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Hepidndn

Ot XaTaoxE VUG TEC MUY WYV EXOLY ELCAYAYEL TOANG EQYOUNELD YLOL TOV ENEYY0 XOU TNV ToEAXON0LOT
oM TNE TOLOTNTAS TV BLBIXACLMY xoTaoXeLTic TNty otouyelwy xou tpaviiotop (PCM-Process
Control Monitoring) xota to otado e doxwwnhc. To otddio tne doxhc xenotponoteiton yLo
NV EVPECT) AC TOYLDY TOU TROEXLPaY Xatd TNy moparywyn, Ty "enixdpnon’ xde xataoxevacuévou
chip xau vt Ty ta€wvéunon Ghwv twv chip oe xatnyoples (m.y.pass/fail). H napoxolotbnorn xou
0 éxeyyoc tne dwdaoiog xataoxevic (PCM) emtuyydveton pe dopée doxuumv (test structures)
mou Tomobfetolvton uetady yertovixwy chip oto wafer ¥ evtéc tov chip xou e&dyouv dedouéua
v Toe oToyelor Tou anoteNoVUv To chip, to onolo allomololvion WoTe vo emtevyBel N emxdpwon
(emNéyoupe 1 anoppintouye eva chip 7 éva wafer avdloyo pe ta dedopéva mou e&dyovton and Tig
dopéc doxuic) xou N tadvounom tov chip. Auth 1 eV €xeL 0pIoUEVOUS TEPLOPLOUOVS OTOS: TO
uéyebog Tov Bouwv BoXINE, TOV XEOVO UETENONS XAk TNV UEYEAT TOGOTNTA O TATIO TIXWY OEOOUEVWY
uno enelepyaocio. Iapadooiaxd, ol douéc Soxiune amoteolvton and tpavlicTop, TUXVOTES, AVTLOTY
oelc YAT. O doxtulloeldelc TahavToTée €yxouv eniong avamtuybel yia douéc BoxY, dedouévou
OTL 1) LETENOT TNG CLYVOTNTAC TOUC elvan L Ypriyopn dladixacior xou 1 CUGYKETION TNG CUYVOTNTOG
aUTAG HE TNV anddoon Twv Tpavlictop elvar YvooTh. XN cuvéyewa o oyedlac ol Soués BoXng
mou Booilovion oyt u6vo oe SaxTuNLOEWE(C TohavTwTéS oANG xou oe Cross-Coupled tohavtotr xou
otnv uébodo CBCM (Charged-Based Capacitance Measurement). Xtnv noapoloa epyooio Ou
uexetoovpe xar Ba oxedidicouue Sopéc doxuwy mou Ba yenowonomboldv yia vo yopoxtnelcouy
TofnTnd otoyela (TUXVOTéS) xotd To 6Tddo TNe doxiunc. Oa avamtuylel pobnuatixde Tinog yia
TNV CUOYETION PETOEY TNG CUYVOTNTAG 1 AANWY UEYEDDY Xou TNE TS TOU TUXVWTYH. e auTh TNV
epyaotio ol douég doxrc oxedidotnxay oto Custom IC Design Tool trng Cadence® oe ey voroyla
45nm.

A€eic-KAe101&

Népoc tou Moore, Process Variation, Process Control Monitoring (PCM), Monte Carlo, Process

Models, Teyvoroyioa 45nm, Aopéc dixunc



Hgoi/myn




Abstract

Semiconductor manufacturers have introduced many tools to control and monitor the quality of
their fabrication processes (PCM-Process Control Monitoring) at test stage. The test stage is
used to validate every fabricated chip and to sort all chips into categories (e.g. pass/fail). Process
control monitoring (PCM) is achieved by scribe-line test structures which are placed between
adjacent dies on a wafer or inside the chip. Through these test structures data is extracted for the
devices that compose the chip. These data are utilized to achieve chip validation (data extracted
by test structures are used for the selection or rejection of a chip or a whole wafer) and chip
classification. This technique imposes some limitations such as scribe-line size, measurement
time and large amount of statistical data. Traditionally, PCM scribe-lines consists of single
devices such as transistors, capacitors and resistors. Ring oscillators have been also developed
as test structures, mainly for digital process, since the measurement of their frequency is a fast
task and the frequency correlation with transistor performance is well known. Subsequently, test
structures based on Cross-Coupled oscillator and CBCM method (Charged-based Capacitance
Measurement) will be designed. In this thesis, we will study and design test structures which will
be used to characterize passive devices (capacitors). The correlation between the frequency or
the current and the value of the capacitor will be developed. The test structures were designed

in Cadence ® Custom IC Design Tool at 45nm technology.

Keywords

Moore’s Law, Process Variation, Process Control Monitoring (PCM), Monte Carlo, Process

Models, 45nm technology, Test Structures
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Euyapiotieg

Ye auto To onuelo Ba ek va euyaploTHow dooug pe tn Porbeld toug Emanioy Eva GNUAVTING PONO
TNV ONOXATPOOT aUTHG TN Oladpounc. Ilpdta, TNV oxoyéveld you yia Ty aydmn, Ty oThelln,
Vv umouovy xat Ti¢ Buscieg Toug. Axdua, excivoug Toug xabnyntéc xau Pondolc mou xémacAY Yo
VO UETADWOOLY YVOCELS Xal EUTveLoT) xou Wwaitepa Tov x.Ilavarydmouho yior Tny ToAUTIUY GUVOEOUT
Tou oc aUTH TNV epyoacia. Ou Hlela, emlong, Vo LXUPIECTHOW TOUG QINOUC HOU Yial Ta UTEQOYOL
xeoViaL Tou mepdoaue pall xar v TNV oTHREY Toug ot oTIYUES dryyoug xou op@Borloc. Télog
BN va euyoploThon T Lovia, Tou oTdfnxe dlmha ou OXar aUT Tar XEdVia xai UE OTHPIEE GE ONEQ

TIc Suoxoniec.
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0.1 Ewoyoyn

0.1.1 O Noépog touv Moore

Ao T yéoa tou 200U AV 1) AVETTUEN TNS TEXVONOY OIS NAEXTEOVIXDY XUXNOUETWY fitary Toyelo.

Auth n eZENEN éxel 0dnyoel oe pelwon tou peyébous Tov oToyelny (Evepy®v xat TaNTXDY).

O véuog tou Moore eivon 1 mapathenon 6Tl o apludc Tov Tpavliotop ot €va TUXVO ONOXAT-
pwpévo xwpa Simhactdleton mepinou xdbe dvo yxpdvia. H mapatrenon nree 1o 6voud tng omod
tov Gordon Moore, cuwidputy| tn¢ Fairchild Semiconductor xou Aieubivov XouBouro tng Intel,
Tou omolou 1 epyasia Tou 1965 neplypdpel xdbe xedvo dinhactacud Tou apluol Twv aTtolxelwy avd
ONOXANEWUEVO xD¥AoUa. Avouéveton 6Tl auTtodg 0 pubude avdmtuéng Ba cuveyio el yLor TOLNY Lo TOV
wor axoun dexaetio. To 1975, avadedenoe tnv npdBredn tou, meofrénoviac T éov évay ahvleto

etholo LS avdmTuing 41,4%.

O vépoc tou Moore eivon 61evd cuvdedepévoc pe v xhwdxwon twv MOSFET (scaling),
YVOoTH Xt w¢ xAudxwon Dennard, xabog n taydtatn x\udxwon xan 1 dpopatixy| pelwon tou

ueyéboug tov MOSFETSs nupitiou eivan 1 Baouxy| xavnthpla d0Ovaun niow and to vouo tou Moore.

H npéPredm tou Moore anodelyfnxe oxplfric yio apxetés Sexaetie xan ypnowonodnxe ot
Broumnyavio nularywyoy yior var xalbodnynoet Tov Loxpomedfecuo TeoYeUUUATIONO TOV ETULRELWY Xol
va Béoer otoyoug yior T Tuduator €peuvag xan avdmtuing (R&D). H npoddoc ot dnproxd nhe-
XTEOVIXA CUCTHUNTA CUVOEETAL GTEVA YE TO VOUO tou Moore: oL TWég Twv Uxpoenelepyao oY
TPOCUPUOGUEVES 6 TNV ToldTnTa, adEnon xwentxdtntac uviune (RAM xou flash), Beltiwon oucbn-
Thewv xou avénom Tev pixels otic Pngplaxéc potoypapés unyoavés. H dmpuaxn nhextpovixn éxel
oLPENEL oTNY Ty xOoUaL OOVOUXT) avamTUEN o Tar TENT Tou 2000 xou oTIg aEYéS Tou 21ou audva.
O vépog tou Moore meplypdpel TNV xvnThAplo SUVOUN TNG TEXVONOYIXAG OAAG XU TNG XOWWVIXNG
OANY G, TNS TOEOY WYIXOTNTAC XU TNG OLXOVOUXNG AVATTUENC.

O véuog Tou Moore elvon pio TopathenoT xou TeoBoNT WS Lo TOPNS TIoNE Xt 0L VS PUOLXOS
vouog. Av xal 10 106056 al€nong twv tpaviictop dlatnenbnxe oxeddv oTabepd and to 1975 fng
T0 2012, ATtov o 0TEPO XTA TNV TEWTN SEXAETIO AmO TNV EXTOVNON NG EQYAUCIAG. XE YEVIXEG
Yeuupés, dev elvon Noyixd vo tneetton auth 1 TedPAed yia TepdoTio Ypovixd Bidotnua. O Aebvig
Teyvoroyxoc Xdptng yia toug Hulorywyolg npoéfiene to 2010 6t 1 avdmtuén Oo emifpaduvotoy
vOpw oto 2013. To 2015 o Gordon Moore npoéfiene 6Tl 0 puBUdS TEo6doU Bar @hdoer cTov

XOPEGUS, XETL TV, OTOS PAVETOL Xou GT0 TapaxdTe oyfua dev emBefarddnxe (Sy.fi). [1]
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50 Years of Moore's law
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Yo 1: Nopog tou Moore: O opfude tov tpaviictop ot didgopa chips (1971-2017)

0.1.2 AmoxAoN TNG TUAG XAEAXTNELO TIXWY TAONTIXN®Y XA EVERYTTIX®YV
OTOWEIWY ONOXANPOUEVOV XUXAOUATOV edoutiog TNng dradixaciag
XATACKELNG

Ogiwopoc

To Process Variation efvor 1 andxAiorn tne mparyotixc TWAS OPLOUEVWV YALUXTNELO TIXWY TWV
tpavliotop (W, L, Toyx, Vip) xou twv nabnuxdyv otowxelwv and tnv T mou Ba Bleke o oyedio-
otMg, N omola ogeiletar oV dadacia xataoxewric Toug. To T0c06TO TN ATOXAIONG TNS TWHS
TV xopaxtnelo Ty xobiototon Wiodtepa HEYENO o UixpdTERES TEXVONOYiES (< 65nm), Xxabide N
OTOXAION TNG TWAS TWV XOEAXTNEIO TIXMY Tou avopépbnxay (uhixog, mhdtoc) yiveton ueyahiTepo
TOGOCTO TOU UHXoUE 1| Tou TIAdTouE Tou oTolxelou. Enlong éoo mo pixpéc TéS XapaxTnelo TIXy
dlvel gL Texvoroyla, T600 Tol YoEUXTNELO TiXd auTd Tpoceyyilouv Tic BepeAddels Blao TAoES OTWG
10 U€yebog TV aTOUWY Xot TO UAXOC XOUATOC TOU PWTOC TOU YENOHLOTOLELTaL yiot T oyedlaon

wooxdy boypopiac|2].

H tuyaia andxiion tov yapoxtnplotixdy (random variation) unopel va oplotel og andxiion
vOpw and v ovopaotxh Tiwh (Mean Value), evéd 1 cUGTNUATIX ATOXNLIOY) TOV YAROXTNELO TIXDV
(systematic variation) umopel va oploTel wg 1 AmOXNON TS OVOUACTIXAC TWAS AT TNV oVOE-

vopevn. H tuyaio andxhiorn propel va mpoodloplotel e tn pétenon e tumxic andxione (o)

8-



Eoaywyn 29

Ou TNYES TNG ATMOKRALOYG (AULEAXTNELO TIXWY TV CTOWEIOV XAl TA ATOTEAECUAT

TNG OTNV XATACKEVY] OXOXATPOUEVOY XUXADOUATOV

Koipieg mnyéc amoxhicewmv etvou:
o ndyoc oewiov TOANE (vl MOSFET tpavliotop)
o tuyaia Staxpavon teooui&eny
o Iewpetpioa Xuoxeunc, Aboypagpla otnv teploy) TwV vovouétemy

IIio cuyxexpiuéva, ol mnyéc andxlong yopoxtneloTixwy yio T CMOS uropolv va xoatrnyopto-
rombBolv e 8Vo ouddec. H mpdtn opdda anoterelton and otopixé mnyéc ol omoleg Ba cuveyloouv
VOl TROGPEROUV TROXATCELS YLl TOUC XUTACKEVUC TEG. AuTh 1) ouddo tepthouPdver mnyéc amdxhiong
YACAXTNELO TIXWY NOY® EYYUTNTIC LAY, Noyw Tpaybtntas axuodv (LER-Line Edge Roughness),
NOyo droxdpavone e andotaone petadd dvo tunouévey yeauuoy (LWR-Line Width Roughness)
%o AOY W AmoXAGEOY 0TO IINAEXTEO UAXO TNne TOANG (T.y.anoxiioec ndyouc oZewdiov) [3]. H dwa-
YEELOT AUTOV TOV TNYOV ATOXNOCEWY anoutel TN CUVEXICT] PENTIOCEWY OGO APORY TNV XATACKELT
TOV GTOLXElWV.

H deltepn oudda mepthopufdvel Tnyeg amoOXNONG TOU €YX0UV EUPAVICTEL G ONUAVTIXES TRO-
YXAAoEC TaL TENeuTala xeovia.  Auty 1 opdda mephopfdver Ty tuyaia Sacduoveorn mpocuellewy
(RDF-Random Dopant Fluctuations), n onola oyetileton pe Tic euputeloelc Twv npoouiewy xou
™V anbxAon Tou oxeTileton Ye TNV x0xxuddn ugh Tou LoD e TOANG (tOleg tolurupttiou) (3.
Arnoutelton vor avamtuyBolyv véeg xauvotopieg xan otpatnyixéc PeXtinong ylor TV AVTETOTIOT TV
TEOPBANUETWY TOU dNULOLEYOUV OL TUEATAVW TNYES ATOXNCEWY.

To Process Variation (améxhiorn tne TWAS TV YApOXTNELOTIXOY TOV G TOVXEIWY) TEOXONEL Ue-
TeNoWn xou TEOPAEYIN amoOXNGT TNES EEO00L ONWY TOV XUXAOUATOV, OANG LWOIETERA TOV oVONO-
YUY XUXAOUATOV. Edv 1 andxAion Tov YaeaxTnelo TXWY TV CTOLEIWY TOV ONOXAPOUEVKY
XUXNOUETOV TEOXANEL PEYANES ATOXNIOES 0 TNV 2000 TOU XUXADUATOS, TOTE 1] GUVOAXT ambdoo
xou axpifeta Tou xUXAOUaTOS Petveta 2.

Av xou n ouveyrg Bradasio xhpdxwong Tov CMOS tpaviicTtop 0dnyel o TOANG TAEOVEXTH-
potat 600 APOEE. GUGKEVES XAl XUXADUOTA, TO TOCOOTO UMOXAIONG TV YAUPUXTNELOTIXGY (process
variation) au&dvetar doo wxpdtepa yivovton ta oTolxel. Ol amOXNCES GTO XoEUXTNELT TIXE TKV
OTOWEIDY UTOPEl TEOXUNEGOUV ATOXNICEL amd TIC AVOUEVOUEVES TIES €€000L. AUTEC Ol Topae-
TEWEC AMOXNICELS UTOPOUY Vo ETNEEACOLY GNUAVTIXG TNV ATOBOCT XUXNOUETWY LUYMAAC TordTnTag
XAl Y OUNATS Loy VoG,

H npdytn avapopd amdxiong yapaxtnelo Tixdy (process variation) oe nuiorywyols oy ond tov
William Shockley, cuv-epeupétn tou tpavlictop.

M avdiuom g ouvotnuatixic andxAong (systematic variation) mparypatonowifnxe and toug
Schemmert xon Zimmer to 1974 ye v epyacia Toug oxetnd ye v evancbnoio tdong xatweiiou
[2]. Auth n épeuva egétace v enidpoom mou elxe To ndyoc oZewdiou oY Tdom xATOPAOL TWYV

otoveiov MOS.
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Emnkéov, Noyw tng draduaciog x\Mudxnons, ol Tuxvetég yapaxtnellovton and Tuyola xou ou-
otnuatixy| anoior. ‘Etol, ol tuxveTéc €xouv TNy mparypaTixdTnTo plo i 1) omolo elvon dlopo-
eeT! amd aUTH Tou avauével o oxedlacThg. Autéd Ba unopoloe var TEOXANECEL amOXN(CELS and TNV

AVOUEVOUEVT] E€000 EVOC ONOXATIPWUEVOU XUXADUATOC.

Process Models

To epyootdoia Taporywy e NUary wy oY SLegdyouv avaNOOELS OYETIXA UE TN UETABANTOTNTA TV Yopd-
XTNELOTIXOY TV Tpaviiotop (WAxoc, TAdTOC, Ty oc 0Zediou, xAT.) xou Tov TadNTXdY oTor Elwy.
Avutéc oL peTproElg xoTayEAPOVTOL XAl THEEYOVTOL O TENATES OTWS XA OTLC ETHUPEIEC MUY WYY
[2]. Auté to alvolo apyelwy avapépeta yevixd we "model files” xau ypenowwonoteiton and to epyakeia
EDA (Electronic automation design) yia tnv npocopolwon xUxAoudtov.

Tumxd, To Topandve LoVTENA TEQIAOWUPAEVOUY ToL Process COrners, To OTold TPOCOUOLWVOLY TO
XOUAWUA OE XATAC TACELS OTOU EYOUUE TIG OXEULES ATOXNIOELS TWV YAUPAXTNELO TIXWY TOV G TOLYELWY
a6 to onolo anoteeltan. Autd ouvhbwe eivan To ovopaotixd onueio (TT), n yehyoen ywvia (FF),
1 oy yovia (SS), xau ta SF xa FS (Zx.B) [2]. O anoxhiceic tov xopaxtneiotindy twv tpaviotop

CUUTIUXVMVOVTOL GTNV AOXNLOT] TNG TAONG XATO@AOL armd auTy Tou BéXeL 0 oxedlac TAC.

ﬂ-‘\’mﬁ‘
. FS $ ss ¥

) Py
(Ill[} - 100mY ( %\|
4 N/

i l I | L .ﬁVTH
100mV 100mV *

. +—=100mV %

FF SF

1

Yyhua 2: Process Corners

Koatrnyopiec Tou Process Variation

To oyfua TapoxdTw (Ex.a) ouvo(lel TOUC OPLOPONE TWV TEGCEPMV BLUPORETIXWV XIUTIYOPLWY TOU

process variation. [4].
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Yyfuo 3: Katnyopleg Process Variation

IMTapaxorotBrnon Awadixacidv-Process Control Monitoring (PCM)

Ou Boyéc doxwng, oL onoleg moEEYOUV BLAPORES UETEHOELS TOU APOPOVY TOL XUEAXTNELOTIXE TWV
otoyelwv Tov xwopdtwv (PCM-Process Control Monitoring), sivou pépoc tou SPC (Statistical
Process Control). XenowonoloUvton yior Tov Yapaxtnelopd Tov OTOEIWY XaL ToV ENEYYO TN
teyvonoyiog. Enlong, ol douéc autég xpnoulomolobvTol yiol TOV XAeaxTNeloud TobnTixwy oToyelwy
(. TUXVOTES).

H emxdpwon (validation) tng amdédoone xuxhoduatoc oe oyéon Ue TS Tpodlorypapés TOU XU-
xhopatog ywpleton o dvo xVpla wéen. H emakifeuon (verification) xon ta otddior tne Soxuhc
(test stages) evronilovtan el xou Yetd TNV xotooxeur] Tov chip avuiotoiywe. H emakifeuon tou
HUUNGOUATOS XATE TN BLdpxela Tou oxedlacpol PacileTol O TEOCOUOUDOCELS, T ATOTENECUATA TWV
onolwv egaptodvTan Wwitepa and v axpifeia twv poviéov. To otddlo Soxhc yenoylonoteiton
vioe v var tagivounbel xdfe chip mou éxer xotaoxevaotel o xotnyoples (m.y. pass/fail).

Ewwd av to anoteNéopata tng enolifeuonc p€cwm TEOCOUOIWONS ol To ATOTENECUOTO TOU
otadiou doxiung Bev tanptdlouy TOTE 1) TEXVONOY(a Ye TNV omola xataoxeudletar to chip eeyyeton
v TV anodoon . ‘Etol to anoteléopata Twv dopdyv doxune PCM xabictavton evbiagpépo-
VIO X0l Yol TOL oVONOYIXd xuxhwyota.  To dedopéva amd Tic dopée autég elvon avoryxabor yLor TNV
ATOTENECUATIXT AVAIAUGT] TOV XUXAOUETOV Xt TV EE60wY TouC.

