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[pemwiokeHa METOMMKA TPUMEHEHUST CPEICTB BU3YATbHOM aHAJTUTUKU [UIST YIIPABJIEHUST KaYeCTBOM TEXHOJOTMYECKUX MPOIECCOB
dbopmuposanust kprucraioB CBUC. PaccMoTpeHo npuMeHEeHMe MPEeIoKeHHOW METOAMKY YIIPABICHUsT KAa4eCTBOM Ha MpuUMepax
0OHapYXeHUsT HEUCTIPABHOCTH MMITTAHTEPA U IPOEKTUPOBAHUSI TECTOBOM CTPYKTYPhI KOHTpOJIs conpoTusieHus LDD-o6macei.
Knrouesoie crosa: euzyanrvhas anarumuka,; npubopHo-mextonozuveckoe modeauposarue;, CbUC, ynpasnrenue kayecmeom.

A technique for using visual analytics to control the quality of VLSI crystal forming processes has been proposed. The application
of the suggested quality management technique has been considered using as an example the detection of an implant failure and the
designing of test structure for controlling the resistance of LDD areas.

Keywords: visual analytics; TCAD simulation; VLSI; quality management.

BBEAEHUE 13 HauboJiee aKTyaJbHBIX ¥ BaXKHBIX MPOOJEM MPOU3BOACTBA, pellle-
[MpoGyiema ynpapienust KauectBoM npousBonctsa CBUC ¢ cyOMUKpoH- HUe KOTOPOIi MpeAcTaBisgeT co00ii BechMa CJI0XHYIO 3amauy. Jleso B ToM,
HBIMU pa3MepaMMU 2JIEMEHTOB B HACTOSIIEE BpeMs ABJISAETCA OMHOM YTO TEXHOJNIOTMYECKUii mpouecc nmpoussoncrsa CBUC HacuuThIBaeT



HECKOJIBKO COTE€H OTACJIIbHBIX TEXHOJTOTMYECKUX onepauﬂﬁ, IIpU 3TOM

Kaxnast orepanus B TOU I MHOI CTETICHU BIUSIET HAa BBIXOIHBIE TTapa-
MeTpsl u3rotaBiauBaemoii CBUC. [TosToMy HE0OXOIMM KOHTPOJIb OTKJIO-
HEHUSI MapaMeTPOB TEXHOJOTMYECKOro Mpoliecca, YTO peaausyeTcs
0OBIYHO MPU MOMOLIY U3MEPEHU ST 2TEKTPODU3NIECKUX TAapAMETPOB CIie-
LMAJbHBIX TECTOBBIX CTPYKTYpP. OIHAKO B psifiec ciydyaeB UMEIOLIUICS
Habop TECTOBBIX CTPYKTYP He Bceraa 061aaeT BO3MOXKHOCTBIO MTpeiocTa-
BUTD MOJHYI0 MH(GOPMALIMIO O TapaMeTpax TeXHOJIOTMYECKOTro MpoLecca.

B aT0ii cuTyauu UMEIONINCS MHCTPYMEHT TTPUOOPHO-TEXHOIO-
TMYECKOTO MOJETMPOBAHUSI MOXET ObITh 3 (MEKTUBHO UCITOTb30BaH
HE TOJIbKO AJIS MPOTHO3a 3JeKTPOhU3MYECKUX TapaMETPOB 3JIeMEH-
ToB CBUC, uTO Mconb3yeTcst Ha 3Tare MPOeKTUPOBAHMS KauecTBa,
HO TaKXe MMO3BOJISIET BBISIBUTD OTIEPAIIMIO0 TEXHOJIOTUUECKOTO TTpollecca,
Ha KOTOPO# MOT Tpou30iTH cOoii pexxnuma usrotosyieHus. Ha ocnose
MOJy4YeHHO! MHGOPMALIMY MOXHO TPOBECTH aHATU3 BO3MOXHOCTU
BBITTOJTHEH U ST TEXHOJOTUYECKUX BO3AEHCTBUIA, MO3BOJUBIIUX ObI HEli-
Tpajau30BaTh MOCIEACTBUS COOS pexkMMa TEXHOJIOTUYEeCKOro 0060pynoBa-
HUs1, TEM CaMbIM MOBBICUB KaueCcTBO U3roToBIeHMs1 KpucTaios CBUC.

YIIPABAEHUE KAYECTBOM ITPOU3BOACTBA
KPUCTAAAOB CBEPXBOABIIINX NHTEI'PAABHBIX
CXEM

VrpaBieHue KauyecTBOM IMpousBoactBa KpucraiaioB CBUC moxeT
OBITh YITPOILIEHHO MPEICTaBJICHO B BUJIE pean3alluu TPEX MOICUCTEM:
* TojacucTeMa obecrieyeHu s Ka4yecTBa;

* TOACUCTEMa KOHTPOJIS KaYeCTBa;

* TIOACUCTEMa YIpaBJICHUST KAYeCTBOM.

TMoacucrema obecrneyeHUs] KayeCTBA MOXKET OBITh YIPOIIEHHO
MpeacTaBieHa B BUIe 0JJOK-CXeMbl, TPUBEACHHOM Ha puc. 1.

