOPETH -
YeCKHUe MPENCTaBICHUS U SKCIIEPUMEHTATLHBIC
NAaHHBIE TTOKA3bIBAIOT, YTO YPOBEHDb 030BOI
CTOMKOCTH COBPEMEHHBIX MUKPOCXEM OTIpere-
JISIeTCsI TapaMeTPUUECKUM OTKA30M TI0 CTaTH-
YecKoMY TOKY notpebsieHus. CTaTuyecKuii TOK
MOTpebIeHUsI SIBISIeTCS] aAAUTUBHON BeIUYN-
HOH U CKJIaibIBaeTCsl U3 TOKOB YTEUKH OTIEIb-

0O6nacT BHYTPY TPAH3VNCTOPHBbIX yTeYeK
Intra device leakage regions

ala o|b
Puc. 2. Ilapazumnsie kananvt ymeuku 6 KMOII-cmpykmypax: a) 6ny-
MpUmMpan3ucmopHbole, 6) mescnpubopHvie
Fig. 2. Parasitic leakage paths in CMOS structures: a) intratransistor; b) interdevice

HBIX TPAH3KCTOPOB U CTPYKTYP. [1pr 3TOM TOK YTE€UKH TPAH3UCTOPOB MO~
paszensieTcsi Ha COOCTBEHHBII TOK yTeUYKH U PaTuallMOHHO-UHIYLIMPOBAaH-
HBIii TOK yTedku. COOCTBEHHBIN TOK YTEUKH TPAH3UCTOPOB CKIIABIBACTCS
13 TIOATIOPOTOBOTO TOKA YTEUKH ¥ TOKA YTEUKH pn-Tiepexonos. B HaHoMe-
TPOBBIX TPAH3UCTOPAX TOOABIISIOTCS TAKXKE COCTABISIONINAE TOKA YTEUKH
yepes3 3aTBOP M TOK YTeUKHU, MHIYIIUPYEMbIii TOTEHIINATIOM Ha CTOKe [8].

PanuanmoHHO-MHAYLIMPOBAHHBIH TOK yTeuku n-MOII-TpaH3u-
CTOPOB OOYCJIOBJIEH HAKOTIJIEHUEM IMOJOXUTeNbHOro 3apsiga B STI-
OKMCIIe, OTIUpaHueM napa3uTHbix n-MOII-TpaH3UCTOPOB U BO3-
HUKHOBEHUEM Mapa3UTHBIX KAHAJIOB YTEUKHU, KOTOPBIE B O0ILEM CITy-
yae JIeITCs Ha MeXITPpUOOpHbBIe M BHYTPUTpaH3ucTOpHbIe. Ha puc. 2
npenctaBieHbl KMOII-cTpyKTypbl KaHaJIOB yTEYKM B pa3pese, a Ha
puc. 3 u 4 naHHble yTeUKHU 0003HAYEHbl HA YPOBHE OMOJMOTEUHBIX
9JIEMEHTOB U siYeeK MaMsTH B 3aBUCUMOCTH OT COCTOSTHH ST BXOIIOB
9JIEMEHTOB U CTATUIECKOTO COCTOSTHU S STICCK MaMSsITH.

Takum o6pa3oM, IO pe3yIbTaTaM J1030BbIX UCCIEIOBAHUI CTPYK-
Typ n+-n+ 1 n+-n-KapMaH U TPAH3UCTOPOB B PA3IMIHBIX PEXKUMaAX

Figure 1 demonstrates this approach imple-
mented in 90 nm process.

The development of the structures
and blocks of the experimental test chip
is described below in detail.

STRUCTURES AND BLOCKS

FOR EVALUATING THE VLSI

SOC RADIATION HARDNESS BY
MEANS OF EXPERIMENT-BASED
CALCULATION

Predicting VLSI tolerance to dose radia-
tion effects in the context of growing integra-
tion and prevailing role of parasitic structures
is a critical task because most of the existing
methods are based on complex mathematical
calculations at the level of separate transistors
and structures. The results of such calcula-
tions cannot always be extrapolated to a spe-
cific VLSI containing several billion tran-
sistors and structures due to a large number

