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Abstract

Thiswork presents new I'p pg-basedestcriterion sup-
portedbythecharacteristicsof a setof experimentatesting
measuementgealizedover different sampleof industrial
ICs and by the definition of the correspondingsimulation
model. Comparingthe current consumption®f a specific
circuit a significantcorrelation betweemmeasuementsan
be observed. The current behaviourcan be divided into
two parts: (1) a circuit dependenbne which hasa major
contribution, and affectsequallyall the devicesin a given
die, and (2) a smallerdie dependenfraction dueto vari-
ations, defectiveand non-defectiveof ea of the devices
of a specificdie. In this paper a currentmodelis defined,
introducingthe effects of manufacturingvariationsin the
basicequationsf the sub-thesholdcurrentto explain that
doublebehaviour Theresultsshowhowit is possibleto ob-
tain a lot of informationfrom Ip pg measuementsindhow
other testselectioncriteria can be appliedto increasethe
Ippg testingsensitivityand quality.

1 Introduction

Ippg testingis performedby measuringhe quiescent
currentof the power supply and comparingthis obtained
valuewith afixedlimit. In thelastyearsthistechniquehas
provento bevery usefulandhasbeenanimportantcontri-
bution to improve the quality of CMOSICs[1].

The selectionof the currentlimit is oneof the openand
key questionsin the utilization of Ippg testing. The se-
lection criterion is basedon a pass/ail limit andit is just
efficient with failureswhich provoke high incrementsof
consumption.However, the sensitvity of the Ippg is in-
sufficientin orderto determinethe correctnessf ICs with
consumptiongloseto the currentlimit. The currentlimit
hasto be fixed asa tradeof betweenthe yield andthe re-
quiredquality, thatis, it mustbe selectedo reducethe cost
impactof yield loss, withoutimposinga penaltyon defect
detection[2]. Someapproachesase beenproposedor a
betterlimit selection:currentestimatiormethodologie$3],
statisticalanalysisof Ippg data[4][5] or the consideration
of globalprocessariations[6].

In addition, the forecastfor deepsub-microntechnolo-
giesshows an abruptincrementof the backgroundcurrent
in severalordersof magnitudeanda decremenbf somede-
fect effects[7]. Theseparatiorbetweerdefectve andnon-
defective currentsand,thereforethe Ippg sensitvity will
diminish dramatically Theseproblemshave beendetected
andcertainsolutionshave beenproposedik e reducingthe
temperaturef measurementshedesignpartitioningor the
employmentof aninsulatedoulk [8].

In conclusion,/ppg needsamoresensitve criterion. In
thiswork we will proposehe studyof theglobalcharacter
isticsof thequiescenturrentin orderto definesuchacrite-
rion. This shouldallow to detectany anomalyin thecircuit
consumptiorandnot only incrementsf the maximalcur-
rent. Experimentallywe canobsene thatthe currentcon-
sumptionper testpatternfor a setof samplesof the same
IC is repetitive. Two dicewith the samemanufcturingpro-
cesshavemorecommorcharacteristicthandifferencesand
their currentconsumptionsinderthe sametestpatternare
similar. Ippg testingis atestof thetechnologyandit pro-
videsaglobalimageof adie. Therefore applyingthatcon-
dition, arny technologicanomalywill provokeanalteration
in the statisticalcharacteristicef the quiescenturrentdis-
tributions. More informationcanthenbe extractedandlater
appliedfor a bettertestpreparationTo reachthis goal,two
main questionshouldbe answeredFirst, whetherthereis
ary correlationbetweenthe distribution of the Ippg cur
rentandotherparametersuchasMOS device parameters,
andsecondwhethemnwe candefinea measuremermmnethod-
ology to extractthatinformation.

The work presentechereconcernswith the analysisof
equal devices with differentinfluencesof the fabrication
processtolerances. The results obtainedshov how ary
anomaloudifferencebetweenanideal die anda givendie
canbe obsened by statisticalanalysis. Basedon this, we
will improve thetestsensitvity defininganew Ippg test-
ing criterionwith areally smallincremenbf thecomplexity
of themeasuremergystem.

2 An experimental case

Theinitial point of this work is shavn in Figuresl and
2. The goal of this experimentwas the analysisof the
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Figurel: Maximal, meanand minimal quiescentcurr ent
per die. The x-axis is sorted by maximal currentsin as-
cendingorder.
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Figure 2: Standard deviation of quiescentcurrent per
die. The x-axisis the samethan fig. 1.