I nst obecneueHust kauectBa CBMC HeoOXoaAMMO UCITOIb30Ba-
HHUE B €IMHOM KOMIIJIEKCE Pa3JIMUHbBIX CPEACTB MPOEKTUPOBAHMUSI.
Tak, HanpuMep, Ha OCHOBE TEXHUYECKUX TpeOOBAHUI K BBIXOJI-
HBIM TMapaMeTpaM CXeMBbl ¢ TToMoIlbio cxemoTexHU4Yeckux CATIP

INTRODUCTION
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yYCTaHABJIUBAIOTCS TPeOOBAHUS K TTapaMeTpaM OTIEIbHBIX KOMITOHEH-
TOB — TPaH3UCTOPOB, PE3UCTOPOB, KOHAEHCATOPOB. DTU MapaMeTPhl
10 3a/IaHHOMY aJITOPUTMY DKCTPATUPYIOTCS U3 Psifa dMEKTPUIECKUX
XapaKTePUCTUK, 3aBUCSIIIMX OT KOHCTPYKIIMY KOMIIOHEHTa ¥ TEXHOJIO-
ruu ero popmupoBaHus. CBsI3b MeXAY KOHCTPYKIMEI, TEXHOJIOTHEH
U 3JIEKTPUUYECKUMU XapakTepucTukamu KomnoHeHta CBUC ycranas-
JIMBAETCs C TOMOLIBIO CUCTEMbI TPUOOPHO-TEXHOJIOTMYECKOTO MOJe-
nupoBaHus. [IpenBapuTeNbHO BBIIIOJHSETCS CTPYKTYpHAs U mapame-
Tpuyeckas uaeHTudukanus (Tak Ha3piBaeMas KajanbpoBka) Moneeit
TEXHOJIOTUYECKUX OTiepallMii 1JIsT 0OecreyeH sl 3alaHHOW TOYHOCTH
MPOrHO3a MapaMeTpoB KayecTBa HA OCHOBE MOJCIMPOBaHMS. 3aTeM
Ha OCHOBE WH(MOPMAIIUY O TOTTYCTUMBIX OTKJIOHEHUSIX DJIEKTPUIECKUX
rapamMeTpoB MCCIeTyeMOro KOMIIOHEHTA, MOXHO C TIOMOIIBIO CUCTEMbI
TTPUOOPHO-TEXHOJIOTUUECKOTO MOIETUPOBAHUSI OLEHUTD KOdhuim-
€HTBI BIUSTHUS TEXHOJIOTMYECKUX PEXMMOB Ha TapaMeTPhl KauecTBa.
Ha ocHoBaHMYM MONTYyYeHHBIX PE3YJAbTATOB OMPEAESIOTCS NOMYCKH
Ha Bapyally TEXHOJOTMYECKUX PEKMMOB U OCYILECTBIISIETCS X BHIOOD.

C ucrnojib30BaHUEM MTPUOOPHO-TEXHOJOTMYECKOTO MOJICIMPOBa-
HUS OUEHUTh MPoUeHT Bbixoaa rogHbix CBUC MoXHO cieayommum
o6paszoM. CHayaja ¢ MOMOILBIO METOAA CTATUCTUYECKHUX UCTIBITAHU I
MonTe-Kapio cienyer creHeprpoBaTh HECKOJIBKO BBIOOPOK CTyyaii-
HBIX 3HAUEHU 1 TapaMeTPOB TEXHOJOTMYECKOTO Mpoliecca, a 3aTeM
TIPOBECTH MPUOOPHO-TEXHOJOTUUECKOE MOJIETMPOBAHNE TTPU BCEX CTe-
HEPUPOBAHHBIX CIYYAWHBIX 3HAUCHUSIX PEXKMUMOB TEXHOJIOTUUECKOTO
npoiiecca. [Tociae 3TOro He06GXOMMMO OIEHUTH OO BHIOOPOK, MTPH
KOTOpbIX pyHKIIMOHANbHBIE mapaMeTpsl CBUC mpusHaiorcest ynos-
JIETBOPUTEJIbHBIMU. DTa A0JISI BHIOOPOK M OyIeT OTPaxaTh MPOLEHT
BBIXOJA TOAHBIX. TOYHOCTD MOTYYEHHOI OLIEHKH OyIeT TeM BBIILIE, YeM
0oJbllie Cay4YailHbIX BBIOOPOK OyneT npoaHaausupoBaHo. C apyroit
CTOPOHBI, TP 00ECIIeYeHU U KauyecTBa ClelyeT YUUThIBAaTh U BpEeMEH-
Hble OTPAHUYEHU S, TOCKOJbKY BpeMsl IPUOOPHO-TEXHOJIOTMYECKOTO
MOJEIMPOBAHMUS 1aXe Ha JOCTATOUHO MOILLHBIX KOMITBIOTEPaX MOXET
JIOCTUTATh HECKOJIBKUX YACOB.

The quality control problem of VLSI produc-
tion with submicron sizes of elements is cur-
rently one of the most urgent and important
production problems, whose solution is a very
difficult task. The fact is that the technologi-
cal process of VLSI production has several
hundred separate technological operations,
with each operation to some extent influenc-
ing the output parameters of the VLSI manu-
factured. Therefore, it is necessary to control
the deviation of process parameters, which
is usually realized by measuring the electro-
physical parameters of special test structures.
However, in a number of cases, the existing set
of test structures does not always have the abil-
ity to provide complete information about the
parameters of the technological process.

In this situation, the existing tool for
TCAD simulation can be effectively used not
only to predict the electrophysical parameters
of VLSI elements, which is used at the design
stage of quality, but also allows one to iden-

tify the operation of the technological process

at which the manufacturing mode failed.
On the basis of the received information, it is
possible to analyze the feasibility of perform-
ing technological influences that would neu-
tralize the consequences of the technological
equipment regime failure, thereby improving
the quality of VLSI crystal manufacturing.

QUALITY MANAGEMENT OF VLSI
CRYSTAL MANUFACTURING

The quality management of VLSI crystals can
be simplified in the form of three subsystems:
« subsystem of quality assurance;

« subsystem of quality control;

« subsystem of quality management.

The quality assurance subsystem can
be simplified in the form of a block diagram,
shown in Fig. 1.