of variables determining the chip tolerance

and the inevitable impact of manufacturing
tolerance of the CMOS structure.
Instrumental and process simulation
using SPICE simulators embedded in CAD
systems such as, for example, Synopsys
TCAD, allows analysing the impact of vari-
ous factors on the dose hardness of separate
CMOS elements. In the meanwhile, the user
has to have accurate, and often confiden-
tial, information about the parameters of the
process to predict the radiation hardness.
The results of experiments and examination
of test structures and elements can be another
source of data. When using a set of experi-
mental data, the task reduces itself to approx-
imating the experimental results in a CAD
system and providing their closest possible
correspondence to the model. Taking into
consideration the number of variables, the
process of approximation and 3D simula-
tion with due account of various edge effects
proves to be time- and resource-consuming

and the predicted results of VLSI radiation
hardness may be far from the actual ones.
This is due to the fact that standard com-
mercial versions of CAD systems lack mod-
els describing the dependencies of physical
parameters on the temperature and radia-
tion factors [7]. Therefore, generally speak-
ing, these CAD systems are the research ones
and are intended for a high-quality analysis
of the processes taking place under the expo-
sure of CMOS elements to radiation.

An experiment-based calculation method
of predicting VLSI dose hardness has been
developed, which is based on characteriza-
tion of standard digital elements and SRAM
IP-blocks in terms of tolerance to steady-state
ionizing radiation using the results of exami-
nation of test structures and elements on the
test chip.

The presently available theoretical mod-
els and experimental data show that the
level of dose hardness of up-to-date chips




AOKAAABI KOH®EPEHIIUU

mpu o6aydeHuu [9] co3maioTcs paquanuoH-
HbIE MOJIEJTU IOTUUECKUX DJIEMEHTOB B 3aBU-
CUMOCTHU OT COCTOSIHUY BXOIOB U sTUeEK
naMsiTU B 3aBUCUMOCTHU OT 3alUCaHHOMI
nHbopmanuu B CO-610k O3Y. [ns pas-
JIMYHBIX 3HAYEHU YPOBHS HAKOIMJEHHON
1036l hopMUpyIOTCs hailyibl XapakTepusa-
LIM4, MO3BOJISIIOLLME eLle Ha 9Tare cTaThye-
CKOI'0O BDEMEHHOTO aHaJIn3a MPOeKTa olle-
HUTb YPOBEHb €€ J030BOI CTOMNKOCTH.

B HacTosilee BpeMsi METOI MPOXOIUT
anpobanuio o texHonoruu 90 um. [Ipose-
NeHue KOMILJIeKCa paguallMOHHBIX UCITBI-
TaHUI B MOJHOM 00beMe B pa3IMUYHBIX
TeMIEPaTyPHBIX U PEXMMHBIX YCIOBHUSIX
Ha HECKOJIBKMX KpUCTajjlaX MO3BOJIUT Olle-
HUTb TOYHOCTb TAKOI'0 MOAX0Aa C YUYETOM
TEXHOJIOTMYECKUX pa3dpocoB mapaMeTpoB
npubOpOB.

CTPYKTYPBI 1 BAOKHU AASI UICCAEAOBAHUA
OBBEMHbBIX PAAUAIITMOHHBIX DPDPEKTOB

B CBUC CuK

O6bemHBIe panuanuoHubie d3ddekTsl B CBMC Bo3HUKAIOT Mpu
MomnagaHuy TSKEIbIX YACTULl B AKTUBHBIE CTPYKTYPHI [6]. Han6onb-
Wi UHTepeC ¢ TOUKU 3peHust ucciaenoBanus Ha TK mpeacraBasiior
onuHouHble (SEU, SET) u muorokparusie (MBU, MCU) acddexTb
BJIOTMYECKUX JIEMEHTAX U 2JIEMEHTaX MaMsITH, a TAKKe TUPUCTOPHBII
addext (TO, SEL).

WccnenoBaTh KpaTKOBpeMEeHHbIE UMITYJIbChl HanpsikeHus (SET),
BO3HUKalolue npu rnonagaHuu TY B 1M pOBbIE 371€MEHThI, O3BO-
JISIeT MAacCUB MOCJIe0BaTe]bHO COEIMHEHHBIX JIOTUYECKUX 3Je-
MEHTOB C COOTBETCTBYIOIIMM TECTOBBIM OKPYKEHUEM, HEOOXOM -
MBIM JIJISI U3MEPEHUSI UMITYJIBCOB C OYeHb MAJION TJIUTEIbHOCTBIO