Moévo Nyec neproxés xenoyronootvta yio o SPC oTic onoleg dpwg undpyouv TOANES SOUES
doxuic (test structures). Ou dopéc Soxuwv PCM xootilouv yweo oto wafer xaw xpdvo uétpn-
ong. O apfudc Twv Soudv auTtdv xou 1 TeooTdldelor Tou xoTafoANeTon Yiar TIG OLdPOPES UETENOELG
eCoPTOVTOL OmO TIC TEOBLAYPUPES Xl TNV TOAUTAOXOTNTA TNG TEXVONOYIAS TOU Yenoluonoleital.
‘Etol, pepixéc exatovtddes €mg xou (INAOES dedoUEvVa eEdyovToL Xou AVAADOVTOL XOTd TN BldpxeLa

NS XUTAOXEVAC TV chips [E]
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0.2 IIepvypoapn IlpoPAfuatog-Xtoxoc Tng spyaciag

Adyo g xAudxwong Tou TepLypdpeTal Tapandve, to TpavlloTop xou Tor mafnTd oTowyElo lvon
adlvato vo efvar Wovixd xan vor €xouv axeldc TNy avauevouevn ouumeplpopd. Me Bdon doa
TepLypdpnXay Topandve ta TeavlioTop aha xou Tor TofnTixa aTor et xopoxtneilovtoul cuyve and
OTOXNIOELS TV YoPUXTNELO TGV TOoUG (process variation) amd i Tywég mou Ba feke o oyediac Thc.
[No mapdderypa o eva chip evog wafer xdmolol amd TOUC TUXVWTEG TOL XENOULOTOLOUVTOL UTOPEL
Vo €xouv TIY OLapopeTix amd auty mou B HeXe o oxediaotrc Tou chip. It awtd TOV NoYO
Ol XUTOOXEVAC TES €YOLV ELCUYAYEL TOANG EQYONELD YloL TOV EXEYYO XL TNV Topoxorovbnon tng
roldTnTag Ty Swdaotdy topaywyhc (PCM-Process Control Monitoring). Ye avth v epyaoia
npoteivouyue didpopec dopéc doxwnc (test structures), ov onolec Pploxovton oe xdnota onueia Tou
wafer xat HeETEOLY TNV TparyHaTiXy) TYWH TOXD UXp®V TUXVWTGY. Ol TpoTewvoueves Boués Soxiung
Aettoupyoly povo xatd tnv Sudpxelor Tou testing (émerta wbevian extdc Nertoupyiog) xou divouv
YeNoWES TANROPOpleC 6GO aPoEd TIC TEAYUATIXES TUWES GTOUXEIWY TV XUXAWUATWY. AV NOLTtov, oL
HeTERoElS Tou yivovTon (€8 yLot TNV TN TV TUXVOTOY) elvan EVTOE Twv oplnv Tou éyouv tebel Tote
To wafer nepvd otov meENdTN. Y& SLapopeTiny| MEQINTWOY XATAC TEEPETOL XOU ETAVAXATUOXEVALETOL
uéxpl OXa tar Sedopéva mou e&dryovTon amd T SopES BoxmY Vo glvan eVTOC TV 0plwv ToL €YouV

Telel.

0.3 To poviéla TOV CTOWEIWY TOU XETOLLOTOLNONXAY YL

TLC OOESG BOXLUNG XA VLA TOUG TUXVOTES UTO BOXLUN

0.3.1 To povtéda TV TpaviicoTop TOL XENOCLLOTOLHONXAY Yid TIG DOWES
SOXLUNAS

Yy epyooio auth dnwovpyRBnxay xou yenowonomdnxoy povtéra tpaviictop MOSFET (teyvo-
Noyio 45nm). ot i mopapétpous twv tpavliotop yenowonomdnxay povtéra tpoPiedne teyvo-
Noylac (PTM-Predictive Technology Models) [6]. Ilopéxouv axplfy xou npocopudoiua opyeia
HOVTENWY YLlo Bldpopeg tevoroyieg TpavlioTop. Autd to mpdTuma apyelar ovTéNwY elvon cupfatd
UE TOUC TROCOUOLWTES XUINWUATWY, 6w To Spectre.

INo tov xabopiopd TNg TUTXC AmOXALONEC TNE TAONS XATOPAIOL Vip, Tou peduatog Ig xon Tou
%p30UC gm ypnoronotolvton Monte Carlo mpocopoidhoeic ot xuxhGuate twv ynudtov f xo B.

To povréha yia ta tpaviioTop Tou dnwoupyooye eivor ouolaoTxd ta Tapaxdte (Ly.d):

To ov,, dlvetow and Tov TopoxdTw TOTO:

AVth AVth

o = - oy, = —— 1
VoS AL T WL o

6mov A,,, =1.92mV-um
Ta mopandve teavlioTop €X0UV TNV AVOUEVOUEVT] CUUTERLPORE 6G0 agopa To UEYEDn Vi, Ig

XL gm. DUVETC YENOWOTOLACOUE T LOVTENA TIOU ONULOURYNOUUE YLoL VO XUTUOXEVACOUUE TIG
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AV(]& AV(]&
(— ] -
-/ | -/ |

Tyhuo 4: Eynuatixd ta povténa tpavlioTop mou yenolporoldnxay

Ve C

-
)

Vv, C

Eyhua 5: To xbxhoyo mou xenotgonoinxe yio Tnv doxiuy) Tou wovtélou nmos tpavlicTtop

=

e

Yyfua 6: To xhwyo mou yenoyonomdnxe yio Tnv doxiur) Tou poviélou pmos TeavlicTop

OLdpopeg BOUES SOXUNG.
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0.3.2 To YwoVvTIENO TOU TTUXVWTY TOL XETNOLKOTOLONXE WS oTowyelo LUTO
SOXLUN

Ye auth TNV epyooia dnuoveyNBnXay HOVTENN TUXVOTOY Xo XeNoylotoliinxay owg cToryela uTd

doxur). AuTd T LOVTENX ELGEYOLY AOXNLOT (oEaXTNELo XMV (process variation) xou ota otoyela

uro doxut|. Erniong Bacilovtar xou oe d\Neg BLdpopec pEANO TIXES TOPUUETEOUS TWY TUXVWTMV.
O npocopowdoeic AC oty cuyvétnto tou 1kHz pe 1o mopaxdto xixhouo (Zyfl) xenowo-

TOLOUVTOL YLoL VoL ENEYEOLY EAV TO HOVTENO TIOU YENOULOTOLELTOL €)EL TOL AVAUUEVOUEVA ATOTENEGUATOL.

Vdc=0
acm=1 — Cour

Yo 70 Circuit used for capacitor testing

O mapaxdto utoloylouol xenowwonolotvTon Yoo TNV e€aywyr TS TWAS TOU TUXVWTY and 1

npocopoinon AC:

I
Y(s)= cap

= jwC = I.qp = jowC (2)

cap

oV Vegp =acm =1V eivau:
Slcap

Seap=0C = C= 5

3)

BéZovtac otov tehd tomo (3), tor dedopéva mou mpoéxuday Amo TEOGOUOLOOEL, TEOXVTTEL
OTL 0 TUXVOTHC AELTOUEYEL XATA TO AVOUEVOUEVO. DUVETWS UTOPOUUE VO YENOUWOTOLCOOUUE TO

CUYXEXQUIEVO HOVTENO YLOL VO TPOCOUOLWGOUUE To GTOLXElD UTLO Boxiu).

0.4 Aour 60%XLPNAC UE VO BAKTUALOELOEIC TANAVIWTESG

Trdpyouv TOANOL TEOTOL YAEAXTNELOUOY TV TUXVWTWY YECH amtd TNV cuyvoTnTa Tondviwons. O
amAOLG TEROS TEOTOG elvan Vo yenotdonondody 600 (Blol BaxTUNLOELSES TaNaVTOTES (XH). Kébe
TONVTWTAC amoTeENelTon and 55 atddio. Kdbe otddio €66 elvan évag amhog avTio Tpogeag (Ex.g). O

TEMTOS SUXTUNLOELDNC TONAVTOTAS TUPEYEL TNV CUYVOTNTA ovapoEds (fre f) xou 0 BeVTEPOC ToPEYEL
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o ouyvoTnTa, 1 onola elvan dueca ennpeacuévn and Tov Tuxve T utd doxuy (fpur). Méow autdv
TV 800 cuyvoTATWY xou TN xabucTépnong Tou avTIoTEOPEN, NaUPBAvourE TNV T TOU TUXVOTH

und Soxwn (Cpur). LNy epyaocia auth To otoyela und doxur elvon LOVO TUXVOTEC.

I Y

— CDL‘T

Eyhuo 8: O me®Tog SuxTUNOEWNAS TONVTOTAS TAREYEL TNV CUXVOTNTAL avapopdS (fref) X O
OEUTEPOC TUPEYEL it CUYVOTNTA, 1) ontolo Enneeacuévn and tov tuxveth urd doxuwy (fpur)

VDD

=

Input O— —O Qutput

-

Eyhua 9: O avTio Tpogéag Tou XeNOULOTOETOL Y10t TOUG BUX TUNMOELDELS TONAVTOTES UE Wymes = 2 um,
Womos =4 pm ot Lymos = Lpmos = 80nm

Kabévag and toug nopamdve avtiotpogels Bewpelton 6Tl etodyel TNy (Blor TopacLTIXT X0ENTIXO-

e Cr, bmwc gaiveton oto Lyhuo L0,
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=

Input O— O Qutput

—||: = C

Yy 10: O avTioTpo@Eag Tou YENOWOTOEITOL Yol TOUG OUXTUNLOEDEIC TANAVTWTEG UE TNV ONLXY)

TUEAUCLTIXY] XWENTIXOTNTU IOV ELGAYEL

0.4.1 MoaoOnpatixog TOUTOG YLl TOV UTOAOYLOWO TNG TEAYUATIXNS TLUNAS
TOU TUXVEOTA UTO BOXLUY

Adyw TV TURACLITIXGOY YWEeNTOTHTOY Tou etodyovton and to tpaviictop MOSFET tou avti-
otpogéa, undpyel xafuotépnon yia xdbe otddlo (tg). O tOnoC yior TV xoBuctépnon duddoong xdbe

otadiou elvar Yvwotde xou diveton napaxdto (7], [8] :

_CL-Vgq
tg=———
2'Iosc

(4)

onou:

CL: M O\ TAEACLTLIXY| Y WENTLXOTNTA AVTIO TROPEN

Vaa: m tdon tpogodoaiog

Iosc: TO pELUA TONAVTWOTG

Ipoxewévou va €xouue évav TeAixd TUTO Tou UTONOY(CEL TNV T TOU GTOLKEOL LTO doXxuu),
unoBéToupe 6Tl oL BVO TANAVTOTES €lval TOVOUOLOTUTIOL Xol OEV EMNEEGLOVTOL and ATOXAICELS Y a-
paxtnptoixwy (process variation). Autd onpoiver 6t xdfe otddlo éxel to Blo Cr, t0 B0 g
xou étol v (Bl xaBuotépnon Buddoong (tg). H ouyvotnto TaNdvTwong Tou mpdhdTou TaAAVTWT)

OOUTUNWY BIVETAL TAPOXAT:

1

fref = m (5)

OTOL:

N: o apfudc otadiov
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tq: n xabuotépnom diddoong oTadiou

Eivou mpogavée 6T 1 cuyxvotnta ToAdvTwong e&optdton and To xeovo xaductéenong otadiny
xaL oand Tov aplud TS TV oTadlwy. XNV QopUoYh Uag, TOo TENEUTHO OTAOO TOU BEUTEQOU
TaNVTWTY €xEL @opTio, To onolo elvan To cTovkelo umd doxwy. Emopévwg, to teleutalo 6Tdd0
€xeL dlaupopeTixy| xabuctépnon duddoang (t/d) and T AN otdota. H ouyxvotnta todviwong tou

deltepou ToavTWTY dlveTton Tapoxdto [[7]:

1
= ; 6
U= N D ta v, )
OTOL:
+ (CL+Cpur)-Vaa
d— ’ (7)
2'Iosc
oToL:

!

I,.: TO pedUO TTOU BLUPEEL TOV UAGDO TOU AVTIO TROPEN TOU TEAELTALOU GTUABIOU TOU ATOTENELTOL
and o NMOS tpavlictop.

Ipoxewévou va extyundel 1 Teory Lot THa TOU TUXVEOTH UTO BoXLUY| XENOLLOTIOWVTAS AUTH TN
dour| doxuwy, eivar onuavtixd va emteuydel évag teAixdg poldnuatinog tonog. XpenouonoldvTog

T e€lotoeig (4), (5), (6), (7) éxoupe tov TOTO Y TNV TWH Tou TuxveTh und pétenon (Cpur):

(8)

CDUT = _Iosc

N'Vdd'fref.

1 Lo (N - frof — foUT - (N = 1))
four

4 / ! 7
Av unoBécouvye ot Lose =15, TOTE:

9)

Iosc N'fre _fDUT'(N_]-)
Cpur = [ ! —1]

N'Vdd'fref‘ four

Ye autd To onuelo va onueEldooupe 6Tl Yo va e€aryOel 1 Twr Tou exdoTtote peduatog and éva

chip tou wafer ypeldleton xdmotor dANT dour| ye TNV onola Sev Aoy ONOVUUCTE GE AUTH TNV epyacio.

0.4.2 YmoAOYLOKOGC TNG MEAYPATIXNS TLUNS TOU TUXVEOTY LUTO WETETOT
wEow npoocopolwocewyv Monte Carlo

Kotd ) didpxeta tou testing pe tic Souéc doxtunc av oXot Aoy WBavind (xavéva xopoxTnelo Tixd
G TOLYEIOL TOU XUNNDUATOS BEV ATOXNIVEL UG TNV TWT TTOU EBWOE 0 OYEBLAC THE Kol O BOUES BOXTNG
elvon TeENelwg axplfric) TOTE YL ToEEDELY AL HETPMVTOS évay TuxvwTY Pe mparypate Ty 10fF, n
uétenon Ba €deryve axpBwg 10fF. Ouwg tirota and o napandvo dev Loy lEL GTNYV TEOYUATIXOTNTO
yiatl x80e oToLKElD EYEL XATOLOL ATOXNLOT| O TA YUPUXTNELO TIXE TOL amd aUTE oL BENEL 0 oYEBLIG TG
Tou xUXAGPaToc. Méoa and npocopoiwaoeic Monte Carlo Nowtév, otic onolec anoxhicec and ta
HEYEDN mou BENEL 0 oYEBLCTAG €YOUV ONAL Ta OTOLYE(D TOU XUXADUATOS, EEQYOUME TO XYXETIXO
opdipa xou to spread yio vo E€pouue ot T SudoTnua etvon mlovd va Peloxeton n pétenom evog
TUXVWTY YLt ToV 0Ttolo EEEOLUE UOVO TNV TIUY| TTOU TOU EBWOE O OYEBLIC TG Xl OYL TNV TEAYUITIXY

TOU T,
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No onuewwdel 6tL otnv mepintwon otny onola otig npocouownoelg Monte Carlo andxhiorn ya-
PUXTNELO TIXWY A6 AT IOV BENEL 0 oYXEBLUTTNG EXOUV HOVO OL TUXVWTES Xl OTNY TERIMTOOT G TNV
oTolol AMOXNLGT] YALUXTNELO TLXWY EX0LY ot Tal TEav({OTOR XL OL TUXVOTES TOTE 1) TN TOV TUXVK-
TGV UTO BOXUY| GTOUC TOEAXATO TUVAXES EVOL AUTY| TTOU EYEL DOGEL O OYEBLUCTHS KO 1) EXTILOUEVT
T TUXvVOTA ebval 1) T TNV onolo UETEAUE YE TIC DOMES BoXIAC. LTV TEp(TTwoT 6 TNV onola 0 TIg
npocopolwoelc Monte Carlo andx\ion yapaxtneio Tixwy and auta mou BéNel o oyedlactng €xouv
uovo o TeavlioTop TOTE 1) TYWH TV TUXVWTGY UTO BOXIUT| 0 TOUS TUEaX T TUVOXES EIVOL 1) TTROLY o
TIXT TUY TTOU €Y0UV Ol TUXVOTES XL 1) EXTUWWUEVY T TuXveTY elvan 1 T TNV omola UETEAUE HE
TIC OOMES BOXWNG. DUVETWS 600 apopd TNy axplfela uétenong, uog evolapépel xuplng 1 tepinTwon
otnv onola anoxAicelc eledyouy povo ta tpaviicTop Aol GTNV TERITTWOT AUTYH HETEAUE TNV TN
EVOC TUXVOTH 1) oTtola €lVOL YVWO TH) OE EUAC XOU UE AUTOV TOV TEOTO UTOROVUE VoL UTONOY(COUUE TO

TEOYHATIXO CPANUO UETENONG.

ITpocopoiwoeig pe process variation évov yia Tov TUXVEOTY VO SOXLUTY

Ye QUTEC TIC TPOGOUOLOTELS ENAPINTUY LTOYLY UOVO OL ATOXNIGELS TV YUEAXTNELT TIXWY TOU TUXVK-
T untd petenor. Yrobétouue otL Ta TpavlicTop elvan WOAVIXG xaL 6TL ToL GTASLYL TOL XAPE TANAVTOTH
%ol oL ToAVTeTES YeTah Toug elvon mavouoldtunol. H extipduevn T muxveth xou n Tumxi
anoxaion e€nfyOnoay aneubelag and v npocouolworn. Me Bdorn autd ta dedouéva dnuLovEyHooUE

1oV TapoxdTe Tivona fl.

IMvxvwrés vad Sowxwun (fF) | Extipdpevn tiutf wvevory (fF) | Tvrweq andxiion (f) | Spread (%) | Zodipa (fF) | Xyerwed opdiua (%)

1 -0,2447 0,0475 19,4115243155 -1,2447 -124,47

10 8,676 0,527 6,0742277547 -1,324 -13,24

20 19,37 1,052 5,4310789881 -0,63 -3,15

30 29,6 1,487 5,0236486486 -0,4 -1,3333333333
40 40,04 1,929 4,8176823177 0,04 0,1

50 50,18 2,407 4,7967317656 0,18 0,36

60 60,26 2,914 4,835711915 0,26 0,4333333333
70 70,06 3,278 4,6788467028 0,06 0,0857142857
80 79,84 3,768 4,7194388778 -0,16 -0,2

90 89,55 3,768 4,2077051926 -0,45 -0,5

100 99,07 4,583 4,6260220046 -0,93 -0,93

ITivaxag 1: Aedouéva mou e&dryovtar and tn npocouoiworn Monte Carlo otnyv onola eNfgpbnooy
uTOYLy UOVO oL ATOXNICELS TWV YAPAXTNELO TIXDY TOU TUXVWTN
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ITpocopoivroelg pe process variation wovov yia ta tpaviictop

O mivaxac P Ty TNXE Ue dedopéva and mpocouolwoel Monte Carlo. Ye autég Tic mpocouolnd-
oelc exfjpbnoay unddy povo ol anoxiicelc Twv xopaxTNEOTIXWOY Twv TeaviioTtop. Yrobétouue
OTL 0 TUXVOTAG LTO doxiuy| ebvan Wavixdg. Ou TohavTwTég Bev elvon TovouoldTUTIOL ETEWDT] %dbe
Teav((oTOp ELOAYEL DLOUPORETIXNT| ATOXNLOY) YALRUXTNELO TIXAY Xl ETOUEVWS XAE GTABIO BlopopeTixt
xabuotéonon. H extuduevn tiun muxveth xou 1 tumxn andxiion eEnybnoay arneubeiog and v

npocopoinon. Me Bdorn autd to Sedopéva BNULOVEYACUUE TOV TUEAXATO THVOXA.

ITvxvwrés vad Sowxun (fF) | Extipdpevn tyuf cvevory (fF) | Tvmwef andxiony (f) | Spread (%) | Zpdipa (fF) | Xyerwed opdiua (%)

1 -0,2474 0,08573 34,6523848019 -1,2474 -124,74

10 8,66 0,4852 5,6027713626 -1,34 -13,4

20 19,42 1,01 5,2008238929 -0,58 -2,9

30 29,55 1,442 4,8798646362 -0,45 -1,5

40 40,16 1,956 4,8705179283 0,16 0,4

50 50,25 2,386 4,7482587065 0,25 0,5

60 60,3 2,859 4,7412935323 0,3 0,5

70 70,04 3,26 4,6544831525 0,04 0,0571428571
80 79,95 3,753 4,6941838649 -0,05 -0,0625

90 89,65 4,22 4,7071946458 -0,35 -0,3888888889
100 99,26 4,625 4,6594801531 -0,74 -0,74

[Tivaxag 2: Aedopéva mou e€dyovtar and tn mpocopoiwon Monte Carlo otnv onola exfgpbnooy
uTOYLy UOVO oL AMOXNICES TWV YAUPAXTNELO TIXOY TV TeaviicTop

ITIcocopowwoelg e process variation yio Tov mMUXVETA UG BOXLUY XL YLdL T

tpavlicTop

O mapodtw mivaxac f QT TNXE PE Oedouéva and mpocopoiwoelc Monte Carlo. e autéc Tig
TEOCOUOLWOELS ENAPONCAY LTOPLY Ol ATOXNICELS TOV YULUXTNEICTIXWY TOU TUXVWTY UTO doxiuy
xat v tpavliotop. Thpa, ol Tohavtwtés dev elvan movopoldtunol enedn xdbe tpavlictop unopel
VoL ELOXYSYEL DLAPORETIXT AMOXNOT YopaxTnelo Txayv. Emlong, o muxvotig und doxuur| dev elvon
Wovixdg. H extipdpevn Twr tou muxvet xou 1 tumxy andxlion e&hxdnoay ancubelac and v

npocopoinon. Me Bdorn autd to Sedopéva BNULOVEYCUUE TOV TUEAXATO TUVOXA.