To ensure the quality of VLSI, it is nec-
essary to use various design tools in a sin-
gle complex. So, for example, on the basis
of technical requirements for output param-
eters of the circuit with the help of schematic
CAD, the requirements for the parameters

of individual components (transistors, resis-
tors, capacitors etc.) are established. These
parameters are extracted from a set of electri-
cal characteristics according to a given algo-
rithm, depending on the design of the com-
ponent and the technology of its formation.
The connection between the design, technol-
ogy and electrical characteristics of the VLSI
component is established using the system
of TCAD simulation. Preliminary structural
and parametric identification (the so-called
calibration) of the models of technological
operations is performed to ensure the speci-
fied accuracy of the forecast of quality param-
eters on the basis of modeling. Then, based
on information on the permissible deviations
of the research component electrical parame-
ters, it is possible to estimate the coefficients
of the effect of technological regimes on the
quality parameters with the help of the TCAD
simulation system. On the basis of the results
obtained, tolerances are determined on the
variation of technological regimes and their
choice is made.
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Fig. 1. Simplified block diagram of the VLSI production quality assurance subsystem

INPUBOPHO-TEXHOAOI'MYECKOE
MOAEANPOBAHUE KAK S9AEMEHT IIOACUCTEMBI
KOHTPOAS U YITPABAEHUSI KAYECTBOM
Ipu60OpHO-TEXHONIOTUYECKOE MOIETMPOBAHUE SBIISIETCS HE TOJBKO
OJIHUM U3 MHCTPYMEHTOB 00eCIieyeH s KauecTBa, HO TaKXKe M03BO-
JIeT aHAJM3UPOBATh PE3YJIbTAThl IKCIIEPUMEHTA B Cllyyae OTKJIO-
HEHUSI TEXHOJOTMYECKUX PEXUMOB 0OpabOTKM MapTUM IJa-

CTHUH U OLEHUTDH BECIINYNHY OTKJIOHECHUSA PEXKUMOB. CxeMaTU4YHO

npoiecc ynpasiaeHus kKauectsBom CBMC B aTom ciyyae nmokasaH
Ha puc. 2.

[poliecc okaaM3aum TEXHOJIOTMYECKOI orepalum, Ha KOTOPOii
npousolues c60it, MOXHO onucaTh cieaylomum oopasom. CHavyana
Ha OCHOBE MPUOOPHO-TEXHOJOTHIECKOTO MOIETUPOBAHM S BBISIBIISI-
I0TCSI B3aMMOCBSI3M MEXIy IMapaMeTpaMu KauyecTBa M TEXHOJOTuYe-
CKUMU PEeXUMaMU BBHITIOJTHEHWS OMepanuii. DTH pe3yabTaTbl MOTYT
OBITH O(OPMIICHBI, B YACTHOCTH, B BUJIC TPUINHHO-CJICNCTBEHHOMI
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Fig. 2. The subsystem of quality control and quality management of VLSI production

nuarpamMmmbl Mcukassl [1]. Ha ocHOBe pe3ysibTaTOB U3MEPEHUI U YIIO-
MSTHYTOM AUarpaMMbl BHIIBUTAETCSI TUIOTE3a O MPUYNHAX BO3ZMOXK-
HBIX U3MEHEHUIi TTapaMeTPOB TEXHOJIOTMYeCKOro npouecca. B psiae
cJiy4aeB TUIOTE3bl MOJXKHBI ObITh TAKMUMU, YTOOBI CYIIECTBYIO-
masi mpoleaypa aTTecTallii 000pyIOBaHUS He TTO3BOJISIIA OBl YBU-
neTb coon B ero pabore (3TOT MpHUEM ellle Ha3bIBAlOT AMBEPCUOH-
HBIM aHaJIU30M). 3aTeM C TTOMOIIbIO TOM Xe CUCTeMbl TPUOOPHO-
TEXHOJIOTUYECKOTO MOIETUPOBAHUS TIPOBEPSIETCSI COCTOSATETBHOCTD

chopMyTMPOBaHHON TMMOTE3bI U e1aeTCs MPEII0XKeHMEe 00 ycoBep-
LICHCTBOBAHUHM MpOILIecca aTTecTallu 000PYIOBaHMSI UJIM O pa3pa-
60TKE TOMOJHUTEIbHBIX TECTOBBIX CTPYKTYP KOHTPOJIsI TapaMETPOB
TEXHOJIOTMYECKOTO Tpolecca.

B ciydae OTKJIIOHEHMS TapaMeTPOB TEXHOJIOTMYECKOTO Mpolecca
BO3MOXHO Ha OCHOBE MPUOOPHO-TEXHOJOTUYECKON MOIEIN OLIEHUTh
BO3MOXHOCTH pecTaBpalliy U3TOTABINBAEMBIX TIJIACTHH, a UMEHHO,

MmoKa3aTh, KaKylo 00paboTKy MJIACTUH M C KAKUMU peXKUMaMU
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ClIeIyeT BBITIOJTHUTD, JIJISI TOTO YTOOBI 00ecTeunTh MonaaaHue napa-
METPOB KaueCTBa B YCTAHOBJICHHbIE TEXHUYECKUM 3aIlaHUEM I'PAHUTIBL
JOTTyCKa.

Kpome Toro, MHCTpyMEHT MPUOOPHO-TEXHOJIOTUUECKOTO MO U~
pOBaHU S MO3BOJISIET MPOEKTUPOBATH KOHTPOJIbHO-U3MEPUTETbHbIE
CTPYKTYPBI MapaMeTpUUIeCcKoro MoHUTOpa. Tak, B paboTe [2] Ha OCHOBE
MPUOOPHO-TEXHOJIOTMYECKON MOJIEN U3JI0KEHbI Pe3YJIbTaThl POEK-
TUPOBAHUSI TECTOBOU CTPYKTYPBI KOHTPOJSI YPOBHSI JIETUPOBAHM S
LDD-o6nacreii.

Huxe Gynet onucaHo, Kak Takasi CTpyKTypa MO3BOJIMIa ITpoaHa-
JIM3UPOBATh FONHBIE U 3a0paKOBaHHBIC TIJIACTUHBI U JIOKAJTN30BATh
MpUYUHY Opaka.

