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Abstract

Thisworkpresentsa new �	�
��� -basedtestcriterion sup-
portedbythecharacteristicsof a setof experimentaltesting
measurementsrealizedover different samplesof industrial
ICs and by the definitionof the correspondingsimulation
model. Comparingthe current consumptionsof a specific
circuit a significantcorrelationbetweenmeasurementscan
be observed. The current behaviourcan be divided into
two parts: (1) a circuit dependentone, which hasa major
contribution, andaffectsequallyall the devicesin a given
die, and (2) a smallerdie dependentfraction dueto vari-
ations,defectiveand non-defective, of each of the devices
of a specificdie. In this paper, a current modelis defined,
introducingthe effectsof manufacturingvariations in the
basicequationsof thesub-thresholdcurrentto explain that
doublebehaviour. Theresultsshowhowit is possibleto ob-
tain a lot of informationfrom � �
�
� measurementsandhow
other testselectioncriteria can be appliedto increasethe� �
�
� testingsensitivityandquality.

 ��������������������� �
�	�
�
� testingis performedby measuringthe quiescent

currentof the power supply and comparingthis obtained
valuewith a fixedlimit. In thelastyearsthis techniquehas
provento bevery usefulandhasbeenanimportantcontri-
bution to improvethequality of CMOSICs [1].

Theselectionof thecurrentlimit is oneof theopenand
key questionsin the utilization of � ���
� testing. The se-
lection criterion is basedon a pass/fail limit and it is just
efficient with failures which provoke high incrementsof
consumption.However, the sensitivity of the � �
��� is in-
sufficient in orderto determinethecorrectnessof ICs with
consumptionscloseto the currentlimit. The currentlimit
hasto be fixed asa tradeoff betweenthe yield andthe re-
quiredquality, thatis, it mustbeselectedto reducethecost
impactof yield loss,without imposinga penaltyon defect
detection[2]. Someapproacheshave beenproposedfor a
betterlimit selection:currentestimationmethodologies[3],
statisticalanalysisof �	�
��� data[4][5] or theconsideration
of globalprocessvariations[6].

In addition, the forecastfor deepsub-microntechnolo-
giesshows an abruptincrementof the backgroundcurrent
in severalordersof magnitudeandadecrementof somede-
fect effects[7]. Theseparationbetweendefectiveandnon-
defective currentsand,therefore,the � �
�
� sensitivity will
diminishdramatically. Theseproblemshave beendetected
andcertainsolutionshave beenproposedlike reducingthe
temperatureof measurements,thedesignpartitioningor the
employmentof aninsulatedbulk [8].

In conclusion,� �
�
� needsamoresensitivecriterion. In
thiswork wewill proposethestudyof theglobalcharacter-
isticsof thequiescentcurrentin orderto definesuchacrite-
rion. This shouldallow to detectany anomalyin thecircuit
consumptionandnot only incrementsof the maximalcur-
rent. Experimentally, we canobserve that the currentcon-
sumptionper testpatternfor a setof samplesof the same
IC is repetitive. Two dicewith thesamemanufacturingpro-
cesshavemorecommoncharacteristicsthandifferencesand
their currentconsumptionsunderthe sametestpatternare
similar. �	�
��� testingis a testof thetechnologyandit pro-
videsaglobalimageof adie. Therefore,applyingthatcon-
dition,any technologicalanomalywill provokeanalteration
in thestatisticalcharacteristicsof thequiescentcurrentdis-
tributions.Moreinformationcanthenbeextractedandlater
appliedfor a bettertestpreparation.To reachthis goal,two
mainquestionsshouldbeanswered.First, whetherthereis
any correlationbetweenthe distribution of the �	�
�
� cur-
rentandotherparameterssuchasMOS device parameters,
andsecond,whetherwecandefineameasurementmethod-
ology to extractthatinformation.

The work presentedhereconcernswith the analysisof
equaldevices with different influencesof the fabrication
processtolerances. The resultsobtainedshow how any
anomalousdifferencebetweenanidealdie anda givendie
canbe observed by statisticalanalysis. Basedon this, we
will improve thetestsensitivity defininga new �	���
� test-
ing criterionwith areallysmallincrementof thecomplexity
of themeasurementsystem.
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The initial point of this work is shown in Figures1 and
2. The goal of this experimentwas the analysisof the
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Figure1: Maximal, meanand minimal quiescentcurr ent
per die. The x-axis is sorted by maximal curr entsin as-
cendingorder.
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Figure 2: Standard deviation of quiescentcurr ent per
die. The x-axis is the samethan fig. 1.