ITvxvwtés vd bosxun (fF) | Extipopevny tiun mvxvwry (fF) | Tvaweh andxion (f) | Spread (%) | Xpdipa (fF) | Xyerind opdipa (%)

1 -0,2482 0,9768 393,5535858179 -1,2482 -124,82

10 8,652 0,7302 8,439667129 -1,348 -13,48

20 19,3 1,475 7,6424870466 -0,7 -3,5

30 29,51 2,128 7,2111148763 -0,49 -1,6333333333
40 39,91 2,792 6,9957404159 -0,09 -0,225

50 50,04 3,469 6,9324540368 0,04 0,08

60 60,1 4,173 6,9434276206 0,1 0,1666666667
70 69,88 4,753 6,8016599886 -0,12 -0,1714285714
80 79,66 5,429 6,8152146623 -0,34 -0,425

90 89,43 6,043 6,7572402997 -0,57 -0,6333333333
100 98,84 6,655 6,7331040065 -1,16 -1,16

ITivaxag 3: Aedouéva mou e&dryovtar and tn npocouoiwcn Monte Carlo otnv onolo eNfgpbnooy
UTOYLY OL ATOXNIGELS TV YALAXTNELT TIXWY TwV Teavl(GTop X0t TOU TUXVKOTH UTH doXiuY
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Eivau tpogavéc 6Tt dtav oL amoxXoels Tov yapoxtneto Tixdy twv teaviiotop ayvoolvta (Iliva-
xac [l}), ou tiée tou Spread efvon pixpdrepec and NV TepinTOon Tou dev TapaAETovTal oL AmoXNoELS
YA TR TIXGY Xavevhe atowetou. (TTivaxac B). Autd onuaiver 6t o tpavioTop Twv otadiov
TWV TONAVTOTOV ELOSYOUV ATOXNCELS (OPOXTNELOTIXMY OL OTOlES ENNEESLOLY ONUAVTIXSE TNV TENL-
x) uétenon oco agopd to Spread. Elvou onuavtixd vo Peebel tpdmog va petwbel 1 emppor| twv
ATOXNCEOY AUTOV OTIC UETPNOELS YOG,

Axbun nopatnpolue 6T 1 dour| eTEd xavoTonTxd Tuxvetés oto didotnua 20fF-100fF (Xye-

O 0OANUA< 3%). Melovéxtnuol amoTteNel To YEYOVOC OTL elvon armapaitnTo vo ueteonbodv peduata.
vey P P P

0.5 Aow7 SOXLUNAG UE EVAY DAKTUALOELDT] TOAAVIWTY XL E-

VOV TOAUTIAEXTT)

‘Evog dANog TpdTog Yo TOV (ARUXTNELOUO TOV TUXVOTWV UECW TN CUYVOTNTUC TUNAVIWONG TEQRL-
YEAPETOL TAUEAUXATW. XE AUTH TNV EVOTNTA XETNOUWOTOLOUVTAL £VOG UOVO DUXTUNLOELONG TONAVTOTNASG
o évag rohumAéxtne (MUX) (Zy.[L3) (avapévoupe petwpévo Spread) yia tn uétenon tne Tk Tou
Ve Th uTd doxuur uéow e ouyvotnTac Tdviwone (SyfLl). O tohavtothc anoteNeitor omd
53 otddla. Kdbe otddio €6¢h elvon évag current-starved avtictpogéag (Ex.@). XpnoWomouwvTog
TOV TONUTINEXTY) Xalt V0L OO ETUAOYAC, ETLTUYYXAVOUUE VL €YOUUE TNV €000 TOU (BloU TONAVTWTY
X0 TN GUYVOTNTA AVOPOEES (fref) X TN cUXVOTNTO TOU EMNEEGLETAL Od TOV TUXVOTH LT BoxiT
(fpuT) avéhoyo ye Ty Tiwn Tou ohpatog emhoyhc. ‘Otav 1o ofua emhoyrc eivou 0V, 1 cuyvétnta
e€680u elvan 1 ouyvoTNTa AVaPopds (frer). ‘Otav to ofua emhoyhc elvon 1V, 1 cuyvétnta e£6d0u
elvon 1 ouyvoTnTa Tou enneedletar and tov ntuxvwth utd doxwd (fpur) [9]. Méow autdv twv dvo
oUYVOTATOV o TNG xabuocTépnone tou current-starved avtiotpogéa, Aowfdvouue TNV T TOU

tuxveoth und doxuy (Cpur).

—f

—_ CDUT

Select

Eyfua 11: ‘Otav 1o ofua emhoyrc etvon OV mopéyeton 1 frep xou 0Tay T0o o emAoYAC lvon 1V
Tapéyeton 1 fpur
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V Do

g

I
L]

Control _pmos O

Input —O Quiput

Control_nmos

LTI LI TETT

Yy 12: O current-starved avtioTpo@éag TOU XENOWOTOE(TOL VLol TA OTADLL TOU TUNAVIWTY| UE
Wimos =8 um, Wppos =16 um %ot Lymos = Lpmos = 80nm.

0.5.1 Moabnuatixdg TUTOG YLl TOV UTONOYLOWO TNG MEXYUATIXNAS TLUUAS
TOU MUXVEOTY UTO BOXLUT

Adyo tov ywentxotitwy mou ewedyovtouw and ta Tpaviictop MOSFET mou amoteholv toug a-
vilotpogeic xdbe otadiou, undpyel xabuctépnomn diddoone yia xdbe oTddo (tq), exToC and ta VO
TeENeuTola 6TEBL TOL TaNAVTOTH (Tor TENeUTada V0 G TddLL, 520 xan 530, €xouv BlapopeTixr) xofu-

otépnon diddoone). Ta v xabuc tépnon tou current-starved avtiotpogéa yenotponoteiton o (Blog
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f 3

Select 0— —O0 Qutput

y

=

Eyfuoe 13: O molumkéxtng mou yenoionoleitar ot Sour) doxunc xou amoTeENElTon 0 dVo TONEG
otENeVONG UE Wimos =5 pum = Wypmos %0 Lpmos = L pmos = 80nm.

tOnog pe v xoBuctépnon Tou amhol avTioTeoéa (Yot OXa Ta o TddlL ExTOC amd To 520 XL TO
530 otddo) (7], [10]:

_CL-Vyq

tg = 10
= (10)

onou:

CL: 1 oY) TopaolTixy| ywenTxoTnTa Tou current-starved avtiotpopéa

Vaa: m tdon tpogodoaiog

Ic,: 70 pelua mou péel péow tov Tpaviiotop NMOS tou current-starved avtictpogéa cto
€daoc.

KdBe éva omd tor otddlar Tou TaNavTOTH Elodyel xdmoleg xwentixotnteg efoutiag TV Teavli-
otop Tou YenoiwonoovTan. Kdbe current-starved avtiotpogéac nopoucidlel ywenuxotnta Cr,.
Emn\éov, o morunkéxtng ewodyel yopntxdétnta Cyyx 1 onolo odnyelton and €vav and Toug dU-
0 AVTIOTEOYEIC TOL TEAELTAlOU GTABlOU avdAOYa PE TNV Ty Tou ohpatog emhoyhc. Emiong, oe
onowdrnote mepintwon (elte o ofua emhoyhc elvan OV elte 1V) undpyet évag current-starved
AVTLOTPOYENS Tou omoiou 1) é€0dog dev ouvdéetan moubevd (float). Autdc o avtioTpogéas elodyel
piat xwenTxotTa Crroq: TOU 00MyEiTOL amd To 520 6Tddl0. (l¢ anotélecya To 520 GTAdLO 0OMYEl

oL povo v yeentxdtnta Cr, oG xar ™V Crreqe. ‘Otav 10 ofjua emhoynig etvar OV (frer N
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ouyvétnTa €£680V) T0 530 6TEdL (TeNeuTalo 6TddL0) 0dNYel TNV Cr xou TV Cyux. Otay to orfjua
emhoyhc evon 1V (fpyr n ouyvétnta e€680u) o 530 61ddo (tedevtaio otédo) odnyel v Cr,
v Cpyux xou Tov TuxveTh und doxiur uro doxwr Cpyr.

I 0 520 6TdB10 0 Yolnuatidg TOTog yio TNy xouc tépnon Blddoong xou G TLC BUO TEPITTOCELS

(eite to ofpa emhoyrc givon OV eite 1V) eivou:

(CL+Crroat) " Vad
td52nd—stage = 2 'IC
L

(11)

—Crloar

onou:

CL: m o\ mapaoLTixy| ywentixdtnTa current-starved avtiotpogéa

Clioat: N XWENTXOTNTA TOU ELGEYETOL ATO TOV AVTLO TROPEN TOU oTtolou 1) €£000¢ BeV GUVOEETAL
Toubevd

Vaa: n tdon tpogodoaiog

10, —Cproat TO PEVUMO TOU PEEL PECK TV EEFC XWPNTXOTATWV TOU TPOXAANOUY xabucTépnon
owddoone: Cr xan Crioas-

Mo to 530 o tddLo, 0 padnuaTindg TUTOC yiot TNV xaBuc TéENON UETABOOTE HTAY TO AU ETLNOYNSG

ebvon OV (frer) ebvou:

_(CL+Cpux)Vaa

td53rdfstagefref - 2 . IC c (12)
L—UMUX

omou:

CL: m o\ mapaotTixy| ywentixdtnta current-starved avtiotpopéa

Cuux: M YweNTXOTNTA TOU ELOAYETOL NG TOV TONUTAEXTY

Vaa: n téon tpogodoatiog

Ic,—Cyux: TO EELHA TOU EEEl UECK TWV EENC YWENTIXOTHTWY TOU TEOXOAN0UY xabuctépnor
owwoone: Cr, xou Cyux.

I to 530 018BL0, 0 padnuoTXoS TOTOC Yo TNV xoBuc TEENoN HETADOGTC OTAY TO G ETAOY NS
elvar 1V (fpur) elvou:

_(CL+Cumux +Cpur)-Vaa (13)

td53rd7stage7DUT 2 . IC c c
L=YMmMux—LYDUT

oTouL:

CL: 1 oY) TopaolTiny| xwenTxoTnTa current-starved avtiotpogéa

Cuux: M (wenTxOTNTA TOU ELGAYETOL ATO TOV TONUTAEXTY

Cpur: 0 TUXVWTAC UTO BoXlT

Vaa: n tdon tpogodoaciog

Ic,—Chpyx—Cpur: TO PEVUA TIOL PEEL UECH TV EEAC XWENTIXOTATWY TOU TEOXUANOUY xabucTépnon
owwoone: Cr, Cyux xou Cpyr.

Apo 0 pabnuatixds TOmog yiol T oUXVOTNTA AvaPoEds (frep TOU TapéYETOL OTOV TO G ETL-

Noyfc givan OV) elbvou:
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frop = 1
ref 2 ' (N - 2) : td + 2 : td52nd—stage + 2 . td53rd—stage—ref

(14)

oToU:
N: 0 apibude Twv oTadlny Tou TANAVTWTY

O pabnuotinde TOmoC Yo T ouVOTNTA ToU ETNEEGLETOL omd Tov TuXvwTh utd doxwy| (fpuT

Z 7 4 /4 7. 7
ToU TapéyETAL OTAY TO o ETAOYHS elvan 1V) elvau:

1

four = (15)
2 . (N - 2) : td + 2 : td52ndfsmge + 2 : td53rdfstagefDUT

onou:
N: o apfudc v oTadlwy TOU TONAVTWTY
Kévovtac v unébeon o, —cpux = L0 -Cyyx—Cour = xou pe v Porfeia tov eliodoewy (10),

(11), (12), (13), (14), (15) xotaNfyOUUE OTOV TEAXOG TOTO YLOL TNV TYLH TOL TUXVOTH UTO UETENO:

fref _fDUT

el 16
Vaa  frer - four (16)

Cpur =

OTOL:

I: 7o pedyua to omolo avagépeton oTNY UTOECT, TOU XAvoUE

0.5.2 Y TOAOYWOWOS TNG TEAYUATIXNG TLLNG TOU MUXVETH LUNO HETEMOM
wEow mpoocopoiwoswv Monte Carlo

ITpocopoiwoelg pe process variation wéovov yia Tov TUXVEOTYH LTO SoxLUY

O nivococ [ TaEaXdTw QTIAYTNXE YE dedouéva and npocopolwaoelc Monte Carlo. Ye autég tig mpo-
COHOLOCELS ENAPONTUY LTOPY UOVO OL ATOXNIGELS TV YUPUXTNELO TIXWY TOU TUXVOTH UTO SOXUT).
TrobBétouue 6Tt ta tpavlioTop elvon WBovixd xan OTL ToL GTADLYL TOU TUNAVTWTY ElVOL TAVOUOLOTUTIOL.

H extipduevn T Tou muxveth xou 1 Tumxr andxiion e€iybnoav ancsubelac and tnv npocopoino.

ITvxvwtés vad doxun (fF) | Extyuduevy tun svxvorn (fF) | Tvmen andxiion (f) | Spread (%) | Xpdiua (fF) | Xyetind opdiua (%)

1 1,462 0,08334 5,7004103967 0,462 46,2

10 9,864 0,5411 5,4856042174 -0,136 -1,36

20 19,39 0,9777 5,0422898401 -0,61 -3,05

30 29,86 1,504 5,03683858 -0,14 -0,4666666667
40 41,15 2,044 4,9671931956 1,15 2,875

50 50,31 2,417 4,804213874 0,31 0,62

60 61,27 2,915 4,7576301616 1,27 2,1166666667
70 72,41 3,378 4,6651015053 2,41 3,4428571429
80 84,67 4,867 5,7481988898 4,67 5,8375

90 97,45 5,564 5,7095946639 7,45 82777777778
100 109,5 5,83 5,3242009132 9,5 9,5

ITivaxag 4: Aedopéva mou e€dyovtan and 0 mpocopoiwon Monte Carlo otnv onola exfgpbnooay
uTOYLY UOVO OL ATOXNICELS TWV YAUPAXTNELO TIXDY TOU TUXVWTN
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ITpocopoivroelg pe process variation wovov yia ta tpaviictop

O nivoxac QT TNXE pe dedopéva and mpocouwaoelc Monte Carlo. Ye autéc Ti¢ TPOGOUOUOGELS
exfpOnoay uTOdy HOVO oL ATOXNICES TWV YAPAXTNEICTIXWY TV TepaviicTop. Tnobétouye 6TL O
TUXVO TG LTd doxun elvon Wavixdg. To tpaviicTop TOL TOAAVTWTYH OUwS Bev elvol TavoUoLOTUTOL

enewdn xdbe tpavlioTop Umopel Vo ELGAYEL BLPORETIXTY AMOXNLOY] YALUXTNELO TLXDV.

Ivxvwtés vad bosaun (fF) | Extuopevy ryutf avevotr (fF) | Tvawen andxiion (f) | Spread (%) | Xpdiua (fF) | Txetind opdiua (%)
1 1,441 0,1464 10,159611381 0,441 44,1
10 9,823 0,4929 5,0178153314 -0,177 -1,77
20 19,66 1,038 5,2797558494 -0,34 -1,7
30 30,11 1,52 5,0481567586 0,11 0,3666666667
40 40,37 2,119 5,248947238 0,37 0,925
50 50,63 2,674 5,2814536836 0,63 1,26
60 62,3 3,345 5,3691813804 2,3 3,8333333333
70 72,74 4,013 5,5169095408 2,74 3,9142857143
80 84,78 4,594 5,4187308327 4,78 5,975
90 96,93 5,116 5,2780356959 6,93 7.7
100 109,5 5,748 5,2493150685 9,5 9,5

ITivaxag 5: Aedoyéva mou e&dryovtar and tn npocopoiwcn Monte Carlo otnv onolo eXfgpbnooy
UTOYLY UOVO OL ATOXNICELS TOV XAEAXTNELO TIXWDY TwV TeavlicTop

ITpocopowwoeilg we process variation yia Tov MUXVETA UG JOXLUN XL YL T

tpavlicTop

O nivoac i yiveton ue dedopéva and mpocopolnoelc Monte Carlo. Ye autée T TPOCOUOUOCELS
eXfpOnoay LTOPLY Ol ATOANICELS TOV YAPAATNELO TV TOU TUXVLTY UTO BoxdT| xou Tov TeavlicTtop.
Twpa, xdbe cTddLO TOL TENAVTOTH BV ElVol TOVOUOLOTUTIO HE T UTONOLTA GTAdW, ETEWDY %dbe
Teavl{oTop Umopel Vo elodyeEL BLAPORETIXNY amOXALOT YopaxTnEWO TixwY. Enione Naufdvetar unodduv
1) OMOXNLOY] YOEUXTNELO TIXWY TV TeavlioTop Tou TONUTAEXTY. Emniéov, o nuxveothig und doxiuy

€00 Oev elvat LOoVIXOC.

ITvxvwrés vad Soxwun (fF) | Extyuduevy tipn mvxvory (fF) | Tvmwen andxron (f) | Spread (%) | Xediua (fF) | Xyetwed opdiua (%)

1 1,442 0,1495 10,3675450763 0,442 142

10 9,766 0,6999 7,1667007987 -0,234 -2,34

20 19,58 1,459 7,4514811032 -0,42 -2,1

30 29,96 2,311 7,7136181575 -0,04 -0,1333333333
40 40,15 3,066 7,6363636364 0,15 0,375

50 50,46 3,87 7,6694411415 0,46 0,92

60 61,49 4,757 7,7362172711 1,49 2,4833333333
70 72,42 5,618 7,7575255454 2,42 3,4571428571
80 84,49 6,65 7,8707539354 4,49 5,6125

90 96,52 7,618 7,8926647327 6,52 7,2444444444
100 109,1 8,64 7,919340055 9.1 9.1

ITivaxag 6: Aedouéva mou e&dryovtar and tn npocopoincn Monte Carlo otnv onolo eNfgpbnooy
UTOYLY OL ATOXNICELS TWV YALUXTNELO TIXWY TV TEavCioTOR XU TOU TUXVOTY UTO BoXiut
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Eivar mpogavéc 6Tt dtay 1 amdxAon Tov yapax el Tixdy tev tpavlictop ayvoeitar (Ilivaxag
i), wo Spread eivon pixpdrepo amd TNV TEPIMTWOT) TTOL eV TUPUBAETETAL 1) ATOXNLOT] AUTY| YLOL XAUVEVAL
otowyelo e Sourc doxrc (Hivaxog E)

Ew®wd 6tav o muxveothc elvor moXd uixpoc (1fF), to spread 6tov Nopfdvetar unddn udvo n
ATOUNLOT) (UEAXTNELO TIXEY TOU TUXVOTY elvon 5,7%, aANG 6tay Bev mopafhéneton 1 amdxAon Yopa-
XTNELOTIXOV XAVEVOS G ToL EloL TN Sopunc, TTe To spread oyedov dimhaotdleton. Autd onuolvel dt
1 ATOXNLOT) TOV YAUPAXTNELO TIXWY TV TeavlioTop TOV GTAdlwY TOU TANAVTWTY X0t TOU TONUTAEXTY
Bo umopovoe va dlacteePADCEL TNV exTiunon Tou TuXVLTY LTS doxiuy. Tapdha autd elvon eupovég
TOS OL ATMOXA(OEL AUTEG EMNEEALOLY ALYOTERO TIC HETENOELS UXQEMY TUXVOTOY A0 OTL TS HETENOELG
ULXEWY TUXVWTOY UE TNV TROTYOVUEVY, UNOTIONGT.

‘Ooo yia Toug TuXVLTEG Tou elvon yeyoUtepol and 10fF, dtav Naufdveton unddn uévo 1 amdxi-
O YAEAXTNPLO TV TOL TUXVOTH UTd doxiuy| ToTe To spread eivon tepinou 5%. ‘Otav Aapfdvouyue
UTOPLY TNV ATOXNLOT) XEAXTNELO TIXWY OAWY TwV oTol eV, ToTe To spread eivan nepinou 7%. Autod
onuaivel 6Tt 1 HETENON TV PEYUNDTEPWY TUXVWTWY ETNEEALETAUL ALYOTERO AT TNV ATOXNLOY) (AP0
XTNEWOTIXOY TV TeavlloTop TNE Soung and OTL 1 HETENON TOV WXEOY TUXVRTOYV. Ilapdia autd
1 ETUEEON TV ATOXNIGEWY YLOL TIG UETPNOELS UEYUNDTEQWY TUXVOTOV TOROHUEVEL UYNNT X0 OE UTH
NV uXoroinon.

H Sou#| petpd cavoromtixd tuxvwtés oto ddotnua 10fF-50fF (Eyetixd opdipa< 3%).

0.6 Aown doxipng mtou aroteleitow and €vayv Cross-Coupled

TOAAVTOTN

"‘Evog dGANOg TeOTOSC Lol TOV (UQUXTNEIOUSO TOV TUXVOTOY UECH TNG CUYVOTNTUS TUNAVIWOONS TEQL-
YedpeTon TopodTw. e ouTh TNV evotnTa o yenowomoindel évag takavToTrg cross-coupled yio
™ wétenon e Tuic Tou TuXVeT Ud doxih uéow Tng ouyvotnTag Tondviwone [L1].  Avoué-
VOUUE TOND UIXPOTERY) ETULEEOY| TOV ATOXNICEWY XUPAXTNPLOTIXMV CGTIC HETPNHOELS YOS Ao OTL OTIC
TEOTYOUUEVES UNOTIOLNTELS.

O TUXVOTAC TOL XENOLLOTOLEITOL YIot AUTOV TOV TANAVTOTY EVOL GTNY TEOYUATIXOTNTO O TUXVWL-

¢ untd Boxwun. H Soxiactiny) Soun mou nepliypdpeTton o€ aUTd TO TUAA TUEOUCIALETOL TOEAUXAT®W

(Sx fL4).

0.6.1 MoaOnpotindg TOTOC YLl TOV UTONOYLIOUO TNG TEXYUATIXNG TLUUAS
TOU TUXVETY UTO BOXLUT

O pabnuotindée tomog mou meprypdpel TN ouyvoThTa TaNdvTwong Yo toug LC tokavtwtée [L1]

(polveTol ToEAXATW:

1 1

w = = —— 17
osc m fOSC 2nm ( )

oTouL:
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1 O Qutput

L

Eyfua 14: O Cross-Coupled nou yenowomnoieiton wg doury 80xiuhc UE Wymos = 2um %ot Lymos =
80nm

L: Ty Tou mnviou Tou ¥ENCLLOTOLELTAL GTOV TANAVTWTY
C: T Tou TUXVOTH TOV YENOWOTOLE(TOL GTOV TONAVTIOTN
Xpnowonowdvtoe v e&iowon (17) xou vrobétovtac 6t C = Cpyr €xoude TovV TOTO YLot TNV

WA Tou Tuxvet) utd doxuy (Cpur):

1

—_— 18
4n2'f()2$c'L ( )

fosc =

= Cpyr =

1
2n+/L-Cpyr
0.6.2 Y TOANOYLOWOG TNG MEAYRATIXNAG TLUNG TOU TUXVKOTY UG WETETNOT

wE€ow mpoocopoltwoswv Monte Carlo
ITpocopowwoelg e process variation pévov yia Tov TUXVEOTYH UTO SoXLUY

O mivoxac [l mopodto gudytnxe ue Sedopéva and mpocopoibdoeic Monte Carlo. Ye autée Tic
TEOGOUOLWoE eEN\PONcOY LTOYY UOVO OL ATOXNICELC TWV YUEAXTNELO TIXWY TOU TUXVWTY UTO Bo-
xn. TrobBétoupe 6L tar TpavlicTop elvan Woavixd. H extyuduevn Tign Tou TuxveTH xou 1 TUTLXT

andxnion e&ydnoav aneubeiog and tnv tpocouoino.