KOHTPOAD U YITPABAEHUE KAYECTBOM
TEXHOAOI'MYECKUX ITPOLTECCOB ®OPMMPOBAHUSA
OAEMEHTOB CBUC C UCITOAB3OBAHUWEM CUCTEM
IMPUBOPHO-TEXHOAOI'MYECKOI'O MOAEANPOBAHUV A
HA ITPUMEPE OBHAPYJXEHUSA HEVICITPABHOCTU
OBOPYAOBAHUS NOHHOM NMITAAHTALIIA
OnHMM 13 BO3MOXHBIX TPUMEPOB ITPUMEHEHU ST CUCTEM MTPUOOPHO-
TEXHOJIOTMYECKOT0 MOJETMPOBAHNS TIPU KOHTPOJIE U yIIPAaBICHU YN
KauyeCTBOM M3rOTaBJIMBAEMBbIX ITJIACTUH OBbLJIO OOHAPYXEHUE HEeWC-
MMPaBHOCTH B paboTe UMMJaHTepa. Jleso B TOM, UTO 1O pe3ysibTa-
TaM MOOIEePAITMOHHOTO KOHTPOJISI OBIJIO yCTAHOBJIEHO, YTO B OMHOM
13 MapTUil MJIACTUH MOPOTOBOE HANPSKEHUE TMOJIEBOTO TPaH-
3MCTOPa 0Ka3aJoCh CYNIECTBEHHO 3aBBIIIEHO MO OTHOIIEHUIO
K TAaKOMY MapaMeTpy Ha IMJIacTUHaX Apyrux naptuii. [IpoBemseH-
HBIl aHAaJTU3 BO3MOXHBIX MPUYMH TAKOTO YBEJIUYCHUS MOPOTrO-
BOTO HAMPSIKEHUSI MO3BOJIUJI BBIACIUTH CIACAYIOL[ME BO3MOXHbIE
dakTophI:
1. VBenuuuiach TOJNIIMHA MOA3ATBOPHOTO OKHUCIIA;
2. B okwucie U3MeHUIIOCh COOTHOLIEHHE IPUBHECEHHBIX B TEXHOJIOT M-
YeCcKOM TpolLiecce 3apsiJioB;
3. M3meHuJ0Ch JlerupoBaHue kapMaHoB uiu LDD-o6nacreii.
[IpuuyMHHO-CIIeICTBEHHAS AUArpaMMa BIUSTHUSI TEXHOJIOTHYECKUX
mapaMeTpoB Ha TOPOTOBOE HATIPSIXKEHUE TTpeicTaBIeHa Ha puc. 3.

[lepBblit dhakTOp OBIJI MPOBEPEH HAa OCHOBE aHaJiU3a BOJIbT-
dapanHbeix xapaktepucTuk MOII-KoHaeHCcaTOpa, SBISOIIETOCS
ONHUM M3 TECTOBBIX DJEMEHTOB MapaMeTPUIECKOTO MOHUTOPA.
PesynbTaT mpoBepKu oKa3zajcsi OTpULATEIbHBIM. TO €CTh TONIIMHA
MOA3aTBOPHOTO OKMCIIA CYLIECTBEHHO HE U3MEHUIACh.

Bropoii ¢hakTop Obl1 MpoBepeH OTXKUTOM IJIACTUHBI, B ITpoliecce
KOTOPOTO BCe 3apsifibl B OKMCIIE AOJXKHBI ObLJIM PeKOMOMHUPOBATH
U, KaK CJeICTBME, IOPOroBoe HAIMPSIKEHUE MOJIeBOro TpaH3UCTOpa
TIOJIXKHO ObI10 HOpMaJin30BaThest. OMHAKO MPOBEIEHHBII OTXKUT OLLLY-
THMBIX PE3YJIbTaTOB TAKKe He aJl.

Kpome u3MepeHHOTO TOPOTOBOTO HAMPSI)KEHUSI OCHOBHOTO TPaH-
3UCTOPA, OBLT U3MEPEH aHAJIOTUYHBIN MapaMeTp Mapa3uTHOTO, «TOH-
HOTO» TPaH3UCTOPa, BEJIMYUHA KOTOPOTO OKa3ajach nmopsiaka 20 B,
YTO OBLJIO CYIIECTBEHHO MEHbIIIE PACCUUTAHHOTO B pe3yJbTaTe Mpu-
GOPHO-TEXHOJIOTUYECKOTO MOIETUPOBAHUS.

[MonyyeHHbIe pe3yabTaThl MO3BOJUIN BHIABUHYTH TUTIOTE3Y O TOM,
YTO B KapMaHe MOJEeBOT0 TPaH3UCTOPA U3MEHUJIOCH COOTHOILIEHUE
MEX/1Yy MOBEPXHOCTHOI U TOHHON KOHLEHTPAaLUUsIMU Jerupyloneit
MpUMECH.

155t 00bsICHEHM ST 9TOI TMIOTE3bl OBbLJIO BBIITOJIHEHO MPUOOPHO-
TEXHOJOTMYECKOE MOJEJIMPOBAHUE BCETO TEXHOJOIMYECKOTO LIMKJIa
npousBoacTBa CBUC, KoTOpOe MoKa3aio, YTO TAKOE BO3MOXHO JTUIIb
B TOM cJlyyae, ecJiM Heprus rnpoiecca riyooKoro JJerupoBaHus Kap-
MaHa IMOJIeBOT0 TPAH3UCTOPA METOIOM NOHHOW MMTIAHTAIINY YMEHb-
muTCcs B 3 pa3a (4TO CBSI3aHO ¢ BO3MOXHOI IMOTepeil 3apsiia Tpex3a-
PSANHBIMUA MOHAMM JIETUPYIOIIEH TPUMECH U UX TaJTbHEUIINM yCKOpe-
HUEM, HO yKe 10 9HEPTUU B 3 pa3a MeHblIIeil 3aIaHHOI UMILIAHTEPY).