Ippg currentdistribution of onehundredsamplesf a spe-
cific CMOS circuit with 250,000transistor§0.7um tech-
nology), doing comparisonectorto vectorandcircuit to
circuit®.

Figure 1 showns the maximal, meanand minimal quies-
centcurrentsfor every die andFigure2 shows the standard
deviation of their currentdistributionsper die. The x-axis
of both figuresrepresentshe numberof samplesand are
orderedby their maximalcurrents.

To continuethe analysiswe comparedhe currentcon-
sumptionsof eachdie with respecto a selectedlie, which
hasbeenconsideredas a goldencircuit. This methodal-
lowedto separateommoncurrentcontributionsfrom those
contributionsthat are due to device anomalieswhich can
be betterobsened. Figures3 and4 show this comparison.
Now, the x-axisis orderedoy meancurrents.

Thecriterionof Ippg testingusesonly themaximalcur-

Thesecircuitshave beensuppliedby ALCATEL.
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Figure 3: Maximal, mean and minimal current differ-
encesof every die and a golden circuit. The x-axis is
sorted by meancurr entsin ascendingorder.
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Figure 4: Standard deviation of current differ encesof

every die and a golden circuit. The x-axis is the same
than fig. 3.

rentto determinecorrector failed circuits, but anotherim-
portantinformationcanbeextractedrom thesdigures.The
samegeneralbehaiour canbe obsenedin all thedice be-
causeeachof them hasfollowed the samemanufcturing
process. Thereforeall of them have similar technological
characteristicayhichimpliesthesimilar currentoehaiours
clearly appreciatedn the figures. On the otherhand,the
small differencesetweendifferentsamplesaredueto tol-
erancesandvariationsof the manufcturingprocessThese
differencedollow a similar pattern. However, our interest
is centeredbn why circuits with valuesof currentfar from
themaximalhave largerdispersion®f thosevalues(Figure
4). Thus,we canstatethattwo differentaspectontribute
to the total currentvalue: a circuit dependenbne, which
hasa major contritution, andis a characteristiof the cir-
cuit, andasmallerdie dependentne,dueto manufcturing
variations,defective andnon-defectie.

Accordingto the dataobtainedfrom the experimentthe



curveof meanconsumptionsanbeapproximatedby aNor-
mal behaiour andthe currentdistributionsof eachdie by a
combinationof NormalandLog-Normaldistributions. As,
in general,normal distributions are due to variationsfol-
lowing alinealrelationshipandLog-Normaldistributionsto
variationsfollowing an exponentialone,afirst explanation
aboutthis behaiour of the quiescenturrentcanbe found
out in the differentcontributionsto its value: the leakage
currentis proportionalto the areasof sourceanddrainter-
minalsandthe sub-thresholaturrentis proportionalto the
exponentialof thesub-thresholdoltage.Next sectionswill
analyzesomeof theseaspects.

3 Tolerances and Manufacturing

Variations

During wafer processinglifferentoperationsarecarried
out. Thefabricationtoleranceprovokestheapparitionof de-
viationsin the device details: variationsin the thicknessof
eithertheoxideor thepolisiliconlayers,in theresistancef
implantedlayers,in thewidth of lithographicaldefinedfea-
tures,andin theregistrationof aphoto-maskvith respecto
previousmaskingoperationg9]. Thesesmallvariationsare
mary timescritical sincethey affectto the device electrical
characteristics.

The doublebehaiour commentedn the previous sec-
tion canbe explainedby a modelwhich classifiesthe dif-
ferentcauseghat producethesecircuit variancesnto two
groups:inter-die variability andintra-die device mismatch
[1Q]. Inter-die variability is characterizedby die-to-dieor
waferto-wafer processvariability andit affectsequallyto
all thedevicesin agivendie. Intra-diedevice mismatchis a
phenomenonvhich causeghat similarly designedransis-
torsandunderequivalentbiasingconditionsbehae differ-
ently. Theinter-die effectcanberepresentetly aparameter
meanfor every die andthe intra-die by a deviation in this
meanof every devicein this die. Variationsdueto inter-die
variability are generallymuchlarger thanintra-die values.
The relationshipbetweeninter-die andintra-die variations
is shovnin Figure5.

In this work, we aregoingto apply this modelto distri-
butionsof quiescenturrentconsumptionssincethe exper
imentalmeasurement®llow thatdoublebehaiour.