ITpocopoiwroelg pe process variation woévov yia ta tpaviictop

O nivaxac § QT TNXE pe dedopéva and mpocouwaoelc Monte Carlo. Ye autég Ti¢ TPOcOUOUOGELS

eXfpOnoay uTOdY UOVO oL ATOXNICES TWV YAPAXTNEIC TIXWY TV TepaviioTop. Tnobétouye 6TL O
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ITvxvwrés vrd Sosaun (fF) | Extuopevy ryun avevwry (fF) | Tvmsey andxiion (f) | Spread (%) | Xpdiua (fF) | Zyerind opdiua (%)

1 5,178 0,17898 3,4565469293 4,178 4178

10 13,48 0,4582 3,3991097923 3,48 34,8

20 23,25 0,9549 4,1070967742 3,25 16,25

30 33,25 1,448 4,354887218 3,25 10,8333333333
40 43,35 1,944 4,4844290657 3,35 8,375

50 53,45 2,437 4,5594013096 3,45 6,9

60 63,6 2,922 4,5943396226 3,6 6

70 73,73 3,418 4,6358334464 3,73 5,3285714286
80 83,72 3,9 4,6583850932 3,72 4,65

90 94,11 4,402 4,6775050473 4,11 4,5666666667
100 104,3 4,885 4,6836049856 4,3 4,3

ITivaxag 7: Aedouéva mou e&dryovtar and tn npocouoiwon Monte Carlo otnyv onolo eNfgbnooy
UTOYLY UOVO OL ATOXNICELS TOV XARUXTNELO TIXWY TOU TUXVOTN

TUXVWTAC VTG doxudt] ebvan Wavixde. Tao tpavlicTop g Soung duwe dev elvol TVOUOLOTUTO UETAEY

Toug eneldY) xdbe TpavlicTop UTOPEL VoL ELGAYEL BLOPOPETIXY| ATOUALCT| YOLUXTNELO TIXWV.

ITvxvwrés vrd Sosaun (fF) | Extuopevy tyun avevory (fF) | Tvmsey andxiion (f) | Spread (%) | Xopdiua (fF) | Zyxerind opdiua (%)
1 5,18 0,01084 0,2092664093 4,18 418
10 13,51 0,005971 0,0441968912 3,51 35,1
20 23,32 0,0035891 0,0153906518 3,32 16,6
30 33,36 0,008962 0,0268645084 3,36 11,2
40 43,51 0,009851 0,0226407722 3,51 8,775
50 53,65 0,00893 0,0166449208 3,65 7,3
60 63,84 0,00986 0,0154448622 3,84 6,4
70 74,01 0,01003 0,0135522227 4,01 5,7285714286
80 84,22 0,03887 0,0461529328 4,22 5,275
90 94,47 0,01117 0,0118238594 4,47 4,9666666667
100 104,7 0,01597 0,0152531041 4,7 4,7

ITivaxag 8: Aedouéva mou e&dryovtar and 1 npocouoiwon Monte Carlo otnyv onolo eNfgpbnooy
UTOYLY UOVO OL ATOXNICELS TOV XARAXTNELO TIXWDY TwV TeaviicTop

ITpocopoivoelg we process variation yia Tov TUXVOTH UTO SOXLUY XA YL TX

tpavlicotop

O nivoxac [ yiveton pe dedopéva and mpocoyoihoeic Monte Carlo. e autéc TIC TEOCOUOLICELS
eNfPONooy LTOPLY OL ATOXNIGELS TOVY YAPUXTNELC TIXWY TOU TUXVWTY) UTO doxiuY| xat TV TeaviicTop.
Tdpea, to Tpavliotop g dourc dev elvan TavouotdTuTa PETAHED TOoUg, eTeld xdbe TpavlicTop umopel
VoL ELOYYEL DLOPORETLXY) ATOXNOT YUPUXTNEIC TIXWY. Eminhéov, o muxvethAg utd doxuur edw dev eivan

LOUVIXOC UANGL ELOAYEL XL AUTOS UTOXNLOT] YOPOXTNELO TLXWYV.

ITvxvwrés vrd Sosauy (fF) | Extuopevy tyun avevwry (fF) | Tvmsey andxiion (f) | Spread (%) | Xopdiua (fF) | Zyerind opdiua (%)
1 5,117 0,20583 4,0224741059 4,117 411,7
10 13,48 0,4573 3,3924332344 3,48 34,8
20 23,25 0,9553 4,1088172043 3,25 16,25
30 33,24 1,452 4,3682310469 3,24 10,8
40 43,35 1,944 4,4844290657 3,35 8,375
50 53,46 2,438 4,5604190049 3,46 6,92
60 63,6 2,929 4,6053459119 3,6 6
70 73,25 3,391 4,6293515358 3,25 4,6428571429
80 83,91 3,936 4,6907400787 3,91
90 94,11 1401 1,6764424609 L1l
100 104,3 4,887 4,6855225312 4,3

ITivaxag 9: Aedouéva mou e&dryovtar and 1 npocouoiwon Monte Carlo otnyv onolo eXfgpbnooy
UTOYLY OL ATOXNICELS TWV YULUXTNELO TIXWY TV TEavlioTop X0l TOU TUXVOTYH UTO Boxiut

Elvou mpogavég 6Tl 0Ty TERINTWOT TOU Ol ATOXNICEL TOV XURUXTNEOTIXWOY TV TeavlioTop
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ropafhénovion (Tivaac []), to spread tne extuduevne péone Tihc muxveTh evor oyeddv 10 Blo
HE TNV mEepinTOOoN Tou OXal Ta oToyEla elodyouy anoxicels yapoxtnetotixdv (Ilivoncag ). Avu-
T6 onualvel 0Tt ol TpavlICTOR ELGAYOUY ATOXANIGELS YAULUXTNEIC TIXWY TIOU €X0UV OYEDOV oUENNTEN
eniOpaoT OTIC TENXESC PETPNOELC.

‘Opwg auth 1 dopr| doxuung dev dbétel Wialtepn axpiBeia uTONOYIGUOU NOYW TWY XOENTIXO-
THTWY Tou eledyouy ta tpavlicTop, oL onoleg Bev agoupolvTal and Tov TeENxd tono. Tlapdha autd
elvon peydAng onuaciac to yeyovog Ot Bev yeeldleTal Vo UETEOOUUE XATOLO PEVMA YLOL VoL €Y0U-
ME TNV TEAXY) pETENOT), Xabd ot yevixée ypauués 1 UW€Tpnon Tou peluotog mdve oe wafer elvon

0UCXONT OLadLxaaio.

0.7 Aown doxiung mou anotelelitonw and xLxAowoe CBCM

‘Evog dANog TpOTOC Yial TOV (UQUXTNELOUO TUXVOTOV TEPLYPAPETAL TAUPAUXATW. XE QUTH TNV €VO-
o Oa meprypddouye plor uébodo 1 omola peTEd TNV 0ANDY) T TOV TUXVOTOV Ywelc otoladnroTe
ToNdvTwon. Auth 1 pébodoc ovoudleton CBCM (Charge-Based Capacitance Measurement) [12].

Y1ic moreg twv tpaviioTtop epopudlovion un aANNAEmxouTTOUEVY ohpata V1 xan V2 dnwg
paiveton oto Tyhua [ nopaxdte. O oxomde autdy TOV Wn INNETXIAUTTOUEVOY GNUdToY elvor
vo e€aoporioouy 6t wévo éva and ta dVo tpavlioTop xdbe xX&Bou Ba etvon "ON” (1 Sour; doxturc
amotere(ton and 500 xN&Boug Peudo-avtioTpopénmv) xou Bo dlappéton and pedua xdbe oTiyun. Autd
uog e€oopaniler 6t -apol ta tpaviictop umopolv va yivouv OFF 6nwg eldue nopandve- dev Bo
urdpyeL peua xateubeiay amd TNV Tpoodocia otn 1. ‘Eva tétolo pedua Oa unopolioe ye didpopoug
TEOTOUC VoL ELGAYEL GQANUA OTIC UeTENOoES pag. Ta peduato mou yeelalOUac Te UETEIOVVTOL G TNV
mnyn Tov PMOSFET. H nporyyotinf) xugatopopd; autolh Tou pebuatog dev elvon onuovTixy -To

uéco pebua meénel vor uetpenoet.

0.7.1 Moaobnpatixog TOTOG YLl TOV UTONOYLIOWO TNG TEXYUATIXNG TLUNAS
TOU TUXVEOTA UTO BOXLUY

To pedpota Irer xou Ipyr mOU Qolvovion 6To oy fua L5 Sivovron ané touc mapaxdTe TiToUC:

Irefch'Vdd'f (19)

omou:

CL: 1 ONXT| TRAGLTIXY YWENTXOTNTO TOU ELCHYETOL NOY® TV TpaviioTop
Vaa: n tdon tpogodoaiog”

f: 1 ouyvéTyTa Tou ouatoc V2 drng goiveta oo Lyhua [L6

Ipyr =(CL+Cpur)-Vaa-f (20)

OTOL:

Cpur: 0 TUXVWTAC UTO Boxdt
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C‘ Trer CL Lour

=

L -1 C[Jl."l'

L

Eyfuo 150 H Aopy) doxunc pe xoxhoua CBCM ye Wymes = 2pum, Wypmes = 4pum xow Lpmes =
L pmos =80nm

t] 2 3ty Time

Yo 16: Mn adAnAeTxoNUTTOUEVA GHHUATO

H oxnbric tiur) Tou muxveoth und doxiur divetal and Tov TapaxdTo TaEaXdTo TUTO XENCULOTOLD-

vt Tic oyéoelc (19) xou (20):
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Ipur —Irer
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Vaa-f (1)

Ipyr —Irer =Cpur-Vaa-f = Cpur =

0.7.2 Y rmoAoYlLoroOg TNG MEAYUATIXNS TLANG TOU TUXVOTY UTO WETEYOT
wé€ow npocouolwocenv Monte Carlo

ITpocopowwoelg pe process variation wévov yia Tov TUXVEOTYH LTO SoxLUY

O nivoxac [LO rapoxdto udytnxe ye dedouéva and mpocopoidoec Monte Carlo. Ye autée Tic
TEOGOUOLWOELS ENPONCOY LTOPLY UOVO Ol ATOXNICELS TOV YALAXTNEIC TIXWY TOU TUXVLTY UTd Bo-
xpn. Yrobétoupe ot ta TpavlioTop elvan Wavixd. H extipouevn Ty Tou TuxveT xou 1 TuTxy

andxnion e€fydnoav aneubeioc and tnv tpocouoivom.

ITvxvwtés vad dosaut (fF) | Extiuduevy tipn svevory (fF) | Tvmwen andxiion (f) | Spread (%) | Xpdiua (fF) | Xyerwed opdipa (%)
1 1,124 0,05382 4,7882562278 0,124 12,4
10 10,62 0,49 4,6139359699 0,62 6,2
20 20,7 0,9649 4,661352657 0,7 3.5
30 30,69 1,439 4,6888237211 0,69 2,3
40 40,65 1,916 4,7134071341 0,65 1,625
50 50,6 2,393 4,7292490119 0,6 1,2
60 60,54 2,87 4,7406673274 0,54 0,9
70 70,48 3,348 4,7502837684 0,48 0,6857142857
80 80,42 3,826 4,7575230042 0,42 0,525
90 90,35 4,304 4,7636967349 0,35 0,3888888889
100 100,3 4,781 4,7666999003 0,3 0,3

[Tivaxag 10: Aedopéva mou e€dyovtar and 1 mpocopoiwon Monte Carlo otnv onolo exfpbnooay
uTOYLY UOVO OL AMOXNICELS TWV YUPAXTNELO TIXDY TOU TUXVWTN

ITpoocopoidroelg pe process variation wovov yia to tpaviictop

O nivocag [L pridytnxe pe dedouéva amd mpocowdoeic Monte Carlo. Ye autée Tic TpocopodaeLe
exfpnooy uTOdY LOVO oL ATOXNCES TLWV YapaxXTNEIOTIXWY TV TpavlioTop. Trobétouye 6Tl O
TUXVLTAC LTS doxudt) ebvan Wavixde. Ta tpavlioTop g Soung ouwe dev elvon TovouoLOTUTN UETAEY

Toug eneldy) xdbe TpavlicTop UTOREL VoL ELGAYEL DLUPORETIXY) ATOXNLOT| YOPUXTNELO TLXWYV.

ITvxevwtés vad bosaun (fF) | Extiuopevny tyun avvotr (fF) | Tvawen andxiion (f) | Spread (%) | Xopdiua (fF) | Xxetied opdiua (%)

1 1,128 0,007292 0,6464539007 0,128 12,8

10 10,66 0,00595 0,0558161351 0,66 6,6

20 20,78 0,00657 0,0316169394 0,78 3,9

30 30,8 0,009631 0,0312694805 0,8 2,6666666667
40 40,8 0,01504 0,0368627451 0,8 2

50 50,79 0,02146 0,0422524119 0,79 158

60 60,77 0,02836 0,0466677637 0,77 1,2833333333
70 70,75 0,03511 0,0496254417 0,75 1,0714285714
80 80,72 0,04135 0,0512264618 0,72 0,9

90 90,69 0,04885 0,0538648142 0,69 0,7666666667
100 100,7 0,05592 0,055531281 0,7 0,7

ITivaxag 11: Aedouéva mou e&dryovian and tn npocouoiworn Monte Carlo otnv omolo eNfgpbnooy
uTOYLy UOVO oL ATOXNICELS TWV YAPAXTNELO TGOV TV TeaviicTop
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ITpocopowwoelg e process variation yio TOv TUXVETH LUTO BOXLUNY XoL YLl T

TpavliocTop

O nivaoc [1 yiveton ue dedopéva omd npocopowhoeic Monte Carlo. Y autéc Tic TEOCOUOLOCEL
eNPONoay LTOPYLY OL ATOXNIGEL TOV YAPUXTNELC TIXWY TOU TUXVWTY) UTO doxiuy| xat Twv TeaviicTop.
Topa, ta tpavlioTop tne dourg dev elvor tavopotdtTuna Yetal Toug, eneldr) xdfe tpavlic top unopel
VoL ELOAYEL DLUPORETIXT ATOXNLOT] (ALUXTNELO TIXWY. EmmAéoy, 0 TuxveoTtic untd doxiur €06 dev elvar

LOUVIXOS UANG ELOGYEL XAl AUTOC UTOXNLOT| YOPOXTNELO TLXWV.

ITvxvwtés vad Sosaun (fF) | Extuopevy tyun avevory (fF) | Tvawen andxiion (f) | Spread (%) | Xpdiua (fF) | Dxetind opdiua (%)

1 1,123 0,05498 4,8958147818 0,123 12,3

10 10,62 0,4906 4,6195856874 0,62 6,2

20 20,7 0,9646 4,6599033816 0,7 3,5

30 30,68 1,44 4,6936114733 0,68 2,2666666667
40 40,64 1,917 4,7170275591 0,64 1,6

50 50,59 2,385 4,7143704289 0,59 1,18

60 60,53 2,873 4,7464067405 0,53 0,8833333333
70 70,47 3,341 4,7410245495 0,47 0,6714285714
80 80,41 3,829 4,7618455416 0,41 0,5125
90 90,34 4,3 4,759796325 0,34 03777777778
100 100,3 4,786 4,7716849452 0,3 0,3

ITivaxag 12: Aedouéva mou e&dryovian and ) npocouolwon Monte Carlo otnv omola eXfgpbnooy
UTOYLY OL ATOXN(CELS TWV YUPUXTNELO TIXWY TV TEavlioTop XU TOU TUXVOTH UTO Boxiuy

Elvou mpogavég 6Tl 6Ny TERITTWOT TOU Ol AMOXNICELS TV XoEUXTNELOTIXOY TV TeaviicTtop
ropafiénovton (Hlivaxoc @), T0 spread NG EXTWOUEVNS Y€one TWNAS TuxveTr elvon oxeddv To
(1o e v mepinTEon ToU Gha o oTotyEla elodyouv anoxhioeic yapoxtnplo Ty (Mivaxac [12).
Auté onuoaiver 6Tt o Tpavllo TOR ELGEYOUV AMOXAICELS YUPAXTNELO TLXWY TOU £X0UY GYEBOY oENTTEN
enidpaoT OTIC TENXEC UETEHOELS.

Cevixd, auth 1 dopun Soxuuic unopel vo petprioet e axpiPela (Xyetind opduo< 3%) GXoug Toug
TuxvwTég oty tepoyy| 30fF — 100fF ue younké Spread.

Mewovéxtnua anotelel To yeyovog 6Tl mpénel va uetendolv ta 2 peduata.

0.8 Aour S0XLUNS TOU ATOTEAEITAL ATO TMALANANXYLEVO X U-
xAopo CBCM

Avuty) 1 dour| doxwrg elvon TapouoLa e auTH Tou TpoTyoluevou xeponatou. H puoévn dapopd sivon
ot avtl vl Peudo-avtio tpogeic xdbe xAddog elvon Evag xavovixdg avtioteopéas. Autd onualvel 6T
ol tOxeg Twv tpavliotop PMOS xar NMOS tou (8iou x\ddou déyovta o (Blo ofua. To xhxhoyo

e Bourc Soxufc Ttapouaidleton Tapoxdto (Iy.[L7).

0.8.1 MoaOnuatixdg TOTOG YLl TOV UTOXNOYLOUO TNG TMEAYRATIXNAG TLUNAG
TOU TUXVEOTY UG BOXLUT

O pobnuoatindg tOMog mou pog Sivel TNV TEaryaTixny) T Tou TuxveTh elvon (Blog Ye auTtdv Tou

TEOYYOUUEVOU XEQPAUNXLOU:
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VDD
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C* Lrer

()

L
It

V1 e— Vout

C[Jl."l'

Yo 17: Aoyt doxiuric mou amoteelton and maparlaryuévo xawpa CBCM ye Wypos = 2 um,
Womos =4 pm ot Lymos = Lpmos = 80nm

Ipur —Irer
Vaa-f
omou:
Vaa: n tdon tpogodoatiog
f: m ouyvotnTa Tou oHUATOG oL B oVTaL Ol TONES TV TpavlloTop

Cpur: 0 TUXVWTAC UTO BoXlT

0.8.2 Y moAoYLOKOG TNG MEAYUATIXNSG TLANG TOU TUXVEOTY UTO UETEYOT
wE€ow mpoocopolwosnv Monte Carlo

ITpocopowwoelg pe process variation wévov yia Tov TUXVEOTYH UTO SoXLUY

O nivoxag [13 mapoxdro udytnxe ue dedouéva and mpocopoidoec Monte Carlo. Ye autée Tic
TeoGoUOLWoE eEN\PONcOY LYY UOVO OL ATOXNICELC TWV YUEAXTNELO TIXWY TOU TUXVWTY UTS Bo-
xipn. YrobBétoupe ot ta TpavlioTop elvan Wavixd. H extiuoduevn Ty Tou Tuxvet xou 1 Tumxy

andéxnior e€hydnoay ancubeiog and tnv Tpocouoino.
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ITvxvwrés vrd Sosaun (fF) | Extuopevy ryun avevwry (fF) | Tvmsey andxiion (f) | Spread (%) | Xpdiua (fF) | Zyerind opdiua (%)

1 1,066 0,05083 4,7682926829 0,066 6,6

10 10,29 0,4848 4,7113702624 0,29 2,9

20 20,3 0,9596 4,7270935961 0,3 1,5

30 30,24 1,432 4,7354497354 0,24 0,8

40 40,15 1,906 4,7471980075 0,15 0,375

50 50,04 2,378 1,7521082414 0,04 0,08

60 59,92 2,852 4,7596795728 -0,08 -0,1333333333
70 69,79 3,328 4,7685914888 -0,21 -0,3

80 79,69 3,817 4,7898105157 -0,31 -0,3875

90 89,84 4,286 4,7707034728 -0,16 -0,1777777778
100 99,47 4,77 4,7954157032 -0,53 -0,53

ITivaxag 13: Aedouéva mou e&dryovian and tn npocouolworn Monte Carlo otnv omola eXfgpbnooy
UTOYLY UOVO OL ATOXNICELS TOV XARUXTNELO TIXWY TOU TUXVOTN

ITpocopoiwoeig pe process variation woévov yia ta tpaviictop

O nivocac [L4 pridytnxe ue dedouéva amd mpocowdoeic Monte Carlo. Ye autée Tic TpoGOUOLOGEL
exfpinoay uTOPY LOVO oL ATOXNOES TLV YaPaxXTNEIOTIXWY TV TpavlioTop. Trobétouye 6Tl 0
TUXVOTAC LTO Boxuun ebvan Wavixdg. Ta tpavlicoTop Tne dourc duwe dev elvon TavopoloTUTAL HETAED

Toug eneldy) xdbe tpavlicTop UTOPEL VoL ELGAYEL BLOPORETIXY) ATOXALCT| YOLUXTNELO TIXWV.