�	�
�
� currentdistributionof onehundredsamplesof aspe-
cific CMOS circuit with 250,000transistors( 798;:=<�> tech-
nology),doing comparisonsvectorto vectorandcircuit to
circuit1.

Figure1 shows the maximal,meanandminimal quies-
centcurrentsfor every die andFigure2 shows thestandard
deviation of their currentdistributionsper die. The x-axis
of both figuresrepresentsthe numberof samplesand are
orderedby theirmaximalcurrents.

To continuethe analysiswe comparedthe currentcon-
sumptionsof eachdie with respectto a selecteddie,which
hasbeenconsideredasa goldencircuit. This methodal-
lowedto separatecommoncurrentcontributionsfrom those
contributionsthat aredue to device anomalies,which can
bebetterobserved. Figures3 and4 show this comparison.
Now, thex-axisis orderedby meancurrents.

Thecriterionof � �
�
� testingusesonly themaximalcur-

1Thesecircuitshave beensuppliedby ALCATEL.
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Figure 3: Maximal, mean and minimal curr ent differ -
encesof every die and a golden circuit. The x-axis is
sortedby meancurr entsin ascendingorder.
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Figure 4: Standard deviation of curr ent differ encesof
every die and a golden circuit. The x-axis is the same
than fig. 3.

rent to determinecorrector failedcircuits,but anotherim-
portantinformationcanbeextractedfrom thesefigures.The
samegeneralbehaviour canbeobservedin all thedicebe-
causeeachof themhasfollowed the samemanufacturing
process.Thereforeall of themhave similar technological
characteristics,whichimpliesthesimilarcurrentbehaviours
clearly appreciatedin the figures. On the otherhand,the
smalldifferencesbetweendifferentsamplesaredueto tol-
erancesandvariationsof themanufacturingprocess.These
differencesfollow a similar pattern.However, our interest
is centeredon why circuitswith valuesof currentfar from
themaximalhave largerdispersionsof thosevalues(Figure
4). Thus,we canstatethat two differentaspectscontribute
to the total currentvalue: a circuit dependentone,which
hasa major contribution, andis a characteristicof the cir-
cuit, andasmallerdiedependentone,dueto manufacturing
variations,defectiveandnon-defective.

Accordingto thedataobtainedfrom theexperiment,the



curveof meanconsumptionscanbeapproximatedby aNor-
malbehaviour andthecurrentdistributionsof eachdieby a
combinationof NormalandLog-Normaldistributions.As,
in general,normal distributions are due to variationsfol-
lowingalinealrelationshipandLog-Normaldistributionsto
variationsfollowing anexponentialone,a first explanation
aboutthis behaviour of the quiescentcurrentcanbe found
out in the differentcontributionsto its value: the leakage
currentis proportionalto theareasof sourceanddrain ter-
minalsandthe sub-thresholdcurrentis proportionalto the
exponentialof thesub-thresholdvoltage.Next sectionswill
analyzesomeof theseaspects.
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During waferprocessingdifferentoperationsarecarried
out. Thefabricationtoleranceprovokestheapparitionof de-
viationsin thedevice details:variationsin thethicknessof
eithertheoxideor thepolisilicon layers,in theresistanceof
implantedlayers,in thewidth of lithographicaldefinedfea-
tures,andin theregistrationof aphoto-maskwith respectto
previousmaskingoperations[9]. Thesesmallvariationsare
many timescritical sincethey affect to thedeviceelectrical
characteristics.

The doublebehaviour commentedin the previous sec-
tion canbe explainedby a modelwhich classifiesthe dif-
ferentcausesthat producethesecircuit variancesinto two
groups: inter-die variability andintra-diedevice mismatch
[10]. Inter-die variability is characterizedby die-to-dieor
wafer-to-wafer processvariability and it affectsequally to
all thedevicesin agivendie. Intra-diedevicemismatchis a
phenomenonwhich causesthat similarly designedtransis-
torsandunderequivalentbiasingconditionsbehave differ-
ently. Theinter-dieeffectcanberepresentedby aparameter
meanfor every die andthe intra-dieby a deviation in this
meanof everydevice in this die. Variationsdueto inter-die
variability aregenerallymuchlarger thanintra-dievalues.
The relationshipbetweeninter-die andintra-dievariations
is shown in Figure5.