CrnenyeT OTMETUTh, YTO CTAHAAPTHBIN MpOLlECC aTTeCTaluu
MMILJIaHTepa, OCHOBAHHBII HAa U3MEPEHUSIX MOBEPXHOCTHOTO COMPO-
TUBJICHUSI COOTBETCTBYIOLIEH TECTOBON CTPYKTYPHI TapaMeTpuye-
CKOTr0 MOHUTOpA, He MOKa3aJ HEUCIIPaBHOCTU B paboTe YCTAHOBKH,
MOCKOJIbKY MOBEPXHOCTHOE COMPOTUBIIEHUE IJIAaBHBIM 00pa30M 3aBU-
CHT HE OT 9HEPI1H, a OT 103bl JIETUPOBaHMUS (CM. puc. 4), KOTOpasi ocTa-
JlaCh HEM3MEHHOM.

BeiaBuHyTas rumnores3a nmodyamia K AajlbHelilieid mpoBepke
KavyecTBa pabOTHl UMIIJIAHTEpA, KOTOpasi OOHApYXXUJa HAJIUIUC

Using the TCAD simulation, it is possi-
ble to estimate the yield of suitable VLSIs
in the following way. First, using the Monte
Carlo statistical test method, several sam-
ples of random process parameter values
should be generated, and then an instru-
ment-technological simulation should
be performed for all random process values
generated. After this, it is necessary to esti-
mate the fraction of samples in which the
VLSI functional parameters are recognized
as satisfactory. This percentage of samples
will reflect the yield of those that are eligi-
ble. The accuracy of the obtained estimate
will be the higher, the more random sam-
ples will be analyzed. On the other hand,
with quality assurance, time constraints
must also be taken into account, since the
time of instrument-technological modeling
can reach several hours even on sufficiently
powerful computers.

TCAD SIMULATION AS AN
ELEMENT OF THE QUALITY
CONTROL AND MANAGEMENT
SUBSYSTEM

TCAD simulation is not only one of the qual-
ity assurance tools, but also allows you to ana-
lyze the results of an experiment in the event
of technological modes deviation of wafers
processing and to estimate the magnitude
of the deviation of the regimes. Schematically,
the VLSI quality management process in this
case is shown in Fig. 2.

The process of the technological oper-
ation localization, on which the failure
occurred, can be described as follows. First,
on the basis of TCAD simulation, the rela-
tionships between quality parameters and
technological modes of performing opera-
tions are revealed. These results can be for-
malized, in particular, in the form of a causal
diagram (Ishikawa diagram) [1]. Based on the

results of measurements and the above dia-
gram, a hypothesis is advanced about the
causes of possible changes in the technologi-
cal process parameters. In a number of cases,
the hypotheses should be such that the exist-
ing procedure for attesting equipment does
not allow one to see failures in its operation
(this technique is also called sabotage anal-
ysis). Then, with the help of the same system
of TCAD simulation, the consistency of the
formulated hypothesis is checked and a pro-
posal is made to improve the process of equip-
ment attestation or to develop additional test
structures for monitoring the parameters
of the technological process.

In the case of process parameters devi-
ation, it is possible to assess the possibility
of wafer restoring to be manufactured on the
basis of the TCAD model, namely, to show
what wafer treatment and with which regimes

should be performed in order to ensure that
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mempa kavecmea

Fig. 3. The causal diagram of the process parameters influence on the threshold voltage of the field-effect transistor as a quality parameter

MOBBIIIEHHOTO OCTATOYHOTO JaBJIEHUsI B ero paboueii 30He, UTO yKa-
3BIBAJIO HA IPUCYTCTBUE TAM aTOMOB ra3a, OT KOTOPBIX IO KaKUM-TH00
MPUYMHAM HE YAaJT0Ch U30aBUTHCS M HATMYNE KOTOPBIX MOXET MPH-
BOIUTH K IMMOTEPE YaCTH 3apsiia TPEX3apsiAHBIMY NOHAMHU JIETH Y IOTIe i
npumecu dochopa.

J17151 OKOHYATEeIbHOI MTPOBEPKU IMIIOTE3bl 00 U3BMEHEHU Y SHEPTUU
JIETUPOBAHUS OB MOATOTOBIEHBI KCIIEPUMEHTalbHbIe 00pa3Ilbl
MJIACTUH, JeTUPOBAHHbBIE TPeX3apsiAHBIMU HOHaMU docdopa, mocie
4Yero 3TH o06pasiibl ObLIM OTIpaBieHbl HA BUMC-aHanus, pe3yabraThl
KOTOPOTO MPeACTaBICHbI Ha pUC. 5.

W3 prcyHKa BULHO, YTO AEMCTBUTEIBHO MPOU3OLLIO TPEXKPaTHOE
YMEHbIIIEHUE 9HEPTUH JIETUPYIONIUX HOHOB. [1oJydyeHHBIEe pe3yTbTaThl
TMO3BOJINJIN JIOTTOJTHUTH TIPOIIECC aTTeCTallMi UMTIJIAaHTepa, BKIIOYUB
B Hero BUMC-aHanu3 B KauecTBe 00s3aTeIbHOTO 3JIEeMEHTa aTTecTa-
107078

AHAAN3 TOAHBIX 1 3BABPAKOBAHHBIX

I/IBAEAI/Iﬁ C ITIOMOIIIBIO OITEPAIIM KOHTPOAS
IIAPAMETPOB LDD-OBAACTEM

B nmpeabiayiiem pasaesie pedb 1ijaa 06 ornepanuy JeTripoBaHus Kap-
MaHOB IOJIEBBIX TPAH3UCTOPOB, KOHTPOJIb 32 BHIIMTOJHEHUEM KOTO-
POl OCYIIECTBJSIJICS C MCIOJb30BAHUEM PE3UCTUBHBIX CTPYK-
Typ U cTpyKTyp MOII-KOoHAeHcaTopoB. OQHAKO HA TOT MOMEHT
KOHTpOJb 3a co3naHueM LDD-o6macreit, KoTtopble (hopMHUpoBa-
JIUCh JIETUPOBAHUEM OAHO3apSIIHBIMU MOHAMU MaJIO dHEPTUU
(5—30 k5B) 60pa (nast p-KaHaJIbHBIX TPAH3UCTOPOB) MU pochopa
(1T n-KaHaJbHBIX TPAH3UCTOPOB), €Ille He ObIJ BBEACH, MOCKOJbKY