IMvxvwtés vad dosaut (fF) | Extiuduevy tipy svevory (fF) | Tvrwe andxiion (f) | Spread (%) | Xpdiua (fF) | Xyetwed opdipa (%)
1 1,07 0,003199 0,2989719626 0,07 7
10 10,33 0,01019 0,0986447241 0,33 3,3
20 20,37 0,01532 0,0752086402 0,37 1,85
30 30,35 0,02073 0,0683031301 0,35 1,1666666667
40 40,3 0,02507 0,0622084367 0,3 0,75
50 50,22 0,03181 0,0633412983 0,22 0,44
60 60,14 0,03837 0,0638011307 0,14 0,2333333333
70 70,05 0,04351 0,0621127766 0,05 0,0714285714
80 79,99 0,05219 0,0652456557 -0,01 -0,0125
90 89,89 0,05773 0,0642229391 -0,11 -0,1222222222
100 99,84 0,08065 0,0807792468 -0,16 -0,16

[Tivacag 14: Aedopéva mou e€dyovtar and T mpocopoiwon Monte Carlo otnv onolo exfgpbnoay
UTOYLY LOVO OL ATOXNICELS TV XAEUXTNELO TIXWOY TwV TeavlicTop

ITpocopowwoelg e process variation yio Tov TUXVETH LUTO BOXLUNY XoL YLl T

TpavlicTop

O nivaxoc [LF yiveton ue dedouéva omd tpocopowhoeic Monte Carlo. e autéc Tic TEOCOUOLOCEL
eNPONooy LTOPLY OL ATOXNIGELS TOV YAPUXTNELC TIXWY TOU TUXVWTY) UTO doxiuy| xat Tov TeaviicTop.
Tpa, ta tpavlioTop tne dourg dev elvor tavopotdtuna petal Toug, eneldr) xdfe tpavlictop Unopel
VoL ELOAYEL DLOPOPETIXT ATOXNLOT] (ALUXTNELC TIXWY. EmmAéoy, 0 muxveotic utd doxiur 06 dev elvor

LOUVIXOC UANGL ELOGYEL XAl AUTOC UTOXNLOT| YOPUXTNELO TLXWV.
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Extipuduevy tunf svevory (fF)

Tvmen amdrxiion (f)

Spread (%)

Yodiua (fF)

ITvxvwtés vad doxun (fF)
1

Xyerwed opdiua (%)
7

1,07 0,003199 0,2989719626 0,07
10 10,33 0,01019 0,0986447241 0,33
20 20,37 0,01532 0,0752086402 0,37
30 30,35 0,02073 0,0683031301 0,35
40 40,3 0,02507 0,0622084367 0,3
50 50,22 0,03181 0,0633412983 0,22
60 60,14 0,03837 0,0638011307 0,14 0,2333333333
70 70,05 0,04351 0,0621127766 0,05 0,0714285714
80 79,99 0,05219 0,0652456557 -0,01 -0,0125
90 89,89 0,05773 0,0642229391 -0,11 -0,1222222222
100 99,84 0,08065 0,0807792468 -0,16 -0,16

ITivaxag 15: Aedouéva mou e&dryovian and tn npocouolwon Monte Carlo otnv omolo eNfgpbnooy
UTOYLY OL ATOXNICELS TWV YALUXTNELO TIXWY TV TEavlioTop X0 TOU TUXVOTY UTO Boxiuh

Eivor mpogavée 6TL TNy TERpINTOOT TOU 0L AMOXNICEC TV XoRUXTNELOTIXWY TV Teavi{oTop

nopaphémovion (Tivaxac 1), to spread NG EXTIMOUEVNG UEONS TS TUXVWTH elvan oyedov to

(B0 ye v mepinToon mou OXo ta oToEla elodyouy anoxioels yopaxtnelo Ty (Iivoxoag 7).

Auté onpabvel 6tL o Tpavlic Top ELGEYOUY ATOXNIGELS YOPAXTNELC TLXWY TOU €YUV OYEDOV OUENNTEN

enidpaoT OTIC TENXEC UETPNOELC.

TFevixd, auth 1 dour Soxuhc uropet vo petprioet pe axpifeta (Xyetind opdua< 3%) dXoug Toug

tuxveTtég otny tepoyy| 10fF — 100fF pe yaun\é Spread. Ilapatneolue 6t 1 Soun) doxuuhe auty

€xeL peyanitepn axplfela and tnv mponyoluevr uNorolinon,.

Mewovéxtnua arotelel xou oe auth TNV TEPinTOON TO YEYOVOS OTL TEETeL va YeTendody To 2

pevuaTa.
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English Text






Introduction

Since the mid-20th century the development of electronics technology has been rapid. This

development has also led to a decrease in the size of the devices (active and passive).

Moore’s law is the observation that the number of transistors in a dense integrated circuit
doubles about every two years. The observation is named after Gordon Moore, the co-founder
of Fairchild Semiconductor and CEO of Intel, whose 1965 paper described a doubling every year
in the number of components per integrated circuit, and projected this rate of growth would
continue for at least another decade. In 1975, looking forward to the next decade, he revised

the forecast to doubling every two years, a compound annual growth rate of 41.4% .

The period is often quoted as 18 months because of a prediction by Intel executive David
House (being a combination of the effect of more transistors and the transistors being faster).
Moore’s law is closely related to MOSFET scaling, also known as Dennard scaling, as the rapid

scaling and miniaturization of silicon MOSFETs is the key driving force behind Moore’s law.

Moore’s prediction proved accurate for several decades and has been used in the semicon-
ductor industry to guide long-term planning and to set targets for research and development.
Advancements in digital electronics are strongly linked to Moore’s law: quality-adjusted mi-
croprocessor prices, memory capacity (RAM and flash), sensors, and even the number and size
of pixels in digital cameras. Digital electronics has contributed to world economic growth in
the late twentieth and early twenty-first centuries. Moore’s law describes a driving force of

technological and social change, productivity, and economic growth.

Moore’s law is an observation and projection of a historical trend and not a physical or natural
law. Although the rate held steady from 1975 until around 2012, the rate was faster during the
first decade. In general, it is not logically sound to extrapolate from the historical growth
rate into the indefinite future. For example, the 2010 update to the International Technology
Roadmap for Semiconductors predicted that growth would slow around 2013, and in 2015,

Gordon Moore foresaw that the rate of progress would reach saturation. [L]
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Figure 1.1: Moore’s Law: The number of transistors on IC chips (1971-2017)

Because of this scaling, transistors and passive devices are impossible to be ideal.



Process Variation

2.1 Definition

Process variation is the naturally occurring variation in the attributes of transistors (length,
widths, oxide thickness) and passive devices when integrated circuits are fabricated. The amount
of process variation becomes particularly pronounced at smaller process nodes (<65nm) as the
variation becomes a larger percentage of the full length or width of the device and as feature sizes
approach the fundamental dimensions such as the size of atoms and the wavelength of usable
light for patterning lithography masks [2]. Random variation can be defined as variation around
a mean, whereas Systematic variation can be defined as the movement of the mean (FigP.1)).

Random variation in devices can be determined by measuring the standard deviation (o) [3].

Random

—> Systematic

Figure 2.1: Random and Systematic Variation
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2.2 The Sources and Effects of Process Variation on I1C

2.2.1 Sources of Process Variation

The main sources of variations are:
e gate oxide thickness (for MOSFET transistors)
e random dopant fluctuations
e Device Geometry, Lithography in nanometer region

More specifically, Variation sources in the CMOS front end can be categorized into two
groups. The first group consists of historical variation sources that will continue to offer chal-
lenges moving forward. This group includes patterning proximity effects, line-edge roughness
(LER) and linewidth roughness (LWR) and variations in the gate dielectric (oxide thickness
variations) [3]. Long-term variation management requires continuing to drive aggressive im-
provements for these historical sources.

The second group includes variation sources that were historically of minor impact but have
emerged as significant challenges in recent years. This group includes random dopant fluctuation
(RDF) and variation associated with gate material granularity (poly gates and metal gates) [3].
Long-term variation management requires focused effort on understanding these sources so that
new innovations and continual improvement strategies can be developed to address them.

Process variation causes measurable and predictable variance in the output performance of
all circuits but particularly analog circuits due to mismatch. If the variance causes the measured
or simulated performance of a particular output metric (bandwidth, gain, rise time, etc.) to fall
below or rise above the specification for the particular circuit or device, it reduces the overall
yield for that set of devices [2].

2.2.2 Effects of Process Variation on IC

Although continuous CMOS process scaling brings many advances to devices/circuits, process
variations still exist and degrade performance of circuits. Variations that arise due to processing
and masking limitations, can cause random deviations from designed parameter values. These
parametric variations can significantly impact yield and performance of high-speed, low power
circuits. The study of process variations has greatly increased in importance due to aggressive
technology scaling.

The first mention of variation in semiconductors was by William Shockley, the co-inventor
of the transistor, in his 1961 analysis of junction breakdown.

An analysis of systematic variation was performed by Schemmert and Zimmer in 1974 with
their paper on threshold-voltage sensitivity [2]. This research looked into the effect that the
oxide thickness and implantation energy had on the threshold voltage of MOS devices.
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In addition, because of process scaling, capacitors are characterized by random and sys-
tematic variation. So capacitors actually have a value that is different from what the designer
expects. This could cause (as well as the transistor variation) deviations from the expected

output of an integrated circuit.

2.3 Process Models

Semiconductor foundries run analyses on the variability of attributes of transistors (length,
width, oxide thickness, etc.) and passive devices. These measurements are recorded and provided
to customers [] This set of files are generally referred to as model files” in the industry and
are used by EDA (Electronic design automation) tools for simulation of designs.

Typically process models include process corners based on Front End Of Line (FEOL) con-
ditions. These often are centered at a typical or nominal (TT) point and will also contain Fast
(FF), Slow (SS), Slow-Fast (SF) and Fast-slow (FS) corners [2].

2.4 Scales of Process Variation

Figure below (FigP.d) summarizes the definitions of four different scales of process variation.
Lot-to-lot represents process variation existing in different lots. Wafer-to-wafer process varia-
tions lie in different wafers within a lot. Die-to-die means variation in different dies within a

wafer. Within-die denotes variation in the identical device or circuit within a die [4].

Lot-to-lot Wafer-to-wafer

=

‘;\

OV

(@n
(©

Lot #1 Lot #2 Lot #3

< |mEe

Within-die Die-to-die

Figure 2.2: Scales of Process Variation
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2.5 Process Control Monitoring (PCM)

Design for manufacturing and yield techniques become more important for cooperation of wafer
fabrication (FAB) and circuit design. If design of analog/mixed signal circuits is coming to
technology limits this topic becomes more interesting for the design. It is interesting for both

company structures with in-house FAB and FAB less .

Process control monitor (PCM) test structures are part of the SPC (statistical process con-
trol). They are used to characterize and to control the technology in reference to the technology
specification such as threshold voltage Vy,. Also PCMs are used in order to characterize passive
devices (ex. capacitors). So the PCM test structures are developed and optimized for technology
purposes. The PCM test structures are located beside the chip area of the customer on the wafer

and are processed by the same technology steps.

The validation of circuit performance in reference to circuit specification is divided into
two main parts. Verification and test stages are located before and after wafer fabrication
respectively. Verification of the circuit during the design stage is based on simulation, whose
results depend particularly on the accuracy of models. The test stage is used to validate every

fabricated chip and to sort all chips into categories (e.g. pass/fail).

Especially if the results of verification via simulation and chip test does not match then the
technology performance is checked. So results of PCM test structures becomes interesting for

the analog designer too. PCM data experiences are necessary for efficient analysis.

Only few PCM areas which covers a lot of single PCM test structures are used for SPC
by FAB. Figure below (Fig.2.d) shows an example of five PCM areas which are distributed
over the wafer. PCM test structures cost wafer area and measurement time. Hence the PCM
area is reserved for concerns of the FAB but is not provided for circuit design issues. Number
and measurement effort of the test structures depend on specification and complexity of the
technology. In general the measuring is extracting some properties of every test structure [5].
Thus a couple of hundred up to thousands of data are measured and analysed during wafer

fabrication.

Criteria for PCM test structures from the view of the FAB are:

Technology sensitive to control and verify the specification

Correlation to technology steps to support debugging

e Less area consumption

Fast and efficient measurement to save costs
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Figure 2.3: Wafer with five PCM areas which contain the test structures.

2.6 Problem description-Thesis target

Due to the scaling described at chapter m, transistors and passive devices are impossible to be
ideal and have exactly the expected behavior. This means that transistors and passive devices
are often characterized by process variation. For example on chip -which is part of a wafer-
some of the capacitors used may have a different value than the chip designer would like. For
this reason manufacturers have introduced many tools to control and monitor the quality of
production processes (PCM-Process Control Monitoring). In this work we propose various test
structures, which are located in some parts of the chip and measure the actual value of very
small capacitors. The proposed test structures work only during testing and provide useful
information for the actual devices’ values. If, therefore, the measurements made (in this thesis
for the capacitor value) are within the limits set then the wafer passes to the customer. Otherwise
it is destroyed and reconstructed until all data extracted from the test structures are within the

set limits.
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Models of devices used at
test structures and device
under test

3.1 Transistor models used for Test Structures

In this thesis MOSFET transistor models (45nm Technology) were created and used. Predic-
tive Technology Models (PTM) [G] were used for parameters’ values. They provide accurate,
customizable, and predictive model files for transistor and interconnect technologies. These pre-
dictive model files are compatible with standard circuit simulators, such as Spectre, and scalable
with a wide range of process variations.

Typical process models (TT, SS, SF, FS, FF) and Monte Carlo simulations are used in order
to define the Standard Deviation of Threshold Voltage (Vy1,), I4 and g,.

The schematic illustration of the transistor models used is shown below:

AV AV J

(— )—
U P

Figure 3.1: Xymnuotixd to povtéra tpavlictop Tou xenoiuomolhinxoy

—AVip))?

nom

w w
Ip =K—(Vos -Vi)? = Ip =K+ (Vas = (Vin

2
nom)

w
= Ip :Kf((VGS —AVip) = Vi

Threshold Voltage (V) benchmarking
To benchmark random Vj, variation, it is necessary to have an analytical expression for
variation as a function of fundamental process parameters.

In the pioneering work of Mizuno [13] , the analytical expression for oy, in planar devices
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due to random dopant fluctuations was shown to be:

1
4-¢%-e5i-dp)3 Tox Niot
2 €ox VL-W

where the key features are a linear dependence on the oxide thickness (T, ), an inverse square-

oy, = (3.1)

root dependence on the effective length and width (L and W), and an fourth-root dependency on

Niot (where Ny is the total doping concentration per unit volume of the same type of species).

An expression of a similar form was shown by Stolk [14] with slightly different coefficients

as:

(4-q° €5i $p)F Tor Nigtt
V3 €ox VLW

The random variation of transistor pairs is determined by measuring the difference in Vi,

oy, = (3.2)

(AVy,) between a number of sets of closely spaced paired transistors (e.g., all the transistor pairs
on a wafer) and computing the standard deviation of the difference AV}, (oay,,). This paired

transistor result is divided by v2' to obtain the random ov,, for the individual device as in [3]:
Orandom—pair = O(VthA - VthB) =0(AVy) (33)
0(Viny —Ving)  0(AVy)

Orandom—one—device =
V2 V2

Systematic variation is determined by taking the rms difference between the total and random

= (Vi) (3.4)

variation as in [3]:

U(AVth))2
NS

where the total variation (thhfpop) is determined by taking the standard deviation of the

_ 2
Osystematic—one—device — \/(UVthpop) - ( (3.5)

entire population of transistors.

In benchmarking ovy,, , an assumption is made of an inverse square-root dependence on L
and W , where oy, is plotted versus \/%, and the slope of the resulting line is termed Ay,
(Fig.3.2) [B]. In fact, this constant is extracted from the Pelgrom Plot which is generated from
experimental data. Ay, is always a technology dependent constant and it is given by the formula:

Ay,
oy, = BT (3.6)

In this work, where 45nm technology is used, Ay,, =1.92mV - ym.

In this thesis, in order to to extract V;; value and variation we used constant current method
[15].

Plot of oy, versus Gate Length for various Widths of transistors is shown above (Fig.3.3).

As we expected ovy,, decreases not linearly as the gate length increases because ovy,, \/ﬁ
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Pelgrom Plot

aVth (mV)
BN W A U e N ®
o ©o © ©o ©o © o o

=]

0 10 20 30 40 50
TVFWHL (1/pm)

. . 1 . . .
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Figure 3.3: Plot of oy, as a function of Gate Length for various Widths of transistors

3.2 NMOS transistor model testing

The circuit below (Fig..4) is used for the simulations regarding NMOS.

We use for example a NMOS transistor with W =2um and L = 80nm. Using Monte Carlo

simulations the graphs below are extracted.
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Vo))

4h

Figure 3.4: Circuit used for NMOS testing

Mean Value of Vy, is bigger in Linear Mode than in Saturation Mode (FigB.5, B.9). This
occurs because of a short-channel effect in MOSFET called Drain-Induced Barrier Lowering
(DIBL) which is referring originally to a reduction of threshold voltage of the transistor at
higher drain voltages. In short-channel devices the drain is close enough to gate, the channel,

and so a high drain voltage can open the bottleneck and turn on the transistor prematurely [16].

Since there is ovy,, there will obviously be o7, and o, as it appears above (Fig.@, B.7).

Graphs that present Iy and g,, versus Vg are as we expect [17].

Also we can observe that all samples of Monte Carlo simulations for I and g, appears

between slow corner (ss corner) and fast corner (ff corner).

In the Figure B.§ we observe that when the transistor is off (Vg < Vi) we notice a greater

variation than when the transistor is on (Vg > Vy,).

gm is given by g, = g—{;; (FigB.1).

The graph at Figure @ is as expected at a normal NMOS transistor.

In addition it is well-known that V33, is directly affected by channel’s lenght as observed below
(Fig.B.9). For NMOS transistor as the channel’s length increases, so does the Vi, for both modes
as expected [1§].
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Figure 3.5: a)Monte Carlo simulation for Vi in Saturation Mode (V3=1V) , b)Monte Carlo
simulation for Vy;, in Linear Mode (V3=0.5V)
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Figure 3.6: a)Monte Carlo simulation for I; in Saturation Mode (V4=1V) , b)Monte Carlo
simulation for Iz in Linear Mode (V3=0.5V)
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Figure 3.7: a)Monte Carlo simulation for g, in Saturation Mode (V4=1V) , b)Monte Carlo
simulation for g, in Linear Mode (V4=0.5V)
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Figure 3.9: Vi3, as a function of gate lenght in saturation and linear mode of NMOS transistor.

3.3 PMOS transistor model testing

The circuit below (FigB.10) is used for the simulations regarding PMOS.
We use for example a PMOS transistor with W =2ym and L =80nm. Using Monte Carlo

simulations the graphs below are extracted.

Mean Value of Vy (absolute value) is bigger in Linear Mode than in Saturation Mode
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Figure 3.10: Circuit used for PMOS testing

(FigB.11)). This occurs because of DIBL effect.

Since there is gy, there will obviously be o7, and og,, as it appears above (Fig.8.12, B.13).
Graphs that present Iy and g,, versus V, are as we expect [17].

Also we can observe that all samples of Monte Carlo simulations for Iy and g, appears

between slow corner (ss corner) and fast corner (ff corner).

In the Figure we observe that when the transistor is off we notice a greater variation
than when the transistor is on. Also we observe that PMOS current is lower than NMOS current.
This is a technology feature. If we want equal current at a circuit we must increase PMOS width
or decrease PMOS length.

&m is given by g, = givz (Fig')'
The graph at Figure is as expected at a normal NMOS transistor.

In addition it is well-known that V;, for PMOS transistors is directly affected -as for NMOS
transistors- by channel’s lenght as observed below (Fig.). For PMOS transistor as the

channel’s length increases, so does the Vi, (absolute values) for both modes as expected [1§].
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Figure 3.12: a)Monte Carlo simulation for I; in Saturation Mode (V4z=1V) , b)Monte Carlo
simulation for Iy in Linear Mode (V3=0.5V)
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Figure 3.15: V3 as a function of gate lenght in saturation and linear mode of PMOS transistor.

3.4 Capacitor models used for Devices Under Test (DUT)

In this thesis capacitor models were created and used as devices under test (DUT). These models
introduce variation to DUTs. AC simulations at 1kHz frequency with the circuit below (Fig.B.16)

are used in order to check if the model that is used has the expected results.
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Figure 3.16: Circuit used for capacitor testing

Calculations below are used to extract the capacitor value from the DC simulation:

Icap

Y(s)= = joC = Icqp = joC (3.7)

cap

because Viqp =acm =1V
Sleap

2nf
Below (Fig.) there is the result of a Monte Carlo simulation for a capacitor 50fF using

the model that was created for this thesis.
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Figure 3.17: Monte Carlo Simulation for 50fF capacitor

Using Monte Carlo Simulations for capacitors (1fF-100fF) some usefull data are extracted
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(Fig.B.lSI, B.19, B.20). With these data graphs below are created which are characteristic for

capacitor’s model.
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Figure 3.18: Mean Capacitor Value as a function of Real Capacitor Value
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Figure 3.19: Standard Deviation as a function of Real Capacitor Value

It is obvious that spread of Mean Capacitor Value is constant for every capacitor value as

expected.
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Figure 3.20: Spread as a function of Real Capacitor Value



Test structure using two
Ring Oscillators

The previous chapters were necessary in order to describe the overall architecture of the test
structures.

Traditionally, PCM scribe-lines consists of single devices such as transistors, capacitors and
resistors. Ring oscillators have been also developed, mainly for digital process, since the measure-
ment of their frequency is a fast task and the frequency correlation with transistor performance
is well known.

A ring oscillator (FigJL.1)) is a device consisting of an odd number of inverting stages (usually
inverters) in which the output voltage oscillates between binary levels (0V-Bias voltage). Each
inverter delays the input signal for a certain period of time (the gate-delay time) at the output
of the final stage, the total delay time is equal to the product of single gate-delay time multiplied
by the number of stages [19].

Figure 4.1: Ring Oscillator

4.1 Process Monitoring of Capacitor’s Value using two Ring

Oscillators

There are many ways to characterize capacitors through oscillation’s frequency. The simplest
way to implement a Process Control Monitor is to use two identical Ring Oscillators (Flg@)
Each oscillator consists of 55 inverting stages. Each stage here is a simple inverter (Flg@)
The first Ring Oscillator provides a reference frequency (frr) and the second Ring Oscillator
provides a frequency, which is obviously directly affected by the Device Under Test (DUT)
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(fpur). Through these two frequencies and inverter’s delay, we get the value of the DUT
(Cpur). In this thesis DUTs are only capacitors.

Do Do oo wee Pol—o.
e Do e o wee Dol

— CDL‘T

Figure 4.2: The First RO provides the reference frequency (fr.r) and the second RO provides
the frequency affected by DUT (fpur)

Due to the capacitances introduced by the MOSFET transistors, there is propagation delay
for each inverting stage (¢4) (Fig.l.4). The formula for each stage’s propagation delay is well-

known and is given below [{7], [§] :

_CL-Vaq

tg=——22
2. Iosc

(4.1)
where:

Cy: inverter’s total load capacitance

Vaiaq: Bias Voltage

I,s.: oscillation’s current

In order to get a final formula which calculates the value of the DUT, we assume that the
two Ring Oscillators are identical and are not affected by process variation. This means that
each inverting stage has the same Cp, the same I,s. and so the same propagation delay (¢g).