In this work, we aregoing to apply this modelto distri-
butionsof quiescentcurrentconsumptions,sincetheexper-
imentalmeasurementsfollow thatdoublebehaviour.
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In thissectionweaddressthedefinitionof a simplecon-

sumptionmodelto explainexperimentalmeasurementsand
to studytheeffectsof parametervariations.The quiescent
currenthastwo major components:the reversebiasedp-
n junction leakagecurrentandthe transistorsub-threshold
leakagecurrent.We candefinea globalmodelfor thequi-
escentcurrentstudyingtheequationsof bothcontributions

Parameter Variations

inter-die
intra-die

Figure 5: Relationship betweenintra-die and inter-die
parameter variations.

andthe variationsof all their parameters.In long channel
technologies,which is the caseof the circuit whosemea-
surementswerepresentedin section2, thequiescentcurrent
is mainly dueto the reversebiasedp-n junction. But upon
reducingthechannellength,thesub-thresholdcurrentsturn
out to be the main contributions,which implies that they
dominatethecurrentbehaviour in today’sdeepsub-micron
technologies.Our work is centeredon the studyof these
sub-thresholdcurrents.

For anNMOS device, thequiescentcurrentdueto sub-
thresholdconduction[11] follows this simplified relation-
ship:

�UTWVYX[Z]\�^`_�a=bOc dfeFbhg�ikj�l Z]\mYn Z
o

where _-prq is the gatecapacitanceper unit area, c is the
channelwidth,

d
is the channellengthand l Z]\ is the sub-

thresholdvoltage. Thesefour parametersare affectedby
their tolerance,therefore,we needto know their distribu-
tionsandtheircorrelations.Anyway, thisequationis domi-
natedby l Z]\ variationsdueto exponentialrelationbetween

l Z]\ and �UTWVYX[Z]\ .
Due to this fact, we can make a simplification based

in consideringjust the contribution of the sub-threshold
currentand the influenceof just one parameter, the sub-
thresholdvoltage, l Z]\ . The obtainedresultsvalidatesthis
simplification,sincethey keepthe consumptionbehaviour
shown by the experimentalmeasurements.This approach
will allow to betterexplain theconceptsandthe influences
of parametervariations, making unnecessarythe use of
morecomplete(andcomplex) models.

4.1 Simple Curr ent Model

In this simple model, the currentof an NMOS device
affectedby thevariationof l Z]\ is givenby:

� TWVYX[Z]\�s � Zut�vUwyxWz+{ eFbhg�ikj
|
l wy}YZ]~W�Z]\ � | l wy}YZu��zZ]\mYn Z

o



where� Zut�vUw�xWz�{ is theconsumptionof a typical transistorand|
l w�}�Z]~W�Z]\ and

|
l w�}�Zu��zZ]\ arethe variationsof sub-threshold

voltage due to inter-die and intra-die tolerances,respec-
tively. Thesevariationscanbe approximatedby a Normal
distribution. This, togetherwith theexponentialfunctionof
the previousequation,explainsthe Log-Normalconsump-
tion contributionof eachdiefoundin therealmeasurements
commentedin section2.

Standarddeviationsof parameterdistributionscanbees-
timatedusingtheparametersprovidedby themanufacturers
(SPICEparameters),andthen,usedin a MonteCarloanal-
ysis to calculatevaluesof parametervariationsfor every
transistorandeverygate.

4.2 Simulation Model.

In CMOSdesign,thereis nocurrentflow from onestage
to anotherdueto the MOS gatecapacitance.Underthese
isolation circumstances,the global quiescentcurrentwill
be the sumof the individual currentcontributionsof each
circuit stage(eachoneaffectedwith its own variation).Ac-
cordingto theseconsiderations,the simulationof the cur-
rentconsumptionis simple,sinceeachindividual contribu-
tion canbeobtainedcalculatingthestateof everylogic gate
by meansof logic simulation,andthen,gettingthecurrent
contributionof eachgatefor thatspecificstatefromalibrary
[12].

Following thepreviousideasthedifferenceof consump-
tion betweenthecircuit undertestandthegoldencircuit for
thetestpattern� is givenby:

� �Y�x�VFZ s ���x�VFZ j����� p {��+~W} s

s
� � z�Z]~kT�
w��)�

� ���w9� eFbhg�ikj
|
l wy}YZ]~W�Z]\F�]�+��� | l wy}YZu��zZ]\��mYn Z

o jf�U�[�
where ���w is the currentof typical gate � for the pattern �
calculatedby logic simulation.