MoTepst 3apsiia MOHAMU B 3TOW TEXHOJOTMYECKOM ONepaluy CUm-
Tajach MajoBeposiTHON. OxHaKoO, KaK IMoKa3alu UCCIIel0OBaHNu S,
HasJMyue aaxe HeGosblIoro ciost (mopsiaka 100—200 A) ocrarou-
HOTO Pe3KCTa UM OKUCIA MOXET HApYIIUTh (GYyHKIITMOHUPOBAHUE
TPaH3UCTOPHOU CTPYKTYphI [2]. HeoOGXx0nMMO MOAUYEPKHYTh, UTO
KOHTPOJIb 103bl JIeTUpoBaHus pu popmupoBanuu LDD-o6nacTeit
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Puc. 4. Bauanue snepeuu uonos aecupyroujeii npumec Ha N08ePXHOCNHOe
conpomuenenue obaacmu KapMana noAe60e0 MpaH3ucmopa npu NOCMo-
AHHOU 003€ NecUupo8anus

Fig. 4. The influence of the energy of dopant ions on the surface resistance of

the field-effect transistor pocket at a constant dose of doping
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Ha OCHOBE HM3MEpPEHUS COMPOTUBIIE-
HHUS TECTOBBIX CTPYKTYpP IapaMeTpuue-
CKOTO MOHHUTOpA OB 3aTPYAHEH B CBSI3U
¢ Tem, uto LDD-061acT B «<4UCTOM BUIE»
He MPUCYTCTBOBAIM B TECTOBBIX CTPYKTY-
pax mapaMeTpU4YeCKOro MOHUTOpA: UMEJIO
MECTO JUOO MX BKJIIOYEHHE MOCIeI0Ba-
TEJAbHO € 00JIACThIO IETUPOBAHUST KapMa-
HOB (MMeIOLIMX OO0JIbIlIee COMPOTUBJIEHHE),
JIN60 TapaIeIbHO C CUJIbHOJIETUPOBAHHOM
00J1acThIO MCTOKA/CTOKA (MMEIOIeil MeHb-
mee conporupieHue). [loaTomy Gbina pas-
paboTaHa creuMajbHas MIECTUKOHTAKT-
Hast CTPYKTypa KOHTPOJISI COTPOTUBIIEHU ST
LDD-o6nacTeit, onucaHue KOTOPOi mpu-
BeneHo B [2]. CienyeT elie pa3 OTMETHUTh,
4YTO, KaK IMoKa3ajao NpubOpPHO-TEXHOIOT U~
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YeCcKOoe MOJIeIMPOBaHUe, Ka4eCTBO JIETUPO-
BaHus1 LDD-o6snacTeit ype3BblyailHO UyB-
CTBUTEJIBHO K TOJIIMHAM CJIOEB OCTATOY-
HOTO pe3ucTa U OKUCIa.

PaszpaboTaHHasi cTpyKTypa TMO3BO-
JINJIa YyCTAHOBUTH MPUIYUHY Opaka B OMHOM
W3 MapTUil TJIACTUH, B KOTOPO# MOPOTro-
BbI€ HATIPSKEHU S TOJIEBBIX TPAH3UCTOPOB 0Ka3ajlucCh MPUMEPHO
B 2 pa3a BBIIIIE YCTAHOBJIEHHO HOPMBL. [1py 3TOM CTPYKTYPBI KOH-
TPOJIsSI CTENIEHM JeTUPOBAHMUS KAPMAaHOB U CHUJIBHOJETMPOBAH-
HBIX 00JIaCTENl He MMEJU CYIIEeCTBEHHBIX OTKJIOHEHU B BEJIU-
YKMHE COMPOTUBICHUN OTHOCUTEIbHO CPEAHUX 3HAYEHU I 110 mmap-
TusiM. M3aMepeHHas TOJIIMHA MOA3aTBOPHOIO OKMCJA TaKXKe
He uMeJjia OTJIMYUi OT 3aJaHHON HOPMBI. CyIIeCTBEHHOE OTKJIO-
HEHME OT 3aJlaHHON HOPMBI OBIJIO BBISIBJIEHO TOJBKO MPHU M3MeE-
PEHWMM BEJIMYUHBI conpoTuBiienns LDD-o6nacteit. Ha puc. 6—7

Puc. 5. Pezyaomamor BUMC-anaauza no oyenke kavecmea pabomst umnianmepa: Jlecuposarue
mpex3apaouvimu uonamu ¢ anepeueil 360 ke (3xcnepumenm — kpueas 1 u modeauposanue — Kpu-
6as 2). Jlecuposanue uonamu c snepeueir 360/3 = 120 kD¢ (modeauposanue — kpugas 3)

Fig. 5. Results of SIMS analysis for assessing the quality of the implanter’s work: Doping with triply
charged ions with an energy of 360keV (experiment — curve 1 and simulation — curve 2). Doping with
ions with an energy of 360/3 = 120keV (simulation — curve 3)

MOKa3aHbl BOJbTaAMIIEPHBIE XapaKTEPUCTUKH PE3UCTOPOB
Ha OCHOBE 00JtacTeil N- U p-THUIA JIETUPOBAHMS IJIST TOMHBIX TJ1a-
CTUH, a Ha pUc. 8—9 — aHaAJOTUUYHBIC XapaKTEPUCTUKH B TAPTUU
OpakKOBaHHBIX TJIACTHUH.