The oscillation’s frequency of the first Ring Oscillator is well-known and it is given below:

1

of = ——— 4.2
fref SN, (4.2)

where:
N: number of inverting stages

tq: stage’s propagation delay
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Figure 4.3: Inverter cell which is used for the Ring Oscillators with Wy, pmes = 2pm, Wppes =4 pm
and Lymos = Lpmos = 80nm

It is obvious that oscillation frequency depends on stages delay time since the number of

stages in a fixed structure is constant.

In our implementation, the last stage of the second Ring Oscillator drives a load, which is
the DUT. So this last stage has obviously different propagation delay (t’d) than the other delay

stages. The oscillation’s frequency of the second Ring Oscillator is given below |[{] :

1

2-(N-1)tg+2-t,

four =

where:

o (CL+Cpur)-Vaa (4.4)
d 2'I/osc '
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Figure 4.4: a)Inverter stage with capacitances added by transistors, b)Inverter stage with total
load capacitance Cz, = Cgq +Cgp1+Cap2+Cy
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4.2 Mean Frequency Value, Standard Deviation and Spread

Monte Carlo simulations are made for this implementation in order to extract some usefull
information, for example Mean Frequency Value, Standard Deviation and Spread.
Below graphs will be presented that lead us to significant conclusions about our implemen-

tation:

Mean Frequency Value (#delay stages)
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0 and transistor variation)
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#delay stages

Figure 4.5: Mean Frequency Value (fref,fpyr) with only capacitor variation,only transistor
variation and capacitor and transistor variation as a function of the number Ring Oscillators’
stages when DUT is 50fF
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Figure 4.6: Standard Deviation of Frequency Value (fr.r,fpur) with only capacitor varia-
tion,only transistor variation and capacitor and transistor variation as a function of the number
Ring Oscillators’ stages when DUT is 50fF

Now usefull conclusions could be extracted. Initially, Mean Frequency Value and Standard
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Spread of Mean Frequency Value (#delay_stages)

18 —— Spread [Ref _feq] (only cap
16 variation
1.4 ——— Spread [DUT_feq] (only cap
' vanation)
12 Spread [Ref feq (only
# 1 transistor vanation)
s 08 —— Spread [DUT_feq) (only
r;; 06 transistor variation)
0'4 —— Spread [Ref feq] (cap and

transistor variation)
02— Spread [DUT_feq (cap and
0 transistor variation)
15 19 23 27 31 35 39 43 47 5

—
en
on

#oelay stages

Figure 4.7: Spread of Frequency Value (frer, fpur) with only capacitor variation,only transistor
variation and capacitor and transistor variation as a function of the number Ring Oscillators’
stages when DUT is 50fF

Deviation decrease as the number of Ring Oscillator stages increases as shown in the graphs
(Fig.@, @) But the most usefull conclusion is that Spread decrease as shown in the graph
(Fig.@). That is why many inverting stages are used. The most obvious decrease is observed
when we have only capacitor variation. This means that the more inverting stages a Ring
Oscillator has, the less the output frequency is affected by process variation introduced by the
DUT. There is a slight decrease in the output frequency (fpyr) spread when this implementation
is affected by capacitor and transistor variation (Flg@) It is crucial to eliminate the effect of

variation because it leads to an error in the final estimation of the DUT value.
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Figure 4.8: Mean Frequency Value (fpyr) capacitor and transistor variation for DUTSs ranging
from 1fF-450fF as a function of the number Ring Oscillators’ stages.
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Figure 4.9: Standard Deviation of Frequency Value (fpyr) with capacitor and transistor varia-
tion for DUTs ranging from 1fF-450fF as a function of the number Ring Oscillators’ stages.
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Figure 4.10: Spread of Frequency Value (fpyr) with capacitor and transistor variation for DUTs
ranging from 1fF-450fF as a function of the number Ring Oscillators’ stages.

Here it is important to point out some conclusions that led us to choose this particular
test structure. Firstly, the Mean Frequency Value and the Standard Deviation decrease as the
inverting stages increase as shown at the graphs (Figt.d, [.9). In addition, it is obvious that
Spread of Frequency Value (fpyr) (with capacitor and transistor variation) decreases as the
number of inverting stages increases. 55 stages are used because after this, it is observed that

Spread of Frequency Value remains constant. Larger decrease in spread is observed for the larger

DUTs (Fig[L.10).
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4.3 Estimation of the DUT’s value using the test structure

4.3.1 Mathematical formula for DUT

In order to estimate the value of the DUT using this test structure, it is significant to reach a
final mathematical formula. Using the equations (4.1), (4.2), (4.3), (4.4) we have the formula
for the value of DUT (Cpyr):

1 I (N - frer = four - (N = 1)
C _ | Zosc _ 4.5
bUT = NV “fref [ four o%¢ (4:5)
If we assume that I,e =1, , then:
I N- - “(N-1)
CDUT — osc . [ fref fDUT _ 1] (4.6)
N -Vaq - fref four

is true if we can obtain a sufficient transistor size, such that the

The assumption I,s. =1 ;sc

current at each stage remains the same regardless of the load it drives. Only in this way (4.6)
will be accurate.

This way we can find the value of DUT if the average value of the oscillation current is
known. At this point, we must point out that in order to extract currents’ values a different

structure must be used. We do not deal with this structure in this work.

4.3.2 Estimation of DUT’s value, Monte Carlo Simulations and other graphs

Cadence Virtuoso with Spectre simulator is used in this thesis in order to extract simulations
and usefull data.

Three Monte Carlo simulations are implemented for each DUT. At first, only DUT’s variation
is introduced. After Monte Carlo simulation is made with variation only for the transistors of
the inverting stages. At last Monte Carlo simulations are made with the variation of transistors
and capacitor (DUT). This separation is made to make it obvious if the transistors of the test
structure (transistors of each inverting stage) introduce a variation that distorts the estimation
of DUT’s Value.

During testing with test structures if all devices were ideal (no device adds process variation
which means that no devices’ characteristic deviates from the value given by the designer and
the test structures are completely accurate) then for example by measuring a capacitor 10fF
measurement would show exactly 10fF. But none of the assumptions above are real because
each device introduce process variation, so their characteristics may have different values than
designer wants. So through Monte Carlo simulations, in which all devices have process variation,
we extract the Relative Error and the Spread in order to predict what values are possible for

the measurement of the capacitor. The only thing that we know when we measure a capacitor
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through test structures is the value the designer gave it, not its actual value.

Note that in the case where the Monte Carlo simulations takes into account only capaci-
tor’s process variation and in the case where the Monte Carlo simulations takes into account
transistors’ and capacitor’s process variation, the value of Capacitors under Test (DUT Value)
are the values that the designer wants to be and the Estimated Mean Capacitor Value is the
value that is measured through test structures. In the case where Monte Carlo simulations take
into account only transistors’ process variation, then the value of Capacitors under Test (DUT
Value) are the real values of the capacitors and the Estimated Mean Capacitor Value is the value

that is measured through test structures. These notes refer to the following tables and graphs.

Simulations with only Capacitor’s Variation The Table [t.1 below is made with data from
Monte Carlo simulation. In this simulation only DUT’s variation was taken into account.We
assume that transistors are ideal and that inverting stages and the Ring Oscillators are identical.

Estimated Capacitor Value and Standard Deviation were directly extracted from the simulation.

Spread, Error and Relative Error (Relative Error= Capaci g: =) were also calculated.
Capacitors under test (fF) | Estimated Mean Capacitor Value (fF) | Standard Deviation (f) | Spread (%) | Error (fF) | Relative Error (%)

1 -0,2447 0,0475 19,4115243155 -1,2447 -124,47
10 8,676 0,527 6,0742277547 -1,324 -13,24
20 19,37 1,052 5,4310789881 -0,63 -3,15
30 29,6 1,487 5,0236486486 -0,4 -1,3333333333
40 40,04 1,929 48176823177 0,04 0,1
50 50,18 2,407 4,7967317656 0,18 0,36
60 60,26 2,914 4,835711915 0,26 0,4333333333
70 70,06 3,278 4,6788467028 0,06 0,0857142857
80 79,84 3,768 4,7194388778 -0,16 -0,2
90 89,55 3,768 4,2077051926 -0,45 -0,5
100 99,07 4,583 4,6260220046 -0,93 -0,93

Table 4.1: Data extracted from Monte Carlo Simulation in which only capacitor’s variation was
taken into account

According to Table @, graphs were plotted from which significant conclusions were ex-
tracted.
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Figure 4.11: Spread of Estimated DUT Value as a function of expected by the designer DUT
Value when only DUT’s variation is taken into account.
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Figure 4.12: Relative Error as a function of expected by the designer DUT Value when only
DUT’s variation is taken into account.

It is obvious that Spread of Estimated DUT Value and the Relative Error of the estimation
decrease (not linear) for DUTs smaller than 20fF and then remain constant (Figt11], f.19).
This proves that the test structure cannot accurately calculate the value of small capacitors
(< 10fF) even if the two Ring Oscillators are identical. In general it is more difficult to calculate

accurately the value of very small capacitors than estimate the value of big capacitors.
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Simulations with only transistor’s Variation The Table @ below is made with data from
Monte Carlo simulation. In this simulation only transistor’s variation was taken into account.We
assume that the DUT is ideal. The Ring Oscillators are not identical because each transistor
may introduce a different variation. Estimated Capacitor Value and Standard Deviation were

directly extracted from the simulation. Spread, Error and Relative Error were also calculated.

Capacitors under test (fF) | Estimated Mean Capacitor Value (fF) | Standard Deviation (f) | Spread (%) | Error (fF) | Relative Error (%)

1 -0,2474 0,08573 34,6523848019 -1,2474 -124,74

10 8,66 0,4852 5,6027713626 -1,34 -13,4

20 19,42 1,01 5,2008238929 -0,58 -2,9

30 29,55 1,442 4,8798646362 -0,45 -1,5

40 40,16 1,956 4,8705179283 0,16 0.4

50 50,25 2,386 4,7482587065 0,25 0,5

60 60,3 2,859 4,7412935323 0,3 0,5

70 70,04 3,26 4,6544831525 0,04 0,0571428571
80 79,95 3,753 4,6941838649 -0,05 -0,0625

90 89,65 4,22 4,7071946458 -0,35 -0,3888888889
100 99,26 4,625 4,6594801531 -0,74 -0,74

Table 4.2: Data extracted from Monte Carlo Simulation in which only transistor’s variation was
taken into account

According to Table @ graphs were plotted from which significant conclusions were extracted.
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Figure 4.13: Spread of Estimated DUT Value as a function of real DUT Value when only
transistor’s variation is taken into account

It is obvious that Spread of Estimated DUT Value and the Relative Error of the estimation
decrease (not linear) for DUTs smaller than 20fF and then remain constant. (Figt.13, f.14).
This proves that the test structure cannot accurately calculate the value of small capacitors
(< 10fF). In the same time this test structure could accurately estimate the values of bigger
capacitors as shown at Table @ when the transistors of the inverting stages introduce variation.

Although the Spread remains high even for measurement of big capacitors.
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Relative Error
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Figure 4.14: Relative Error as a function of real DUT Value when only transistor’s variation is
taken into account

Simulations with DUT’s and transistor’s Variation The Table @ below is made with
data from Monte Carlo simulation. In this simulation DUT’s and transistor’s variation were
taken into account. Now the Ring Oscillators are not identical because each transistor may
introduce a different variation. Also the DUT is not ideal because it introduces variation in our
calculations. Estimated Capacitor Value and Standard Deviation were directly extracted from

the simulation. Spread, Error and Relative Error were also calculated.

Capacitors under test (fF) | Estimated Mean Capacitor Value (fF) | Standard Deviation (f) | Spread (%) | Error (fF) | Relative Error (%)

1 -0,2482 0,9768 393,5535858179 -1,2482 -124,82

10 8,652 0,7302 8,439667129 -1,348 -13,48

20 19,3 1,475 7,6424870466 -0,7 -3,5

30 29,51 2,128 7,2111148763 -0,49 -1,6333333333
40 39,91 2,792 6,9957404159 -0,09 -0,225

50 50,04 3,469 6,9324540368 0,04 0,08

60 60,1 4,173 6,9434276206 0,1 0,1666666667
70 69,88 4,753 6,8016599886 -0,12 -0,1714285714
80 79,66 5,429 6,8152146623 -0,34 -0,425

90 89,43 6,043 6,7572402997 -0,57 -0,6333333333
100 98,84 6,655 6,7331040065 -1,16 -1,16

Table 4.3: Data extracted from Monte Carlo Simulation in which capacitor’s and transistor’s
variation were taken into account

According to Table @ graphs were plotted from which significant conclusions were extracted.

It is obvious that Spread of Estimated DUT Value and the Relative Error of the estimation
decrease (not linear) for DUTs smaller than 20fF and then remain constant. (FigJt.15, [1.16).
This proves that the test structure cannot accurately calculate the value of small capacitors
(< 10fF). In the same time this test structure could accurately estimate the values of bigger
capacitors as shown at Table @ when the transistors of the inverting stages introduce variation.
Although the Spread still remains high.



96 Chapter 4 - Test structure using two Ring Oscillators
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Figure 4.15: Spread of Estimated DUT Value as a function of expected by the designer DUT

Value when capacitor’s and transistor’s variation are taken into account.
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Figure 4.16: Relative Error as a function of expected by the designer DUT Value when transis-
tor’s and capacitor’s variation are taken into account.

4.3.3 Conclusions

In order to draw conclusions, it is necessary to compare the tables and graphs above. Particular
importance should be given to the comparison of Tables @ and @ Table @ consists of data
for which only the capacitor’s variation has been taken into account. Table @ consists of data

for which capacitor’s and transistor’s variation have been taken into account.
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It is obvious that when transistor’s variation is ignored (Table @) the Spread of Estimated
Mean Capacitor Value is lower than the case when no device variation is ignored (Table @)
almost for every DUT. This means that transistors of inverting stages introduce variation which
greatly affects the final measurement regarding Spread. It is observed that measurements with
this implementation are more sensitive to variations when very small capacitors are measured.
This is why Relative Error and Spread have big values when we measure small capacitors (<
10fF).

The structure measures sufficient capacitors in the range 20fF-100fF (Relative Error< 3%)
(Table [1.9).

A disadvantage is that currents must be measured, which is a difficult process.

In order to have accurate estimations, a way to decrease transistor’s variation must be found.



98

Chapter 4 - Test structure using two Ring Oscillators




Test structure using a

single Ring Oscillator and
a MUX

5.1 Process Monitoring of Capacitor’s Value using a single
Ring Oscillator with MUX

Another way to characterize capacitors through oscillation’s frequency is described below. In this
section a single Ring Oscillator and a MUX (Fig.@) are used in order to measure capacitor’s
value through oscillation’s frequency (Flg@) The oscillator consists of 53 inverting stages.
Each stage here is current starved inverter (not a simple inverter). DC voltage "Control nmos”
is always 1V and DC voltage "Control pmos” is always 0V. In this way transistors which have
these gate voltages are always ON (Figp.d). Using the MUX (Figp.d) and a selection signal
we manage to obtain reference frequency (fr.r) and frequency affected by the device under test
(fpur) from the same Ring Oscillator depending on the value of the selection signal. When
selection signal is OV the output frequency is the reference frequency (frer). When selection
signal is 1V the output frequency is the frequency affected by the device under test (fpur) [9]-
Through these two frequencies and inverter’s delay, we get the value of the DUT (Cpyr).

Due to the capacitances introduced by the MOSFET transistors, there is propagation delay
for each inverting stage (£4) except for the two last stages of the Ring Oscillator (the last two
stages, 52nd and 53rd, have different propagation delay). For the current starved inverter’s delay
the same formula as for the simple inverter’s delay is used (all stages except for 52nd and 53rd

stage) [, [10] : cr-V,
_CrVau

tg = 5.1
= (5.1)

where:

Cy: current starved inverter’s total load capacitance
V4q: bias voltage

Ic,:

.. current that flows through NMOS transistors of the current starved inverter to the
ground.
Each of the cells above introduces some capacitances because of the transistors that are used.

The Current Starved Inverter cell introduces capacitance Cr,. In addition MUX introduces Cpyyx



100 Chapter 5 - Test structure using a single Ring Oscillator and a MUX
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Figure 5.1: When selection signal is OV f..r is provided and when selection signal is 1V fpyr is
provided.

that is driven by one of the current starved inverters of the last stage. Moreover, in any case
(whether the selection signal is OV or 1V) there is a floating current starved inverter at the last
stage. This floating current starved inverter adds a capacitance Cpjoqs that is driven by the
52nd stage. As a result 52nd stage drives not only Cr, but also Cfjoq;. When selection signal is
OV (frer is the output frequency) 53rd stage (last stage) drives Cr, and Cypyx. When selection
signal is 1V (fpyr is the output frequency) 53rd stage (last stage) drives Cr, Cyyx and the
device under test Cpyr.

For the 52nd stage the mathematical formula for the propagation delay in both cases (whether

the selection signal is 0V or 1V) is:

(CL+Crroat)* Vaa
td52nd—stage = 2 'IC
L

(5.2)
=Cfioat

where:

Cy: inverter’s total load capacitance

C'fioat: capacitance added by floating current starved inverter

V4q: bias voltage

Ic,—Cppe,: This is the current that flows through these capacitancies that cause propagation
delay (Cr, and Cfoar).

For the 53rd stage the mathematical formula for the propagation delay when the selection
signal is OV (fres is provided) is:

_(Cr+Cpmux)-Vaa
td53rd—stage—ref - 2 . IC
L

(5.3)

-Cuux
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Figure 5.2: Current starved Inverter cell which is used for the Ring Oscillator with W, ;05 = 8 um,
Womos =16 um and L, mes = L pmos = 80nm.

where:

Cy: inverter’s total load capacitance

Cuux: capacitance added by MUX

Vaq: bias voltage

Ic,-cyux: This is the current that flows through these capacitancies that cause propagation

delay (Cr and Cyyux)-
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Figure 5.3: MUX that is used for this test structure and consists of two transmission gates with
Wimos =5 um = meos and Ly mos = meos =80nm.

For the 53rd stage the mathematical formula for the propagation delay when the selection

signal is 1V (fpyr is provided) is:

_(CL+Cymux +Cpur)-Vad
td53rd—stage—DUT - 9. IC
L

(5.4)

-Cuux—Cpur

where:

Cy: inverter’s total load capacitance

Cuux: capacitance added by MUX

Cpyr: device under test

Vaq: bias voltage

Ic,-cyux—Cpur: This is the current that flows through these capacitancies that cause propa-
gation delay (Cr, Cyux and Cpyr).

So the mathematical formula for the reference frequency (fr.f provided when selection signal
is 0V) is:
frop = 1
rEf 2 ’ (N - 2) : td + 2 : td52ndfstage + 2 : td53rdfstage7ref

(5.5)
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where:

N: number of inverting stages

The mathematical formula for the frequency affected by DUT (fpyr provided when selection

signal is 1V) is:
1

four = (5.6)
2 : (N - 2) : td + 2 : td52ndfstage + 2 : td53rdfsmge7DUT

where:

N: number of inverting stages

5.2 Estimation of the DUT’s value using the test structure

5.2.1 Mathematical formula for DUT

In order to estimate the value of the DUT using this test structure, it is significant to reach
a final mathematical formula. For this reason we must make some assumptions in order to
deembed Cr, and Cyyx. The assumption I¢c, —cyux = L0 -Cyux—Cpur =1 must be made. To make
our assumption closer to reality, we used large transistors for each stage. This is why current
starved inverters were used instead of simple inverters. Also we assume that all inverting stages
are identical which implies that they introduce identical capacitancies Cr. Using the equations
(5.1), (5.2), (5.3), (5.4), (5.5) ,(5.6) and the assumptions above we reach the formula for the

value of DUT (CDUT):
fref —fouT

Cour=—7—7—"
Vaa  frer - four

(5.7)

where:

I: the current that is discussed above
This way we can find the value of DUT if the average value of the current I is known.

5.2.2 Estimation of DUT’s value, Monte Carlo Simulations and other graphs

Monte Carlo simulations are implemented for each DUT. At first, only DUT’s variation is
introduced. After Monte Carlo simulation is made with variation introduced by capacitor and
transistors of the inverting stages. This separation is made to make it obvious if the transistors
of the test structure (transistors of each inverting stage) introduce a variation that distorts the
estimation of DUT’s Value.

Simulations with only Capacitor’s Variation
The Table 5.1 below is made with data from Monte Carlo simulation. In this simulation only

DUT’s variation was taken into account. We assume that transistors are ideal and that inverting



104

Chapter 5 - Test structure using a single Ring Oscillator and a MUX

stages are identical. Estimated Capacitor Value and Standard Deviation were directly extracted

from the simulation. Spread, Error and Relative Error were also calculated.

Capacitors under test (fF) | Estimated Mean Capacitor Value (fF) | Standard Deviation (f) | Spread (%) | Error (fF) | Relative Error (%)

1 1,462 0,08334 5,7004103967 0,462 46,2

10 9,864 0,5411 5,4856042174 -0,136 -1,36

20 19,39 0,9777 5,0422898401 -0,61 -3,05

30 29,86 1,504 5,03683858 -0,14 -0,4666666667
40 41,15 2,044 4,9671931956 1,15 2,875

50 50,31 2,417 4,804213874 0,31 0,62

60 61,27 2,915 4,7576301616 1,27 2,1166666667
70 72,41 3,378 4,6651015053 2,41 3,4428571429
80 84,67 4,867 5,7481988898 4,67 5,8375

90 97,45 5,564 5,7095946639 7,45 8,27TTTTTTT8

100

109,5

5,83

5,3242009132

9,5

9,5

Table 5.1: Data extracted from Monte Carlo Simulation in which only capacitor’s variation was

taken into account

According to Table @, graphs were plotted from which significant conclusions were ex-

tracted.