|
l w�}YZ]~k�Z]\=�u�+� is generatedfor

everydieand
|
l w�}�Zu��zZ]\F� for everygatein everydie.
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In orderto validatethepresentedideas,asimulationpro-

cesshasbeenestablished.Themaingoalwasto finally em-
ulatetheexperimentalbehaviour shown in section2 andto
studywhathappenswhenananomalyappearsinto acircuit
die. To bettercontrolour experimentswe have preparedas
exampleacircuit of 10,000gateswith randomconnections.
The consumptionof a typical gatewasfixed to � 7 g�¤ and
thevariationlimits werefixedto ¥§¦¨wy}YZ]~W� sS© 7h7h> l for all
the dice and ¥h¦5w�}�Zu��z sª© > l for non-defective distribu-
tions. Severalsimulationshave beencarriedout. Themain
resultscanbeillustratedwith thesimulationof a setof 105
samples:100non-defective,3 with alterationsof their l Z]\
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Figure6: Maximal curr entsof a simulation of 100non-
defective dice and 5 with anomalies. Only the die E is
observablewith a criterion of maximal curr ent.
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Figure7: Maximal curr entsand standard deviations of a
simulation of 100non-defective dice and 5 with anoma-
lies. The 5 anomalousdiceareobservableby the double
criterion.

distributions(A, B andC) and2 with faults(D andE). The
detailsof thedefectivesamplesarethefollowing:

¬ Die A: the intra-die standarddeviation, ¦¨wy}YZu��z , is
twice bigger thanthe onefor a non-defective distri-
bution.¬ Die B: theintra-diestandarddeviation, ¦ w�}YZu��z , is four
timesbiggerthanthe onefor a non-defective distri-
bution.¬ Die C: No NormalDistribution.¬ Die D: Small fault with small incrementof current,
50%of themaximalcurrentof atypicaldie. Thefault
controllability (probabilityof fault excitation)is 0.1.¬ Die E: Faultwith highincrementof current,tentimes
the maximalcurrentof a typical die. The fault con-
trollability is also0.1.



Figure6 showsthemaximalquiescentcurrentperdie in as-
cendingorderandFigure7 addsthestandarddeviationsof
thecurrentdifferencebetweeneachdieandtheidealcircuit
(samplesfollow thesameorderthanFigure6). In Figure6,
andapplyingatypical �	�
�
� testingcriterion,only thedieE
is observableandthereforedetectable.However, in Figure
7 thesituationis very different,sincenow the5 anomalous
dice areobservable. The sensitivity of the standarddevi-
ation is significantly larger than the maximal currentbe-
causeit is function of all the consumptionsin the die and
notof only one.Thissensitivity incrementis veryimportant
speciallyfor deepsub-microntechnologieswhereestimated
currentincrementsfor faulty circuitsarecomparableto the
typicalconsumption.NotethatdieD hasasmallfault (50%
of maximalcurrent)andcanbedetectedasanomalous.

On the other hand,Figure 7 also shows how the devi-
ationsincreasein the sameway that the maximal current
does(except for faulty circuits). This was also shown in
Figure4. Thiseffectallowsusto detectdieA. Thisanoma-
lousdiepresentsadeviationcomparableto thedeviationsof
otherdice that presentbiggerconsumptions(biggermaxi-
mal currents).Now, theuseof bothcriteriatogether, allows
thatthisanomalybecomesobservable.

In conclusion,�	�
��� testingqualitycanbeincreasedap-
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 speakaboutcurrentanomaliesinsteadof current
defects.�	�
�
� testingoffersagreatamountof behaviour in-
formationbut it is necessaryto determinewhenananomaly
hasto be consideredasa defectand to adaptthe new in-
formationto thecompromisebetweendefectdetectionand
yield loss.Differentapplicationsmayneeddifferentcircuit
quality andan anomalythat is defective for onesmay be
acceptablefor others.

 P®� ���
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The objective of this work hasbeento show that the
knowledgeof thecurrentconsumptionbehaviour of a spe-
cific circuit shouldbeutilized for thepreparationof statis-
tical basedcriteria for � �
�
� testing,reachingbettersen-
sitivity thanwith the typical � ���
� criterion (limit for the
maximalcurrent). � �
��� is a parametrictestandprovides
an imageof the global resultsof the fabricationprocesses
and the device parameters.With a small increaseof the
complexity of thetestmethodology,agreatincrementof the
sensitivity and,therefore,of thetestqualitycanbeobtained.
Thatis speciallyimportantin scenariosfor deepsub-micron
technologiesandhighperformanceproductswherethesep-
arationbetweendefective and non-defective currentswill

diminishandwill reducetheeffectivenessof the � �
�
� test-
ing. Statisticalbasedcriteriacanbea solution.

Futureworks must be orientedto determineexact pa-
rameterdistributionsandto obtainthecorrelationbetween
practicalmeasurementsandour new criterion(or othersta-
tistical basedcriteria).

A last point has to be consideredfor industrial ap-
plications. More complex criteria requiremore complex
measurementinstrumentation.Currentmonitorswill need
higheraccuracy andtheuseof arithmeticunits to calculate
statisticalparameters.In general,this problemcanbeeas-
ily faced,sincecurrentmicroprocessorsandFPGA’s allow
to solveany calculationat low costandin realtime.
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