Kak BUAHO 13 NMpUBEIEHHBIX PUCYHKOB, PE3UCTOPHI, cHOpMU-
poBaHHbie u3 LDD-o06aacTeit, B 6pakoBaHHOI MapTUU MJIACTUH
MMEIOT KaYeCTBEHHO JIPYTyI0 BOJIBTAMIIEPHYIO XapaKTEePUCTUKY
10 CPAaBHEHWIO C aHAJIOTMYHBIMU PE3UCTOPAMU M3 MaPTUU FOTHBIX
miaacTuH. [1o3TOMy, B COOTBETCTBUM C TPUYNHHO-CIIEACTBEHHOM

the quality parameters fall within the toler-
ance limits established by the technical spec-
ification.

In addition, the tool of TCAD simula-
tion allows one to design control and mea-
suring structures of a parametric moni-
tor. So in work [2] on the basis of the TCAD
model the results of test structure designing
for control of the LDD-regions doping level
are presented. Below it will be described how
such a structure allowed one to analyze the fit
and rejected wafers and to localize the cause
of the reject.

CONTROL AND QUALITY
MANAGEMENT OF VLSI
ELEMENTS TECHNOLOGICAL
PROCESSES USING THE

SYSTEMS TCAD SIMULATION

ON THE EXAMPLE OF THE ION
IMPLANTATION EQUIPMENT
FAILURE DETECTION

One of the possible examples of TCAD simu-
lation system application in the control and

quality managemant for the produced wafers
was the detection of a malfunction in the oper-
ation of the implanter. The fact is that accord-
ing to the results of the operational control
it was established that in one of the wafers
batches the threshold voltage of the field-effect
transistor was significantly overestimated
in relation to such a parameter on the wafers
of other batches. The analysis of possible rea-
sons for this increase in the threshold voltage
made it possible to single out the following
possible factors:
1. The thickness of the gate oxide increased;
2. In the gate oxide, the ratio of the charges
introduced in the technological process
changed;
3. Well or LDD areas doping changed.

The causal diagram of technological
parameters influence on threshold voltage
is represented on Fig. 3.

The first factor was tested basing on the
analysis of the MOS capacitor volt-farad char-
acteristics, which is one of the test elements
of a parametric monitor. The result of the test

was negative. That is, the thickness of the gate
oxide did not change significantly.

The second factor was verified by the wafer
annealing, during which all charges in the
oxide had to be recombined and, as a conse-
quence, the threshold voltage of the field-effect
transistor should be normalized. However, the
conducted annealing did not yield any tangi-
ble results.

In addition to the measured threshold volt-
age of the main transistor, an analogous para-
sitic “bottom” transistor parameter was mea-
sured, whose value turned out to be of the order
of 20V, which was much less than the calcu-
lated TCAD simulation.

The results obtained made it possible
to propose a hypothesis that in the well of the
field-effect transistor the ratio between the
surface and bottom dopant concentrations
changed.

To explain this hypothesis, TCAD simu-
lation of the entire VLSI production techno-
logical cycle was performed, which showed

that this is possible only if the energy of the
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Puc. 6. Borbmamnepnas xapakmepucmuka mecmogoi CmpyKmypbl KOH-
mpoas LDD-o6aacmeil n-muna y 200HbIX nAGCMUH

Fig. 6. Volt-ampere characteristic of the n-type LDD-regions control test
structure in suitable wafers
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Fig. 8. Volt-ampere characteristic of the n-type LDD-regions control test
structure in reject wafers
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Puc. 7. BorvmamnepHas xapakmepucmuiKa mecmogoi cmpyKmypsl KOH-
mpoas LDD-o6aacmeii p-muna y 200HbIX RAACMUH

Fig. 7. Volt-ampere characteristic of the p-type LDD-regions control test
structure in suitable wafers
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Fig. 9. Volt-ampere characteristic of the p-type LDD-regions control test
structure in reject wafers

deep doping well process for the field-effect
transistor by the ion implantation method
decreases by a factor of 3 (due to the possi-
ble loss of charge by three-charged ions of the
doping impurity and their further acceleration,
but already up to energy 3 times lower than the
preset implant).

It should be noted that the standard process
of the implanter attestation based on corre-
sponding test structure surface resistance mea-
surements did not show a malfunction in the
plant operation, since the surface resistance
mainly depends not on the energy but on the
doping dose (see Fig. 4), which remained
unchanged.

The proposed hypothesis prompted further
implanter’s operation quality testing, which
revealed the presence of an increased residual
pressure in its working zone, which indicated
the presence of gas atoms there, which for some
reason could not be disposed of and whose
presence could lead to the loss of a part of the
charge by triply charged ions doping impurity
of phosphorus.

For the final verification of hypothesis dis-
cussed, experimental wafer samples doped
with triply charged phosphorus ions were pre-
pared, after which these samples were sent for
SIMS analysis, the results of which are shown
in Fig. 5.

It can be seen from the figure that
a threefold decrease in the energy of the
doping ions actually occurred. The obtained
results allowed one to supplement the pro-
cess of the implanter attestation, includ-
ing SIMS analysis as an obligatory element
of certification.