Spread (%)

Spread of Estimated DUT Value

10 20 30 40

50 60

DUT_Walue (fF)

70

80

90

i

100

Figure 5.4: Spread of Estimated DUT Value as a function of expected by the designer DUT
Value when only DUT’s variation is taken into account.

It is obvious that Spread of Estimated DUT Value decreases (not linear) for DUTs with
values until 70fF. After this value, Spread takes unexpected values (Flg@)

Relative Error also decreases until DUT value is 10fF. After this value Relative Error remains
almost constant till DUT value is 70fF (Fig.5.5).

In addition, it is obvious the test structure cannot accurately calculate the value of small

capacitors (< 10fF) even if transistors do not introduce variation.
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Figure 5.5: Relative Error as a function of expected by the designer DUT Value when only
DUT’s variation is taken into account.

Simulations with only transistor’s Variation

The Table @ below is made with data from Monte Carlo simulation. In this simulation only

transistor’s variation was taken into account. We assume that the DUT is ideal. The transistors

of Ring Oscillator are not identical because each transistor may introduce a different variation.

Estimated Capacitor Value and Standard Deviation were directly extracted from the simulation.

Spread, Error and Relative Error were also calculated.

Capacitors under test (fF) | Estimated Mean Capacitor Value (fF) | Standard Deviation (f) | Spread (%) | Error (fF) | Relative Error (%)

1 1,441 0,1464 10,159611381 0,441 44,1

10 9,823 0,4929 5,0178153314 -0,177 -1,77

20 19,66 1,038 5,2797558494 -0,34 -1,7

30 30,11 1,52 5,0481567586 0,11 0,3666666667
40 40,37 2,119 5,248947238 0,37 0,925

50 50,63 2,674 5,2814536836 0,63 1,26

60 62,3 3,345 5,3691813804 2,3 3,8333333333
70 72,74 4,013 5,5169095408 2,74 3,9142857143
80 84,78 4,594 5,4187308327 4,78 5,975

90 96,93 5,116 5,2780356959 6,93 7

100 109,5 5,748 5,2493150685 9,5 9,5

Table 5.2: Data extracted from Monte Carlo Simulation in which only transistor’s variation was

taken into account




106 Chapter 5 - Test structure using a single Ring Oscillator and a MUX

According to Table @ graphs were plotted from which significant conclusions were extracted.
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Figure 5.6: Spread of Estimated DUT Value as a function of real DUT Value when only tran-
sistor’s variation is taken into account.
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Figure 5.7: Relative Error as a function of real DUT Value when only transistor’s variation is
taken into account.

It is obvious that Spread of Estimated DUT Value decreases (not linear) and then remains
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almost constant (Fig.p.6).

Relative Error also decreases until DUT value is 30fF. After this value Relative Error remains
almost constant until DUT value is 50fF. Until 70fF the relative error of estimation is lower
than 4% (Figp.7).

In addition, it is obvious the test structure cannot accurately calculate the value of small
capacitors (< 10fF). In the same time this test structure could accurately estimate the values of

bigger capacitors as shown at Table @ when only transistor’s variation is taken into account.

From these observations we can conclude that the test structure can accurately measure

capacitors from 10fF to 70fF when considering only transistor’s variation.

Simulations with DUT’s and transistor’s Variation

The Table @ below is made with data from Monte Carlo simulation. In this simulation DUT’s
and transistor’s variation were taken into account. Now each stage of Ring Oscillators is not iden-
tical with the other stages because each transistor may introduce a different variation. Variation
also introduced by transistors of MUX. In addition, the DUT is not ideal because it introduces
variation in our calculations. Estimated Capacitor Value and Standard Deviation were directly

extracted from the simulation. Spread, Error and Relative Error were also calculated.

Capacitors under test (fF) | Estimated Mean Capacitor Value (fF) | Standard Deviation (f) | Spread (%) | Error (fF) | Relative Error (%)

1 1,442 0,1495 10,3675450763 0,442 44,2

10 9,766 0,6999 7,1667007987 -0,234 -2,34

20 19,58 1,459 7,4514811032 -0,42 -2,1

30 29,96 2,311 7,7136181575 -0,04 -0,1333333333
40 40,15 3,066 7,6363636364 0,15 0,375

50 50,46 3,87 7,6694411415 0,46 0,92

60 61,49 4,757 7,7362172711 1,49 2,4833333333
70 72,42 5,618 7,7575255454 2,42 3,4571428571
80 84,49 6,65 7,8707539354 4,49 5,6125

90 96,52 7,618 7,8926647327 6,52 7,2444444444
100 109,1 8,64 7,919340055 9,1 9,1

Table 5.3: Data extracted from Monte Carlo Simulation in which capacitor’s and transistor’s
variation was taken into account

The Spread of Estimated DUT Value decreases (not linear) until 10fF. After there is a slight

increase and then it remains almost constant until 70fF (Fig.p.g).

Relative Error also decreases until DUT value is 30fF. After this value Relative Error remains
almost constant until DUT value is 50fF. Until 70fF the relative error of estimation is lower
than 4% (Figp.9).

In addition, it is obvious the test structure cannot accurately calculate the value of small

capacitors (< 10fF).
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Figure 5.8: Spread of Estimated DUT Value as a function of expected by the designer DUT
Value when capacitor’s and transistor’s variation are taken into account.
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Figure 5.9: Relative Error as a function of expected by the designer DUT Value when capacitor’s
and transistor’s variation are taken.
5.2.3 Conclusions

In order to draw conclusions, it is necessary to compare the tables and graphs above. Particular
importance should be given to the comparison of Tables @ and @ Table @ consists of data
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for which only the capacitor’s variation has been taken into account. Table @ consists of data

for which capacitor’s and transistor’s variation have been taken into account.

It is obvious that when transistor’s variation is ignored (Table @) the Spread of Estimated
Mean Capacitor Value is lower than the case when no device variation is ignored (Table @)
almost for every DUT. This means that transistors of inverting stages introduce variation that
could distort the etsimation of DUT. Especially when DUT is very small (1fF), Spread of
estimation when only DUT’s variation is taken into account is 5,7%, but when the variation
of any device is not ignored, then the spread almost doubles. This means that transistors
of inverting stages introduce variation that could distort the etsimation of DUT. This is why
Relative Error and Spread have big values when we measure small capacitors (< 10fF). Although
we could observe that spread of measurement of small capacitors with this test structure is lower
than the spread with the previous test structure.

As for DUTs greater than 10fF, when only DUT’s variation is taken into account then the
spread is around 5%. When considering the variations of all devices, then the spread is about
7%. This means that the measurement of larger DUTs is less affected by the variation introduced
by the transistors of the test structure than the measurement of small DUTs.

The structure measures sufficient capacitors in the range 10fF-50fF (Relative Error< 3%)
(Table [1.9).

A disadvantage is that currents must be measured, which is a difficult process.

In order to decrease the spread at our estimations, a way to decrease transistor’s variation

must be found.
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Test structure using a
single Cross-Coupled
Oscillator

6.1 Process Monitoring of Capacitor’s Value using a Cross-
Coupled Oscillator

Another way to characterize capacitors through oscillation’s frequency is described below. In
this section a Cross-Coupled Oscillator will be used in order to measure capacitor’s (DUT)
Value through oscillation’s frequency. We expect smaller effect of process variation on our
measurements because this test structure is simpler than the previous. The way that this circuit
makes oscillation is well-known [11].

The Cross-Coupled oscillator is a LC oscillator consists of two transistors, two inductors and
a capacitor. In order to design the Cross-Coupled oscillator MOSFET transistors (two NMOS
transistors) are used. The transistor models which are described previously are used also here.
The capacitor used for this oscillator is actually the Device Under Test and the Cross-Coupled
oscillator is the test structure. Inductors introduce almost no process variation.

A disadvantage of this test structure is that inductors are in general very big devices. There-
fore this test structure takes a lot of space.

In addition, here we must assume that transistors add no capacitance (Cr, — 0). In order to
make this assumption closer to reality we use as small transistors as possible. Although these
transistors could not be very small because this test structure cannot oscillate when transistors
are very small and the capacitor big.

The test structure described at this section is shown below (Fig.p.1)).

The mathematical formula that describes the oscillation frequency for LC oscillators is well-

known [L1] and it is shown below:

®VL-C 2nvVL-C (6.1)

where:

L: value of one of the two inductors used

C: value of the capacitor used
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1 O Qutput

[ ]

Figure 6.1: Cross-Coupled Oscillator used as Test Structure with Wypmes = 2pum and Ly =
80nm

6.2 Estimation of the DUT’s value using the test structure

6.2.1 Mathematical formula for DUT

In order to estimate the value of the DUT using this test structure, it is significant to reach a
final mathematical formula. As we already said the capacitor of the LC oscillator is actually
here the DUT. Using the equation (6.1) and assuming that C = Cpyr we have the formula for
the value of DUT (Cpyr):

1

_ 6.2
4n2'f()zsc'L ( )

fosc =

= Cpyr =

1
2n+/L-Cpyr

For this test structure, it is obvious that no current appears at the mathematical formula.
So it is not necessary to measure any current. This is a very significant observation because it

is very difficult to measure current on the wafer, especially for nanoscale ICs.

6.2.2 Estimation of DUT’s value, Monte Carlo Simulations and other graphs

Monte Carlo simulations are implemented for each DUT. At first, only DUT’s variation is
introduced. After Monte Carlo simulation is made with variation only for the transistors. At
last Monte Carlo simulations are made with the variation of transistors and capacitor (DUT).
This separation is made to make it obvious if the transistors of the test structure introduce a

variation that distorts the estimation of DUT’s Value.
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Simulations with only Capacitor’s Variation The Table El] below is made with data
from Monte Carlo simulation. In this simulation only DUT’s variation was taken into account.
We assume that transistors are ideal and perfectly matched. Estimated Capacitor Value and
Standard Deviation were directly extracted from the simulation. Spread, Error and Relative

Error were also calculated.

Capacitors under test (fF) | Estimated Mean Capacitor Value (fF) | Standard Deviation (f) | Spread (%) | Error (fF) | Relative Error (%)

1 5,178 0,17898 3,4565469293 4,178 4178

10 13,48 0,4582 3,3991097923 3,48 34,8

20 23,25 0,9549 4,1070967742 3,25 16,25

30 33,25 1,448 4,354887218 3,25 10,8333333333
40 43,35 1,944 4,4844290657 3,35 8,375

50 53,45 2,437 4,5594013096 3,45 6,9

60 63,6 2,922 4,5943396226 3,6 6

70 73,73 3,418 4,6358334464 3,73 5,3285714286
80 83,72 3,9 4,6583850932 3,72 4,65

90 94,11 4,402 4,6775050473 4,11 4,5666666667
100 104,3 4,885 4,6836049856 4,3 4,3

Table 6.1: Data extracted from Monte Carlo Simulation in which only capacitor’s variation was
taken into account

According to Table El] graphs were plotted from which significant conclusions were extracted.

Spread of Estimated DUT Value
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Figure 6.2: Spread of Estimated DUT Value as a function of expected by the designerl DUT
Value when only DUT’s variation is taken into account.

We can observe that the Relative Error of the estimation decreases (not linear) for bigger
DUTSs (Fig.6.3) but it remains high (Relative Error>4%). Figure .3 proves that this test struc-
ture has not very good accuracy, especially for smaller DUTs, when only capacitor’s variation

is taken into account.

Spread is almost constant (Fig.p.d) when only capacitor’s variation is taken into account.
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Figure 6.3: Relative Error as a function of expected by the designer DUT Value when only
DUT’s variation is taken into account.

Simulations with only transistor’s Variation The Table .2 below is made with data from
Monte Carlo simulation. In this simulation only transistor’s variation was taken into account.
We assume that the DUT is ideal. The transistors are not identical because each transistor
may introduce a different variation. Estimated Capacitor Value and Standard Deviation were

directly extracted from the simulation. Spread, Error and Relative Error were also calculated.

Capacitors under test (fF) | Estimated Mean Capacitor Value (fF) | Standard Deviation (f) | Spread (%) | Error (fF) | Relative Error (%)
1 5,18 0,01084 0,2092664093 4,18 418
10 13,51 0,005971 0,0441968912 3,51 35,1
20 23,32 0,0035891 0,0153906518 3,32 16,6
30 33,36 0,008962 0,0268645084 3,36 11,2
40 43,51 0,009851 0,0226407722 3,51 8,775
50 53,65 0,00893 0,0166449208 3,65 7.3
60 63,84 0,00986 0,0154448622 3,84 6.4
70 74,01 0,01003 0,0135522227 4,01 5,7285714286
80 84,22 0,03887 0,0461529328 4,22 5,275
90 94,47 0,01117 0,0118238594 4,47 4,9666666667
100 104,7 0,01597 0,0152531041 4,7 4,7

Table 6.2: Data extracted from Monte Carlo Simulation in which only transistor’s variation was
taken into account

According to Table @ graphs were plotted from which significant conclusions were extracted.

We can observe that the Relative Error of the estimation decreases (not linear) for bigger
DUTs (Fig)5.d) but even in this case it remains high. Figure .5 proves that this test structure
has not very good accuracy, especially for smaller DUTs.

Spread is bigger when DUT is smaller than 10fF. This is because the circuit is more sensitive
to process variation of transistors when measuring very small capacitors. For DUTs bigger than
10fF Spread remains almost constant (Fig.@) when only transistors’ variation is taken into

account. In general transistors in this test structure introduce almost no variation (Spread< 1%).
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Figure 6.4: Spread of Estimated DUT Value as a function of real DUT Value when only tran-
sistor’s variation is taken into account.
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Figure 6.5: Relative Error as a function of real DUT Value when only transistor’s variation is
taken into account.

Simulations with DUT’s and transistor’s Variation The Table @ below is made with
data from Monte Carlo simulation. In this simulation DUT’s and transistor’s variation were
taken into account. Now the transistors are not identical because each transistor may introduce a
different variation. Also the DUT is not ideal because it introduces variation in our calculations.
Estimated Capacitor Value and Standard Deviation were directly extracted from the simulation.
Spread, Error and Relative Error were also calculated.
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Capacitors under test (fF) | Estimated Mean Capacitor Value (fF) | Standard Deviation (f) | Spread (%) | Error (fF) | Relative Error (%)

1 5,117 0,20583 4,0224741059 4,117 411,7

10 13,48 0,4573 3,3924332344 3,48 34,8

20 23,25 0,9553 4,1088172043 3,25 16,25

30 33,24 1,452 4,3682310469 3,24 10,8

40 43,35 1,944 4,4844290657 3,35 8,375

50 53,46 2,438 4,5604190049 3,46 6,92

60 63,6 2,929 4,6053459119 3,6 6

70 73,25 3,391 4,6293515358 3,25 4,6428571429
80 83,91 3,936 4,6907400787 3,91 4,8875

90 94,11 4,401 4,6764424609 4,11 4,5666666667
100 104,3 1887 1,6355225312 13 13

Table 6.3: Data extracted from Monte Carlo Simulation in which capacitor’s and transistor’s
variation were taken into account

According to Table @ graphs were plotted from which significant conclusions were extracted.
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Figure 6.6: Spread of Estimated DUT Value as a function of expected by the designer DUT
Value when capacitor’s and transistor’s variation are taken into account.

We can observe that the Relative Error of the estimation decreases (not linear) (Fig[6.7)
but it still remains high. Figure @ proves that this test structure has not very good accuracy,
especially for smaller DUTs, when capacitor’s and transistors’ variation is taken into account.

Spread is almost constant (Fig.@) when capacitor’s and transistors’ variation is taken into
account. Graph @ is almost the same with graph @ when only capacitor’s variation is taken

into account. It proves that transistors add almost no process variation.

6.2.3 Conclusions

In order to draw conclusions, it is necessary to compare the tables and graphs above. Particular
importance should be given to the comparison of Tables @ and @ Table @ consists of data

for which only the capacitor’s variation has been taken into account. Table @ consists of data
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Figure 6.7: Relative Error as a function of expected by the designer DUT Value when transistor’s
and capacitor’s variation are taken into account.

for which capacitor’s and transistor’s variation have been taken into account.

It is obvious that when transistor’s variation is ignored (Table @) the Spread of Estimated
Mean Capacitor Value is almost the same with the case when no device variation is ignored
(Table B.3). This means that transistors introduce variation which has almost negligible effect

on the final measurements regarding Spread as we noticed above. We have to notice that using

small dimensions of the transistors leads to increased process variation (aAVth = jv%) But
as we have already said the effect of transistors’ process variation does not distort the final
measurements.

Unfortunately, the Relative Error in each case proves in general that this test structure
is not very accurate. This happens because we cannot calculate and substract from our final
measuremnts the value of the capacitances added by transistors (Cr). We have assumed that
Cr, =0 which is not true even for very small transistors.

Despite its not very good measurement accuracy and the large space it occupies, this test
structure has a very significant advantage. It is the only test structure that we propose in this
work, which in the final formula that calculating the actual capacitor value does not include
the measurement of any current. This is very significant because it is very difficult to measure

currents on a nanoscale chip of wafer.
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Test structure using
CBCM

7.1 Process Monitoring of Capacitor’s Value using Charge-
Based Capacitance Measurement (CBCM)

Another way to characterize capacitors is described below. In this section we will describe a
method which characterizes capacitors without any oscillation. This method called Charge-
Based Capacitance Measurement (CBCM) [12] . This test structure is completely simple and
consists of 4 transistors and the DUT. We expect small effect of process variation on our mea-
surements because this test structure is simple. The left and the right branch of the structure
are actually pseudo-inverters. The circuit of test structure is shown below (Fig.[f.1)).

The left and right branches are both driven by two non-overlapping signals V1 and V2 as
shown in Figure .9 below. These can be either generated off-chip or on-chip [12]. At this
thesis we do not implement any on-chip non overlapping clock circuit. The purpose of these
non-overlapping waveforms is to ensure that only one of the two transistors on either the left
or right branch is conducting current at any given time in order to avoid short-circuit current.
This current could introduce error at our measurements. When the PMOS transistor turns on,
current flows from Vg4 to charge the DUT. This amount of charge will then be subsequently
discharged through the NMOS transistor into ground. The currents that are useful are measured
at the source of the PMOSFET (or, altematively at the source of the NMOSFET). The actual
waveform of this charging current is not important - only its DC or average current value needs
to be measured.

In order to measure the DUT we assume that the transistors of the two branches are perfectly
matched. The left branch is the reference branch and the current that flows left branch’s
transistors (I,.r) is measured at the source of PMOS transistor. This current is described

by the mathematical formula below:
Iep=Cr-Vaq-f (7.1)

where:
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Figure 7.1: Test structure using Charge-Based Capacitance Measurement with Wy, p,05 = 2 pum,
Womos =4pm and Lypmos = L pmos = 80nm
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Figure 7.2: These non-overlapping NMOS and PMOS signals ensure no short circuit current
Cr: total capacitance that left branch’s transistors introduce

Vgqq: bias voltage
f: frequency of V2 signal (Fig.[r.9)
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The right branch is the branch that drives the DUT (Cpyr) and the current that flows right
branch’s transistors (Ipyr) is measured at the source of PMOS transistor. The right branch’s
transistors introduce also capacitance as left branch’s transistors. We made the assumption that
branches are perfectly matched, so Cr is the same for both branches. Obviously f and Vg4
are the same for both structures. The current Ipyr is described by the mathematical formula

below:

Ipur =(CrL+Cpur)-Vaa-f (7.2)

In order to prove equations (7.1) and (7.2) definition of average switching power dissipation

of inverter must be used:

T
Payg = f v(t)-i()dt =
0

1 % dVout(t) r dVout(t)
Povg == out(t)|—C-————|dt ~Vout(®))-|C- ———| dt
p T[fovt()( D) +[€(Vdd Vour(0)- (- 220
_ 1 Vout(t)2 % Vout(t)2 T
Pavg_?[(_c' 9 ) 0+(Vdd'V0ut(t)'C_C' 9 ) %
Puvg=C-Vi, f (7.3)
Using the definition of power Pgyg = I-Vgq at equation (7.3):
I-Vggq=C-V3,-f = I=C-Vaq-f (7.4)

Here we have assumed that NMOS transistors of each branch conduct current from 0 to
% and respectively PMOS transistors conduct current from % to T. In this case this is not
true. NMOS and PMOS transistors actually conduct current for less time than % (Fig[r.4) and
the current waveforms are not as expected because NMOS transistors are faster than PMOS
at 45nm technology (Fig.@, @) To make this assumption closer to reality pulse widths of
signals V1 and V2 are very similar.

When Cpyr = 1fF the waveforms of currents and output voltage are shown at Figures @
and @ We assume that period T is between 25ns and 75ns (Flg@) So % =50mns. In order
to prove the equations ([.1) and (7.9) we have assumed that NMOS transistors of each branch
conduct current from 0 to % and respectively PMOS transistors conduct current from % to T.
This is not happening in this case as shown. There is an error at our assumption because at
time period [%,% +2.5ns], when no transistor is "ON”, Vo,; > V44. In this way we integrate an
area at this time period which cause an error at our assumption. For this reason an error is

introduced at measurement of small capacitors.

When Cpyr = 100fF we can observe at Figure @ that the error of the assumption is not
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that big as in the case when Cpyr = 1fF because at the time period of the error [%,% +2.5ns]
smaller area is integrated in equation @ We need to assume that currents (Fig.@) flow as
expected at a normal inverter (Flg@) In general the error of the assumption is smaller for

bigger DUTs.
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Figure 7.3: Typical input and output voltage waveforms and the capacitor current waveform
during switching of the CMOS inverter
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Figure 7.6: V,,; waveform when Cpyr = 1{F

7.2 Estimation of the DUT’s value using the test structure

7.2.1 Mathematical formula for DUT

In order to estimate the value of the DUT using this test structure, it is significant to reach a final

mathematical formula. Subtracting (7.2) from the (7.1) we reach the following mathematical
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Figure 7.7: I,y and Ipyr waveforms when Cpyr = 100fF
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Figure 7.8: V,,; waveform when Cpyr = 100{fF

formula:
Ipur —Irer

Vos F (7.5)

Ipyr —Irer =Cpur-Vaa-f = Cpur =

In this formula we can observe that Cy, is completely substructed. This is very significant

because there is no way to measure accurately this capacitance.
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7.2.2 Estimation of DUT’s value, Monte Carlo Simulations and other graphs

Monte Carlo simulations are implemented for each DUT. At first, only DUT’s variation is
introduced. After Monte Carlo simulation is made with variation only for the transistors. At
last Monte Carlo simulations are made with the variation of transistors and capacitor (DUT).
This separation is made to make it obvious if the transistors of the test structure introduce a

variation that distorts the estimation of DUT’s Value.