Puc. 3. Paduayuonnsie modeau yupposwix snemenmos ¢ 0003Havenuem paouayuoHHO-uHOYYupo-
6aHHbIX MOK08 ymeuku: la) ymeuka omdeavrnoeo nMOIIT; 16) ymeuka nocaedosamenvHo coedu-
HenHvlx nMOIIT; 2) mexcnpuboproie ymeuxku n+-n-kapmau, 3 — mexcnpubopHole ymeuku n+-n+,
«O», «I» — noeuneckue cocmosHus npu 00ay4eHuu/usmepeHuu

Fig. 3. The radiation models of digital elements with the radiation-induced leakage currents indicated:
1 — interdevice n+-n-well; 2 — interdevice n+-n+; 3 — intratransistor

(mecsITKM MUKOCEKYH/T), KOJbIIEBbIe TeHEePaTOPhl U OJOKHU MaMsITH
O3V.

B nuTtepatype 10CTAaTOYHO MIMPOKO OCBEIIeHA MPOOIeMaTKa
W3MEPEeHU ST KPATKOBPEMEHHBIX UMITYJIbCOB B IOTMYECKUX DJIEMEH-
Tax, NPeIJIOXKEeHbl BApUaHThI TeCTOBO# 00Bs3Kku [10, 11]. B otnuune
OT JIOTUYECKUX JIEMEHTOB KOJIbLIEBOI TeHepaTop He TpeOyeT NOToI-
HUTEJIbHOU TeCTOBOI 00BSI3KU. ONMHOUHbBIE UMITYJIbCHI HATIPSIXKe-
Hust ot TY uccreayiorcest mo oclUII0rpaMMe BBIXOTLHOI 4YaCTOTHI
KT, B KOTOPOM OT TaKMX UMITYJIbCOB BO3HUKAIOT (DYHKIIMOHAJIbHbIE
coou. CO-610kM O3Y B 1TaHHOM cliydyae He MO3BOJISTIOT aJeKBaTHO
OLIEHUTh UX CTOMKOCTh K OMMHOYHBIM UMITYyJIbcaM HaTpsIKeHUSI,
TOCKOJIBKY ITPOSIBJIEHNE TAKOTO 3(DheKTa CUILHO 3aBUCUT OT LINKJIOB
oOpalieHus K 0JIOKY M YaCTOTHI 3TUX LIUKJIOB.

[Mpu yMeHbIIEHUU TPOCKTHBIX HOPM U YBEJIUUYECHUU OBICTPO-
NEefCTBUS TPAH3UCTOPOB UYYBCTBUTEIBHOCTh MUKPOCXEM K ONU-
HOYHBIM MMTyJbcaM HampsixkeHus ot TY Bo3pacraer. [ToaTomy

is determined by the parametric failure
of static consumption current. The static con-
sumption current is an additive value which
is composed of the leakage currents of sepa-
rate transistors and structures. The transis-
tor leakage current is further subdivided into
the intrinsic leakage current and radiation-
induced leakage current. The intrinsic leakage
current is composed of the subthreshold leak-
age current and pn-junction leakage current.
Nanometer transistors carry the gate leak-
age current and the leakage current induced
by the potential at the drain as well [8].

The radiation-induced leakage current
of n-MOS transistors is caused by the accu-
mulation of the positive charge in STI oxide,
triggering of parasitic n-MOS transistors and
formation of parasitic leakage paths which are
classified into the interdevice and intratran-
sistor ones in the general case. Figure 2 dem-

onstrates a cross section of CMOS structures
of leakage paths. Figures 3 and 4 demonstrate

the leakage indicated at the level of library
elements with different status of inputs and
memory cells.

Accordingly, the radiation models of logic
elements with different status of inputs and
memory cells depending on the data writ-
ten in the SRAM IP-block are created based
on the dose examination of n+-n+ and n+-
n-well structures and transistors in different
modes under exposure to radiation [9]. Char-
acterization files are formed for various levels
of accumulated dose. This makes it possible
to evaluate the level of dose hardness as early
as at the stage of static timing analysis of the
design.

At present the method is being validated
for 90 nm technology. A set of comprehensive
radiation tests at various temperatures and
in various modes on several chips will allow
evaluating the accuracy of this approach with
due account of the manufacturing tolerance
of device parameters.