ANALYSIS OF FIT AND REJECTED
‘WAFERS USING THE PARAMETER
CONTROL OPERATION

OF LDD-AREAS

In the previous section we talked about the
operation of field-effect transistors doping
well, whose control was carried out using
resistive structures and MOS capacitor struc-
tures. However, at that time, control over the
LDD regions doping, which were formed

by doping with low-energy (5—30keV) single-
charged ions of boron (for p-channel transis-
tors) or phosphorus (for n-channel transis-
tors) had not yet been introduced, since the
loss of charge by ions in this technological
operation was considered unlikely. How-
ever, research has shown that the presence
of even a small residual resist or oxide layer
(of the order about 100—200A) can disrupt
the functioning of the transistor structure
[2]. It should be emphasized that controlling
the dose of doping in the formation of LDD-
regions based on measuring the resistance
of the test structures was hampered by the
fact that the LDD regions were not pres-
ent in the “pure form” in the test structures:
consequentially with an area of doping wells
(having greater resistance), or in parallel
with a heavily doped source / drain region
(having a lower resistance). Therefore, a spe-
cial six-contact structure for controlling the
resistance of LDD regions was developed,
whose description is given in [2]. It should

be noted again that, as demonstrated
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NUarpaMMOi, MOXHO JIOKAJM30BaTh MPUYUHY ABYKPATHOTO MTOBbI-
LIEHW I TOPOTOBOTrO HATIPSIXKEHU ST KaK COOIi TpU BBHITIOJHEHU U OITe-
pauuu aerupoBanus LDD-o6nacTeit, BBI3BaHHBIM TU00 HATUYMEM
3arpsi3HEHU I Ha MJIACTUHE, JTUOO HAJTUYUEM OCTATOYHBIX CJIOEB
okucna/pesucta. CienoBareynbHo, nepen dopmupoBanuem LDD-
oGyacTeil HEOOXOMMMO OCYIIECTBISIThH BU3YaIbHBI KOHTPOJb
MOBEPXHOCTH MJIACTUH Ha NMPEIMET HAJIMYMsI OCTATOUHBIX CJIOEB
pe3ucTa WJIM OKKCJIa, a TaKxXe 3arpsisHeHunit. Kpome Toro, mepen
GopMupoOBaHUEM 3aIIUTHOTO OKHUCIIA CIEAYET MPOBEPSITh YUCTOTY
MOBEPXHOCTH IJIACTUHBI, a TAKKe MOCTOSTHHO KOHTPOJIUPOBATH €TI0
TOJIIIIUHY.

BBIBOABI U PEKOMEHAAIINN
[MpuGopHO-TEXHOIOTUYECKOE MOIETUPOBAHNE MOXET ObITh HEOTHEM-
JIEMBIM MHCTPYMEHTOM KakK 00ecreyeHusi, TaK U KOHTPOJISI U yIpaBie-
HUSI KAU€CTBOM TEXHOJOTUUYECKHUX MTpolieccoB. C ero moMoIbio MOXeT
OBITh pa3paboTaHa MPUUYUHHO-CIAEACTBEHHAsI IMarpaMMa U BBITIOJI-
HEHa OLEHKAa BBIXO/1a TOAHBIX MPHU 3a1aHHOM pa3bpoce TeXHOJoruye-
CKMX PEXMMOB.

Kpome Toro, aTOT MHCTPYMEHT MO3BOJISIET ONMEPATUBHO MPOBE-
PSITh TUIIOTE3bl BO3MOXHBIX IPUYUH Opaka, MPOBOLUTH TUBEPCHUOH-
HBII aHAJIM3 C LIEJTbIO YYUIIeHUST KAYeCTBa BBITTYCKAEMbIX MUKPOCXEM
¥ aHAJIU3a Y3KUX MeCT B pa3paboTaHHOM TEXHOJOTUYECKOM MapIIpyTe

CTPYKTYP KOHTPOJISI, UTO OBLJIO MPOIEMOHCTPUPOBAHO TP pa3paboTKe
CTPYKTYpPBI KOHTpOJIs JerupoBanus LDD-o6nacreii.

Takum 06pa3oM, B cTaThe MPEIJIOKEH KOMIITIEKC METOAMK, MTO3BO-
JISTIOIIM I 00ECTIeYnTh YIpaBlieHUEe KAYeCTBOM TEXHOJIOTMYECKHUX MPO-
1eccoB npousBoactsa CBUC.
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by instrumentation and technology, the
quality of LDD regions doping is extremely
sensitive to the thicknesses of residual resist
and oxide layers.

The developed structure made it possible
to establish the cause of the reject in one of the
wafer parties, in which the threshold volt-
ages of the field-effect transistors turned out
to be approximately 2 times higher than the
established norm. At the same time, the con-
trol structures of the well doping and heavily
doped regions did not have significant devia-
tions in the resistance value relative to the aver-
age values by different parties. The measured
thickness of the gate oxide also did not dif-
fer from the set norm. A significant deviation
from the given norm was revealed only when
measuring the resistance of LDD regions. Fig-
ures 6—7 show the current-voltage character-
istics of resistors based on the n- and p-type
doping regions for suitable wafers, and in Fig-
ures 8—9 show similar characteristics in a batch
of defective wafers.

As can be seen from the figures above,
resistors formed from LDD regions
in a faulty wafer batch have a qualitatively
different volt-ampere characteristic in com-
parison with similar resistors from a suit-
able wafer batch. Therefore, in accordance
with the cause-effect diagram, it is pos-
sible to localize the reason for the double
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increase in the threshold voltage as a mal-
function in the LDD-alloying operation,
caused either by the presence of impurities
on the wafer, or by the presence of residual
oxide / resist layers. Therefore, before form-
ing the LDD-areas, it is necessary to visually
check the surface of the plates for the pres-
ence of resist or oxide residual layers, as well
as contaminants. In addition, before forming
the protective oxide, it is necessary to check
the cleanliness of the wafer surface, as well
as constantly to monitor its thickness.

CONCLUSIONS AND
RECOMMENDATIONS

TCAD simulation can be an integral tool for
both ensuring and controlling and manag-
ing the quality of technological processes.
With its help, a causal diagram can be devel-
oped and an estimate of the technological
regimes yield suitable for a given spread can
be made.

In addition, this tool allows you to quickly
test hypotheses of possible reject causes, con-
duct sabotage analysis in order to improve the
quality of manufactured microcircuits and
analyze bottlenecks in the developed techno-
logical route of their production.

The tool of TCAD simulation is also
an integral aid for the development of test con-

trol structures, which was demonstrated when
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developing a control structure for LDD regions
doping.

Thus, the article offers a set of techniques
that allow one to ensure the quality manage-
ment of VLSI production processes.
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