4 Tolerance-based Current Model

In this sectionwe addresshe definition of a simplecon-
sumptionmodelto explain experimentaimeasurementsnd
to studythe effectsof parametewariations. The quiescent
currenthastwo major components:the reversebiasedp-
n junction leakagecurrentandthe transistorsub-threshold
leakagecurrent. We candefinea global modelfor the qui-
escenturrentstudyingthe equationsof both contributions
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Figure 5: Relationship betweenintra-die and inter-die
parameter variations.

andthe variationsof all their parametersin long channel
technologieswhich is the caseof the circuit whosemea-
surementsverepresentedh section2, thequiescenturrent
is mainly dueto the reversebiasedp-n junction. But upon
reducingthechannelength,the sub-thresholadurrentsurn

out to be the main contribtutions, which implies that they

dominatethe currentbehaviour in today's deepsub-micron
technologies.Our work is centeredon the study of these
sub-threshol@urrents.

For an NMOS device, the quiescenturrentdueto sub-
thresholdconduction[11] follows this simplified relation-
ship:

Toubtn o Cox%emp(—z%’z)

whereC,, is the gatecapacitanceer unit area, W is the
channelwidth, L is the channellengthand V;,, is the sub-
thresholdvoltage. Thesefour parametersare affectedby

their tolerance therefore,we needto know their distribu-

tionsandtheir correlations Anyway, this equations domi-

natedby V;;, variationsdueto exponentialrelationbetween
Vin andIgypen.-

Due to this fact, we can make a simplification based
in consideringjust the contritution of the sub-threshold
currentand the influenceof just one parameterthe sub-
thresholdvoltage, V;;,. The obtainedresultsvalidatesthis
simplification, sincethey keepthe consumptiorbehaiour
shavn by the experimentalmeasurementsThis approach
will allow to betterexplain the conceptsandthe influences
of parametervariations, making unnecessaryhe use of
morecomplete(andcomplex) models.

4.1 Simple Curr ent Model
In this simple model, the currentof an NMOS device
affectedby the variationof V4, is givenby:
AVti’?ter + A‘/;Ttm
§ut )

Isubth = Itypz'cal €$p(—



wherel;y,icq iStheconsumptiorof atypical transistorand
AVnter and AVjirre arethe variationsof sub-threshold
voltage due to inter-die and intra-die tolerances respec-
tively. Thesevariationscanbe approximatedy a Normal
distribution. This, togethemwith theexponentialfunction of
the previous equationexplainsthe Log-Normalconsump-
tion contribution of eachdie foundin therealmeasurements
commentedn section2.

Standardleviationsof parametedistributionscanbees-
timatedusingtheparameterprovidedby themanufcturers
(SPICEparametersiandthen,usedin a Monte Carloanal-
ysis to calculatevaluesof parametewariationsfor every
transistorandevery gate.

4.2 Simulation Model.

In CMOSdesignthereis no currentflow from onestage
to anotherdueto the MOS gatecapacitance Underthese
isolation circumstancesthe global quiescentcurrent will
be the sum of the individual currentcontributions of each
circuit stage(eachoneaffectedwith its own variation).Ac-
cordingto theseconsiderationsthe simulationof the cur-
rentconsumptionis simple,sinceeachindividual contribu-
tion canbeobtainedcalculatingthe stateof everylogic gate
by meansof logic simulation,andthen,gettingthe current
contributionof eachgatefor thatspecificstatefrom alibrary
[12].

Following the previousideasthedifferenceof consump-
tion betweerthe circuit undertestandthegoldencircuit for
thetestpattern;j is givenby:
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WhereIij is the currentof typical gates for the pattern;

calculatedby logic simulation. AV;’}I”thtT is generatedor
everydie andAVt’}ffm for every gatein every die.
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5 Results: A Double Criterion

In orderto validatethepresenteddeas,asimulationpro-
cesshasbeenestablishedThemaingoalwasto finally em-
ulatethe experimentabehaiour shavn in section2 andto
studywhathappensvhenananomalyappearsnto a circuit
die. To bettercontrol our experimentsve have prepareds
examplea circuit of 10,000gateswith randomconnections.
The consumptiorof a typical gatewasfixedto 10pA and
the variationlimits werefixedto 6c;yte = 500mV for all
the dice and 60t = 5mV for non-defectve distribu-
tions. Several simulationshave beencarriedout. Themain
resultscanbeillustratedwith the simulationof a setof 105
samples:100 non-defectie, 3 with alterationsof their V3,
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Figure6: Maximal currentsof a simulation of 100 non-
defective dice and 5 with anomalies. Only the die E is
obsewable with a criterion of maximal current.
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Figure7: Maximal curr entsand standard deviations of a

simulation of 100 non-defective dice and 5 with anoma-

lies. The 5 anomalousdice are obsewable by the double
criterion.