Simulations with only Capacitor’s Variation The Table El] below is made with data from
Monte Carlo simulation. In this simulation only DUT’s variation was taken into account.We
assume that transistors are ideal and perfectly matched. Estimated Capacitor Value and Stan-
dard Deviation were directly extracted from the simulation. Spread, Error and Relative Error

were also calculated.

Capacitors under test (fF) | Estimated Mean Capacitor Value (fF) | Standard Deviation (f) | Spread (%) | Error (fF) | Relative Error (%)

1 1,124 0,05382 4,7882562278 0,124 12,4

10 10,62 0,49 4,6139359699 0,62 6,2

20 20,7 0,9649 4,661352657 0,7 3,5

30 30,69 1,439 4,6888237211 0,69 2,3

40 40,65 1,916 4,7134071341 0,65 1,625

50 50,6 2,393 4,7292490119 0,6 1,2

60 60,54 2,87 4,7406673274 0,54 0,9

70 70,48 3,348 4,7502837684 0,48 0,6857142857
80 80,42 3,826 4,7575230042 0,42 0,525

90 90,35 4,304 4,7636967349 0,35 0,3888888889
100 100,3 4,781 4,7666999003 0,3 0,3

Table 7.1: Data extracted from Monte Carlo Simulation in which only capacitor’s variation was
taken into account

According to Table @ graphs were plotted from which significant conclusions were extracted.

We can observe that the Relative Error of the estimation decreases (not linear) for bigger
DUTs (Fig.). Figure proves that this test structure can very accurately calculate the
value of capacitors bigger than 30fF (Relative Error< 3% for DUTs bigger than 30fF) when only

capacitor’s variation is taken into account. .

Spread is almost constant (Fig.f.9) when only capacitor’s variation is taken into account.
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Figure 7.9: Spread of Estimated DUT Value as a function of expected by the designer DUT
Value when only DUT’s variation is taken into account.
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Figure 7.10: Relative Error as a function of expected by the designer DUT Value when only
DUT’s variation is taken into account.

Simulations with only transistor’s Variation The Table @ below is made with data from
Monte Carlo simulation. In this simulation only transistor’s variation was taken into account.
We assume that the DUT is ideal. The transistors are not identical because each transistor
may introduce a different variation. Estimated Capacitor Value and Standard Deviation were

directly extracted from the simulation.Spread, Error and Relative Error were also calculated.

According to Table [7.2 graphs were plotted from which significant conclusions were extracted.
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Capacitors under test (fF) | Estimated Mean Capacitor Value (fF) | Standard Deviation (f) | Spread (%) | Error (fF) | Relative Error (%)

1 1,128 0,007292 0,6464539007 0,128 12,8

10 10,66 0,00595 0,0558161351 0,66 6,6

20 20,78 0,00657 0,0316169394 0,78 3,9

30 30,8 0,009631 0,0312694805 0,8 2,6666666667
40 40,8 0,01504 0,0368627451 0,8 2

50 50,79 0,02146 0,0422524119 0,79 1,58

60 60,77 0,02836 0,0466677637 0,77 1,2833333333
70 70,75 0,03511 0,0496254417 0,75 1,0714285714
80 80,72 0,04135 0,0512264618 0,72 0,9

90 90,69 0,04885 0,0538648142 0,69 0,7666666667

100 100,7 0,05592 0,055531281 0,7 0,7

Table 7.2: Data extracted from Monte Carlo Simulation in which only transistor’s variation was
taken into account
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Figure 7.11: Spread of Estimated DUT Value as a function of real DUT Value when only
transistor’s variation is taken into account.

We can observe that the Relative Error of the estimation decreases (not linear) for bigger
DUTs (Fig.[r.12). Figure proves that this test structure can very accurately calculate the
value of capacitors bigger than 30fF (Relative Error< 3% for DUTs bigger than 30fF) when only

transistors’ variation is taken into account. .

Spread is bigger when DUT is smaller than 10fF. This is because the circuit is more sensitive
to process variation of transistors when measuring very small capacitors. For DUTs bigger than
10fF Spread remains almost constant (Fig.) when only transistors’ variation is taken into

account. In general transistors in this test structure introduce almost no variation (Spread< 1%).
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Figure 7.12: Relative Error as a function of real DUT Value when only transistor’s variation is
taken into account.

Simulations with DUT’s and transistor’s Variation The Table @ below is made with
data from Monte Carlo simulation. In this simulation DUT’s and transistor’s variation were
taken into account. Now the transistors are not identical because each transistor may introduce a
different variation. Also the DUT is not ideal because it introduces variation in our calculations.
Estimated Capacitor Value and Standard Deviation were directly extracted from the simulation.
Spread, Error and Relative Error were also calculated.

According to Table B graphs were plotted from which significant conclusions were extracted.

Capacitors under test (fF) | Estimated Mean Capacitor Value (fF) | Standard Deviation (f) | Spread (%) | Error (fF) | Relative Error (%)

1 1,123 0,05498 4,8958147818 0,123 12,3

10 10,62 0,4906 4,6195856874 0,62 6,2

20 20,7 0,9646 4,6599033816 0,7 3,5

30 30,68 1,44 4,6936114733 0,68 2,2666666667
40 40,64 1,917 4,7170275591 0,64 1,6

50 50,59 2,385 4,7143704289 0,59 1,18

60 60,53 2,873 4,7464067405 0,53 0,8833333333
70 70,47 3,341 4,7410245495 0,47 0,6714285714
80 80,41 3,829 4,7618455416 0,41 0,5125

90 90,34 4,3 4,759796325 0,34 0,3777777778
100 100,3 4,786 4,7716849452 0,3 0,3

Table 7.3: Data extracted from Monte Carlo Simulation in which capacitor’s and transistor’s
variation were taken into account

We can observe that the Relative Error of the estimation decreases (not linear) for bigger
DUTs (Fig.). Figure proves that this test structure can very accurately calculate the
value of capacitors bigger than 30fF (Relative Error< 3% for DUTs bigger than 30fF) when
capacitor’s and transistors’ variation is taken into account.

Spread is almost constant (Fig.) when capacitor’s and transistors’ variation is taken into

account.
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Figure 7.13: Spread of Estimated DUT Value as a function of expected by the designer DUT
Value when capacitor’s and transistor’s variation are taken into account.
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Figure 7.14: Relative Error as a function of expected by the designer DUT Value when transis-
tor’s and capacitor’s variation are taken into account.

7.2.3 Conclusions

In order to draw conclusions, it is necessary to compare the tables and graphs above. Particular
importance should be given to the comparison of Tables @ and E Table @ consists of data
for which only the capacitor’s variation has been taken into account. Table B consists of data

for which capacitor’s and transistor’s variation have been taken into account.
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It is obvious that when transistor’s variation is ignored (Table E) the Spread of Estimated
Mean Capacitor Value is almost the same with the case when no device variation is ignored
(Table 7.3). This means that transistors introduce variation which has almost negligible effect
on the final measurements regarding Spread.

Also it is obvious that when transistors’ variation is introduced, the accuracy of the Esti-
mation of the Mean Capacitor’s Value is not greatly affected. We have to note that using small

. . . . .. A
dimensions of the transistors leads to increased process variation (O’AVth = \/‘%) But as we

have already said the effect of transistor’s process variation on the measurements for this test
structure remains negligible.

In general this test structure can accurately measure all capacitors in the range 30fF —100fF
(Relative Error<3%) with low Spread.

A disadvantage is that currents must be measured, which is a difficult process.

In order to have more accurate estimations, a way to decrease the relative error of our

measurements must be found.



Test structure using
changed-CBCM

8.1 Process Monitoring of Capacitor’s Value using changed

Charge-Based Capacitance Measurement

This test structure is similar with that in chapter @ The only difference is that instead of pseudo-
inverters each branch is a normal inverter. This means that PMOS and NMOS transistors’ gates

of the same branch have the same signal (Fig.R.9). The circuit of test structure is shown below

(FigR.1)).

VDD

T
C* Lrer C& Lour

\J
I

V1 o— Vout

—_ C[Jl.’T

1

Figure 8.1: Test structure using changed Charge-Based Capacitance Measurement with Wy, ,0s =
2um, Wymos =4pm and Lymoes = Lpmoes = 80nm
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Figure 8.2: Waveform V (NMOS and PMOS)

When Cpyr = 1fF the waveforms of currents and output voltage are shown at Figures @

. . . T
and @ We assume that period T is between 25ns and 75ns (Flg.@). So 5 =50ns. In order
to prove the equations (f7.1) and (7.9) that are used in this chapter too, we have assumed that
NMOS transistors of each branch conduct current from 0 to % and respectively PMOS transistors
conduct current from % to T. This assumption is true in this case as shown at Figure @ In

this case, we integrate no area that causes error to our measurement.

Ut 3 550.0
. _ref ¢ 500.0
450.0
400.0
350.0
300.0
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200.0
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100.0
50.0
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-100.0
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0.0 200 400 60.0  80.0 100
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Figure 8.3: I,.f and Ipyr waveforms when Cpyr = 1fF
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Figure 8.4: V,,; waveform when Cpyr = 1{F

When Cpyr =100fF we can observe at Figure @ that there is no error at the assumption.

We need to assume again that currents (Fig.@) flow as expected (Flg@)
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Figure 8.5: I,y and Ipyr waveforms when Cpyr = 100fF
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Figure 8.6: V,,; waveform when Cpyr = 100fF

8.2 Estimation of the DUT’s value using the test structure

8.2.1 Mathematical formula for DUT
Obviously the mathematical formula that calculates the DUT is the same with [7.5;

Ipur —Irer

8.1
Vaa-f (8.1)

Cpur =
In this chapter the only assumption that is made is that current waveform is as expected
(Fig.ff.3). NMOS transistors of each branch conduct current from 0 to % and respectively PMOS

transistors conduct current from % toT.

8.2.2 Estimation of DUT’s value, Monte Carlo Simulations and other graphs

Monte Carlo simulations are implemented for each DUT. At first, only DUT’s variation is
introduced. After Monte Carlo simulation is made with variation only for the transistors. At
last Monte Carlo simulations are made with the variation of transistors and capacitor (DUT).
This separation is made to make it obvious if the transistors of the test structure introduce a

variation that distorts the estimation of DUT’s Value.

Simulations with only Capacitor’s Variation The Table @ below is made with data
from Monte Carlo simulation. In this simulation only DUT’s variation was taken into account.

We assume that transistors are ideal and perfectly matched. Estimated Capacitor Value and
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Standard Deviation were directly extracted from the simulation. Spread, Error and Relative

Error were also calculated.

Capacitors under test (fF) | Estimated Mean Capacitor Value (fF) | Standard Deviation (f) | Spread (%) | Error (fF) | Relative Error (%)

1 1,066 0,05083 4,7682926829 0,066 6,6

10 10,29 0,4848 4,7113702624 0,29 2,9

20 20,3 0,9596 4,7270935961 0,3 1,5

30 30,24 1,432 4,7354497354 0,24 0,8

40 40,15 1,906 4,7471980075 0,15 0,375

50 50,04 2,378 4,7521982414 0,04 0,08

60 59,92 2,852 4,7596795728 -0,08 -0,1333333333
70 69,79 3,328 4,7685914888 -0,21 -0,3

80 79,69 3,817 4,7898105157 -0,31 -0,3875

90 89,84 4,286 4,7707034728 -0,16 -0,1777777778
100 99,47 4,77 4,7954157032 -0,53 -0,53

Table 8.1: Data extracted from Monte Carlo Simulation in which only capacitor’s variation was

taken into account

According to Table @, graphs were plotted from which significant conclusions were ex-

tracted.
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Figure 8.7: Spread of Estimated DUT Value as a function of expected by the designer DUT
Value when only DUT’s variation is taken into account.

We can observe that the Relative Error of the estimation decreases (not linear) for bigger

DUTs (Flg@) Figure B.§ proves that this test structure can very accurately calculate the

value of capacitors bigger than 10fF (Relative Error< 3% for DUTs bigger than 10fF) when only

capacitor’s variation is taken into account.

Spread is almost constant (Fig.@) when only capacitor’s variation is taken into account.
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Figure 8.8: Relative Error as a function of expected by the designer DUT Value when only
DUT’s variation is taken into account.

Simulations with only transistor’s Variation The Table @ below is made with data from
Monte Carlo simulation. In this simulation only transistor’s variation was taken into account.
We assume that the DUT is ideal. The transistors are not identical because each transistor
may introduce a different variation. Estimated Capacitor Value and Standard Deviation were

directly extracted from the simulation. Spread, Error and Relative Error were also calculated.

Capacitors under test (fF) | Estimated Mean Capacitor Value (fF) | Standard Deviation (f) | Spread (%) | Error (fF) | Relative Error (%)
1 1,07 0,003199 0,2989719626 0,07 7
10 10,33 0,01019 0,0986447241 0,33 3,3
20 20,37 0,01532 0,0752086402 0,37 1,85
30 30,35 0,02073 0,0683031301 0,35 1,1666666667
40 40,3 0,02507 0,0622084367 0,3 0,75
50 50,22 0,03181 0,0633412983 0,22 0,44
60 60,14 0,03837 0,0638011307 0,14 0,2333333333
70 70,05 0,04351 0,0621127766 0,05 0,0714285714
80 79,99 0,05219 0,0652456557 -0,01 -0,0125
90 89,89 0,05773 0,0642229391 -0,11 -0,1222222222
100 99,84 0,08065 0,0807792468 -0,16 -0,16

Table 8.2: Data extracted from Monte Carlo Simulation in which only transistor’s variation was
taken into account

According to Table @ graphs were plotted from which significant conclusions were extracted.

We can observe that the Relative Error of the estimation decreases (not linear) for bigger
DUTs (Fig.). Figure proves that this test structure can very accurately calculate the
value of capacitors bigger than 10fF (Relative Error<3,3% for DUTs bigger than 10{F).

Spread is bigger when DUT is smaller than 10fF. This is because the circuit is more sensitive
to process variation of transistors when measuring very small capacitors. For DUTs bigger than
20fF Spread remains almost constant (Fig.) when only transistors’ variation is taken into

account. In general transistors in this test structure introduce almost no variation (Spread< 1%).
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Figure 8.9: Spread of Estimated DUT Value as a function of real DUT Value when only tran-
sistor’s variation is taken into account.

Relative Error

Relative Error (%)
iy

1 10 20 30 40 50 60 70 80 90 100
DUT Value (fF)

Figure 8.10: Relative Error as a function of real DUT Value when only transistor’s variation is
taken into account.

Simulations with DUT’s and transistor’s Variation The Table @ below is made with
data from Monte Carlo simulation. In this simulation DUT’s and transistor’s variation were
taken into account. Now the transistors are not identical because each transistor may introduce a
different variation. Also the DUT is not ideal because it introduces variation in our calculations.
Estimated Capacitor Value and Standard Deviation were directly extracted from the simulation.
Spread, Error and Relative Error were also calculated.
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Capacitors under test (fF) | Estimated Mean Capacitor Value (fF) | Standard Deviation (f) | Spread (%) | Error (fF) | Relative Error (%)
1 1,07 0,05139 4,8028037383 0,07 7
10 10,29 0,4859 4,7220602527 0,29 2,9
20 20,29 0,9613 4,7378018728 0,29 1,45
30 30,24 1,434 4,7420634921 0,24 0.8
40 40,14 1,907 4,7508719482 0,14 0,35
50 50,03 2,38 4,7571457126 0,03 0,06
60 59,91 2,854 4,7638123852 -0,09 -0,15
70 69,78 3,332 4,7750071654 -0,22 -0,3142857143
80 79,67 3,809 4,7809715075 -0,33 -0,4125
90 89,55 4,296 4,797319933 -0,45 -0,5
100 99,44 4,757 4,7837892196 -0,56 -0,56

Table 8.3: Data extracted from Monte Carlo Simulation in which capacitor’s and transistor’s
variation were taken into account

According to Table @ graphs were plotted from which significant conclusions were extracted.
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Figure 8.11: Spread of Estimated DUT Value as a function of expected by the designer DUT

Value when capacitor’s and transistor’s variation are taken into account.

We can observe that the Relative Error of the estimation decreases (not linear) (Fig.8.19).
Figure proves that this test structure can very accurately calculate the value of capaci-
tors bigger than 10fF (Relative Error< 3% for DUTs bigger than 10fF) when capacitor’s and

transistors’ variation is taken into account.

Spread is almost constant (Fig.) when capacitor’s and transistors’ variation is taken into

account.
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Figure 8.12: Relative Error as a function of expected by the designer DUT Value when transis-
tor’s and capacitor’s variation are taken into account.

8.2.3 Conclusions

In order to draw conclusions, it is necessary to compare the tables and graphs above. Particular
importance should be given to the comparison of Tables @ and @ Table @ consists of data
for which only the capacitor’s variation has been taken into account. Table @ consists of data
for which capacitor’s and transistor’s variation have been taken into account.

It is obvious that when transistor’s variation is ignored (Table @) the Spread of Estimated
Mean Capacitor Value is almost the same with the case when no device variation is ignored
(Table @) This means that transistors introduce variation which has almost negligible effect
on the final measurements regarding Spread.

Also it is obvious that when transistors’ variation is introduced, the accuracy of the Esti-
mation of the Mean Capacitor’s Value is not greatly affected. This is proven if we compare
Table @ with Table @ This test structure is more accurate -regarding Relative Error- than

the test structure described at chapter E We have to notice that using small dimensions of
Avy,

v2-W-L

the effect of transistor’s process variation on the measurements for this test structure remains

the transistors leads to increased process variation (o-‘/th = ) But as we have already said
negligible.

In general this test structure can accurately measure all capacitors in the range 10fF —100fF
(Relative Error< 3%) with low Spread. In general the measurement of capacitor’s value is more
accurate with this test structure than with the previous implementation.

A disadvantage is that currents must be measured, which is a difficult process.

Finally, we managed to to decrease the error of the assumption made at chapter E
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Conclusion

In this final chapter, we present a brief synopsis of our work. Following that, we conclude by
mentioning a few possible extensions and improvements that could be developed in the future.

We must notice that, as part of this work, other types of oscillators such as Hartley, Peltz,
differential Ring oscillators and various simple Ring Oscillator-based structures have been tested

as well. None of them led to results we wanted.

9.1 Test Structures comparison

Finally, we would like to compare the proposed test structures. This is the reason why the Tables
@ and @ are introduced. In this way we could conclude which implementation is better in

each case.

Spread of Estimated DUT Value (%) 1fF | 10fF | 20fF | 30fF | 40fF | 50fF | 60fF | 70fF | 80fF | 90fF | 100fF
Implementation with two RO 393,55 | 8,44 | 7,64 | 7,21 | 6,99 | 6,93 | 6,94 6,8 6,82 | 6,75 6,73
Implementation with single RO and MUX 10,36 | 7,17 | 7,45 | 7,71 | 763 | 7,66 | 7,73 | 7,75 | 7,87 | 7,89 7,91
Implementation with Cross-Coupled Oscillator | 4,022 | 3,39 | 4,1 | 4,37 | 4,48 | 4,56 | 4,6 | 4,63 | 4,69 | 4,68 | 4,68
Implementation with CBCM 4,89 4,62 | 4,66 | 4,69 | 4,72 | 4,71 | 4,75 | 4,74 | 4,76 | 4,76 4,77
Implementation with changed CBCM 48 472 | 4,74 | 474 | 475 | 4,76 | 4,76 | 4,77 | 4,78 4.8 4,78

Table 9.1: Comparative table based on Spread

Relative Error (%) 1fF 10fF | 20fF | 30fF | 40fF | 50fF | 60fF | 70fF | 80fF | 90fF | 100fF
Implementation with two ROs 124,82 | 13,48 | 3,5 1,63 | 0,225 | 0,08 | 0,17 | 0,17 | 0,42 | 0,63 1,16
Implementation with single RO and MUX 44,2 2,34 2,1 0,13 | 0,375 | 0,92 | 248 | 3,45 | 5,61 | 7,24 9,1
Implementation with Cross-Coupled Oscillator | 411,7 | 34,8 | 16,25 | 10,8 | 8,375 | 6,92 6 4,64 | 4,89 | 4,56 4,3
Tmplementation with CBCM 123 | 62 | 35 | 227 | 16 | 1,18 | 0,88 | 0,67 | 0,51 | 0,38 | 0,3
Implementation with changed CBCM 7 29 1,45 | 08 0,35 0,06 | 0,15 | 0,31 | 0,41 0,5 0,56

Table 9.2: Comparative table based on Relative Error

At this point we have to notice that the implementation with the Cross-Coupled Oscillator
has the lowest spread of estimated DUT value (Table P.1)). This is what we expect because it
has only two transistors. Very low spread also have the implementations with CBCM circuit
and changed CBCM circuit.
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In addition, we can observe that implementation with changed CBCM has the lowest Relative
Error (so the best accuracy) for the measurement of the most DUTs (Table D.9). Even when
another implementation has lower Relative Error for the measurement of a DUT, implementation
with changed CBCM has still a very good accuracy.

Due to these facts, we conclude that the best test structure for the characterization of capaci-
tors in the range 1fF-80fF is the implementation with changed CBCM. For the characterization
of capacitors in the range 90fF-100fF best test structure is the implementation with CBCM
because its Relative Error is the best that we achieved and it has low Spread.

Unfortunately, implementation with the lowest Spread has the highest Relative Error for the

measurement of almost every DUT.

9.2 Future Work

Although we have implemented four test structure with good accuracy, we are sure that there
is room for more development.

At first, a way in order to deembed current as a factor of the final mathematical formulas
which calculate the real value of DUT must be found. Especially, at nanoscale integrated circuits
it is very difficult to measure the current. This research concerns the test structures described
in chapters @, E, E and E

In addition, area of research could be to find a way to reduce Spread in our measurements.

Finally, it would be interesting to search what happensto Spread and Relative Error when

we change transistors’ dimensions.
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