STRUCTURES AND BLOCKS

FOR EXAMINING THE BULK
RADIATION EFFECTS IN VLSI
SOCS

Bulk radiation effects in VLSIs arise when mas-
sive particles enter active structures [6]. Sin-
gle (SEU, SET) and multiple (MBU, MCU)
effects in logic and memory elements as well
as latch-up (latch-up, SEL) are of highest
interest in terms of test chip examination.

An array of serially connected logic ele-
ments with the corresponding test environ-
ment makes it possible to examine the short
voltage pulse (SET) arising when a mas-
sive particle enters digital elements. The test
environment serves for measuring very short
impulses (dozens of picoseconds), ring oscil-
lators and SRAM memory blocks.

The topic of the short impulse measure-
ment in logic elements is widely covered in the
literature and some variants of the test harness
are proposed [10, 11]. A ring oscillator does not




Uy | vdd

U,y | vdd

Puc. 4. Paduayuonnvie modeau sueek namsamu ¢ 0003HaveHuem padua-
YUOHHO-UHOYUUPOBAHHBIX MOK0G ymeuKu: 1 — 6Hympumpan3ucmopHole,
2 — mexcnpubopHule n+-n-kapmat, 3 — mexucnpuboprsie nt-n+, «0»,
«I» — noeuueckue cocmosanusa npu 06ayueHuU

Fig. 4. Radiation models of memory cells with radiation-induced leakage
currents indicated: 1 — interdevice n+-n-well, 2 — interdevice n+-n+,
3 — intratransistor

aKTyaJbHBIMU CTAHOBSITCSI METO/bI TTOAABIEHUs TaKUX 3Gb(HeKTOB
npu npoekTupoBaHuu. OnHUM U3 Haubosee 3HHOEKTUBHBIX CPEIU
HUX SIBJISIETCSI BBIOOD M OMTUMM3ALMsI MAaPaAaMETPOB JOTHYECKOM
uenu. Mccnaenosats naHHbli MeToa o3BoIsiI0T KT, mocTpoeHHbIe
Ha pa3JIMYHbIX JIOTUYECKUX JIEMEHTaX, C pa3HbIMU KoadduineH-
TaMU Harpy3Ky U MOILTHOCTH 2JIEMEHTOB.

HawubGonee uyBcTBUTENIbHOI K c6010 oT TY sBNseTcst siueiika
MaMsITH, TTOCKOJIbKY [UISI ee MepeKTIoUYeHUsT TpeOyeTcs] MUHU-
MaJbHOE KOJMYECTBO U30BLITOUHOTO 3apsiaa. [loaToMy onMHOYHBIE

TEXHOAOIrMM ¥ KOMIIOHEHTHI MUKPO- 1 HAHOSAEKTPOHUKH

Puc. 5. Tunosas cmpykmypa oas uccaedosanus THD
Fig. 5. A typical structure for latch-up investigation

1 MHOTOKPAaTHBIE COOM UCCIIEAYIOTCSI TOJIBKO B 6J10KaX MaMsITH € BO3-
MOXHOCTBIO 3aITUCH U CUMTHIBAHUS MHOOPMALMU U3 HAKOMUTE S
1151 ToCcTpoeHu s puznueckoit KapTel cooes. [Ipy aToM HaKONUTEIb
CTPOUTCS Ha sTYeiKax MaMsITH ¢ Pa3IUYHBIM KOHCTPYKTUBHO-TOMO-
JIOTUYECKUM HCTIOJTHEHUEM IS UccleqoBaHUs 3P heKTUBHOCTH
COOTBETCTBYIOLIUX METOOB TPOSKTUPOBAHM .

Wccnenosath npossiaeHue TO npu nonaganuu TY mo3Boasior
MPaKTUYECKU BCE MPEIIOKEHHBIE TECTOBBIE JIEMEHTHI, OTHAKO Hau-
0oJjiee MPOCTOI CPenu HUX SIBASIETCS TUMOBASI P-N-pP-N-CTPYKTypa
C IpUBS3KOI n+ U p+-o0jacTeil K COOTBETCTBYOUIMM MOTEHIIUA-
JaM (puc. 5). AHAJIOTMYHBIM MO IPUHLMITY MTOCTPOEHHUSI TECTOBBIM
2JIEMEHTOM SIBJISIETCSI MACCUB STUCEK MaMsITU, KOTOPBII TaK ke M03BO-
JISIET OLIEHUTb YPOBEHb CTOMKOCTU K TO M MpoaHaJIu3upoBaTh pas-
nuaHble KoHGurypamuu PC sueek mamMsiTi, OAHAKO MTPU ITOM SIBJISI-
eTcs 6oJiee MoKa3aTeJbHBIM U HATJISTHBIM.