distributions(A, B andC) and2 with faults(D andE). The
detailsof the defective samplesarethe following:

e Die A: the intra-die standarddeviation, o;n¢rqe, IS
twice biggerthanthe onefor a non-defectve distri-
bution.

e Die B: theintra-diestandardleviation, ¢;,.4, is four
timesbiggerthanthe onefor a non-defectve distri-
bution.

e Die C: No NormalDistribution.

e Die D: Small fault with smallincrementof current,
50%of themaximalcurrentof atypicaldie. Thefault
controllability (probability of fault excitation)is 0.1.

e Die E: Faultwith highincremenbf currenttentimes
the maximalcurrentof a typical die. The fault con-
trollability is also0.1.



Figure6 shavsthe maximalquiescenturrentperdiein as-
cendingorderandFigure7 addsthe standarddeviationsof
thecurrentdifferencebetweereachdie andtheidealcircuit
(sampledollow the sameorderthanFigure6). In Figure®,
andapplyingatypical Ip pg testingcriterion,only thedie E
is obsenableandthereforedetectable However, in Figure
7 the situationis very different,sincenow the 5 anomalous
dice are obsenable. The sensitvity of the standarddevi-
ation is significantly larger than the maximal currentbe-
causeit is function of all the consumptionsn the die and
notof only one.Thissensitvity incremenis veryimportant
speciallyfor deepsub-micrortechnologiesvhereestimated
currentincrementdor faulty circuitsarecomparabléo the
typical consumptionNotethatdie D hasasmallfault (50%
of maximalcurrent)andcanbe detectechsanomalous.

On the otherhand, Figure 7 also shavs how the devi-
ationsincreasein the sameway that the maximal current
does(exceptfor faulty circuits). This wasalsoshawn in
Figure4. Thiseffectallows usto detectdie A. Thisanoma-
lousdie presents deviation comparableo thedeviationsof
otherdice that presentbigger consumptiongbigger maxi-
mal currents) Now, theuseof bothcriteriatogetherallows
thatthisanomalybecome®bsenable.

In conclusionIppg testingquality canbeincreasedp-
plying adoublecriterionof two limits: oneglobal,themax-
imal current, and anotherrelative to a particulardie, the
maximal standarddeviation as a function of the maximal
currentof thatdie.

Finally, we would like to underlinethat we have pre-
ferredto speakaboutcurrentanomaliesnsteadof current
defects.Ippq testingoffersagreatamounif behaiourin-
formationbut it is necessaryo determinevhenananomaly
hasto be consideredas a defectandto adaptthe new in-
formationto the compromisebetweendefectdetectionand
yield loss. Differentapplicationanay needdifferentcircuit
guality and an anomalythat is defective for onesmay be
acceptabldor others.

6 Conclusions and Future Work

The objective of this work hasbeento shawv that the
knowledgeof the currentconsumptiorbehaiour of a spe-
cific circuit shouldbe utilized for the preparatiorof statis-
tical basedcriteriafor Ippg testing,reachingbettersen-
sitivity thanwith the typical Ippg criterion (limit for the
maximalcurrent). Ippg is a parametricdestandprovides

animageof the global resultsof the fabricationprocesses

and the device parameters.With a small increaseof the
compleity of thetestmethodologyagreatincremenbf the
sensitvity and,therefore pf thetestquality canbeobtained.
Thatis speciallyimportantin scenariogor deepsub-micron
technologiesandhigh performanceroductsvherethe sep-
aration betweendefectve and non-defectie currentswill

diminishandwill reducetheeffectivenes®ftheIppg test-
ing. Statisticalbaseccriteriacanbea solution.

Future works must be orientedto determineexact pa-
rameterdistributionsandto obtainthe correlationbetween
practicalmeasurementandour new criterion (or othersta-
tistical basectriteria).

A last point has to be consideredfor industrial ap-
plications. More comple criteria require more complex
measuremerinstrumentation.Currentmonitorswill need
higheraccurag andthe useof arithmeticunitsto calculate
statisticalparametersin generalthis problemcanbe eas-
ily faced,sincecurrentmicroprocessorand FPGAs allow
to solve ary calculationatlow costandin realtime.
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