3AKAIOYEHME
ABTOpBI CYMTAIOT, YTO B JAaHHOU pabOTe HOBBIMHU SIBJISIIOTCS CJIEIY-
0L Me Pe3yJIbTaThI.

require any additional test harness, unlike the
logic elements. Single voltage impulses from
the massive particle are studied using the oscil-
lograph record of the output frequency of the
ring oscillator, where such impulses cause func-
tional failures. In this case SRAM IP-blocks
do not ensure an adequate evaluation of their
tolerance to single voltage impulses because the
intensity of this effect depends to a large extent
on the block access cycles and their dynamics.

Scaling down and speeding of transistors
result in an increase in chip sensitivity to sin-
gle voltage impulses from a massive particle.
The methods for suppressing these effects at the
design stage are therefore becoming important.
One of the most efficient ones is the selection
and optimization of logic circuit parameters.
Ring oscillators with various load and power
coefficients built using various logic elements
make it possible to explore this method.

A memory cell is the most suscepti-

ble to a failure caused by a massive particle

because a minimum quantity of excess charge
is enough to switch it. That is the reason
why single and multiple failures are consid-
ered only in memory blocks with a capabil-
ity of writing and reading the data from the
storage circuit in order to build a physical
failure map. In this regard the storage circuit
is formed on the basis of memory cells with
different constructive and topological design
to investigate the efficiency of the correspond-
ing design approaches.

Almost all proposed test elements allow
examining latch-up in the presence of a mas-
sive particle. However, the simplest of them is
a typical p-n-p-n structure with contacts of n+
and p+ regions to the corresponding potentials
(Fig. 5). A memory cell array is implemented
based on a similar concept; it allows evaluating
the latch-up tolerance and analysing various con-
figurations of radiation-hard memory cells, being
at the same time more representative and illus-
trative.

CONCLUSIONS

The authors consider the following results

as novel:

1. The concept of the test chip, which implies
developing a test chip for various purposes
with the corresponding set of studies and
requirements to the structures and blocks
being examined.

2. The typical composition of the experi-
mental test chip including structures and
blocks for radiation tests. It has been dem-
onstrated that the stage of development
and examination of test chips is the key
one in the VLSI design flow irrespective
of its purpose.

3. The method of experiment-based calcula-
tion of VLSI dose hardness based on cre-
ating radiation models of standard digi-
tal elements and memory cells accord-
ing to the results of radiation characteris-
tic examination of the test structures and
transistors on the test chip.




1.

AOKAAABI KOH®EPEHIIUU

Konuenuus cozganus TK, koropas npeamnonaraet pa3paboTky
TK a5 pa3nu4YHBIX 1eJiell C COOTBETCTBYIOIIUM KOMIIJIEKCOM
ucciefnoBaHuil 1 GopMupoBaHUEM TPeOOBaHUN K UCCIEIYEMbIM
CTPYKTypaM U GJ10KaM.

Tunosoii coctaB 3KkcnepuMeHTalbHOro TK, B KOTOpBIi BXOASIT
CTPYKTYPBI U OJIOKU [JIs1 IPOBEIEHU S paJuallMOHHbIX UCTIbITa-
Huii. [TokasaHo, 4TO 9Tan pa3padboTKM U UCCIEIOBAHUS TECTOBBIX
KPUCTAJIJIOB SIBJSIETCSI OCHOBHBIM B MapuIpyTe MPOEKTUPOBAHU S
CBUC He3aBUCUMO OT €ro MPpUMEHEHU .

MeTon pacueTHO-3KCIepUMEHTAIIbHOI OIIEHKU T030BOI CTOKOCTH
CBUC, ocHOBaHHBII Ha CO30AHUM PaJMALIMOHHBIX MOJIEJIEH CTaHIapT-
HBIX IU(HPOBBIX AJIEMEHTOB U sIUeeK MaMSITH 110 pe3ybTaTaM paaua-
LIMOHHBIX UCCIIEIOBAHUIT TECTOBBIX CTPYKTYP ¥ TpaH3uctopos Ha TK.
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