A Process and Technology-Tolerant | ppg Method for |C Diagnosis

Chintan Patel and Jim Plusquellic

Department of Computer Science & Electrical Engineering
University of Maryland Baltimore County

Abstract

Theuseof Ippq testasa defectreliability screenhasbeen
widely used to improve device quality However, the

increasein subtheshold leakage currents in deep sub-
micron technolagieshasmadeit difficult to setan absolute
pass/failthreshold.Recentwork hasfocusedon strategies
that calibrate for processand/ortechnolagy-relatedvaria-

tion effects In this paper a new Ippg tedniqueis pro-

posedthat is basedon an extensionof a Vpprbased
method called Transient Signal Analysis (TSA). The
method called QuiescensSignal Analysisor QSA,usesthe

IppoS measued at multiple supply pins as a meansof

localizing defects.Increasesin Ippg dueto a defectare

regionalized by the resistiveelementof the supply grid.

Theefore, eadh supplypin souicesa uniquefraction of the

total Ippg drawn by the defect. The methodanalyzesthe

regional Ippgs and “triangulates” the position of the

defectto an (x,y) location in the layout. This information
can be usedin combinationwith fault dictionary-based
techniquesas a meansof further resolving the defects

location.

1.0 Introduction

Ippg hasbeenusedextensiely asa reliability screen
for shortingdefectsin digital integratedcircuits. Unfortu-
nately single thresholdlppg methodsappliedto devices
fabricatedn deepsub-microntechnologiesreresultingin
unacceptablyhigh levels of yield loss. The significant
increasen subthresholdeakagecurrentsin thesetechnolo-
giesis makingit difficult to setanabsolutepass/ail thresh-
old that fails only defectize devices[1]. Several methods
have beenproposedas solutionsto the subthresholdeak-
agecurrentproblemand, more recently to processvaria-
tionissuesCurrentsignature$?], delta-ppg [3] andratio-
Ippg [4] are basedon a “self-relatve” analysis,in which
the“average”lppq of eachdevice is factorednto the pass/
fail thresholdvalue. In the following discussionwe will
referto thetechnologydependengof subthresholdeakage
currentasa technolagy-relatedvariation effect to contrast
it with the chip-to-chipvariationeffectscausedy changes
in process parametengrécess variation

The approactproposedn this paperis basedn a pre-
viousV ppt-basedmethodcalled TransientSignalAnalysis

(TSA) [5]. TSA usesregressionanalysisto calibratefor
processand technology-relatedrariation effects by cross-
correlatingmultiple supply pin transientsignalsmeasured
under eachtest sequenceThe Ippg methodproposedin
this paper calledQuiescenBignalAnalysisor QSA, usesa
setof Ippg measurementdistead eachobtainedfrom the

individual supply pins of the Device-UndefTest (DUT).
The processandtechnologycalibrationprocedureusedin
QSA is basedon the regressionanalysisproceduresimilar
to TSA.

In TSA, we referredto signalvariationresultingfrom
defectsasregional variation,to contrastit with the global
variations introduced by processand technology-related
effects.For transientsignals,the supplyrail’s RC network
modifies signal characteristicssuch as phaseand magni-
tude, at different supply pin testpoints.In QSA, only the
resistve componenbf the supplyrail network introduces
variation in the Ippg valuesat different supply pins. In

either case,the position of the defectin the layout with
respectto ary given power supply pin is relatedto the
amountof regional “defect” variationobsered at that pin.
For QSA, the variationis directly relatedto the resistance
betweenthe defectsite andthe pin. For example,a larger
value of Ippq is expectedon supply pins closerto the
defectsitebecausef thesmallerR. Thereforethemultiple
Ippg Mmeasurementsanbeusedto detecthedefectaswell

as “triangulate” the physical position of the defectin the
layout.

Defectdetectionexperimentsareon-goingandwill be
addressedn a future work. In this work, a diagnostic
method for QSA is developed and a set of simulation
resultsare presentedo demonstratéts defectlocalization
accurag. A characterizatioproceduras proposedhatcan
be performed beforehandto determine the mapping
betweenresistanceand distancein the layout. Our results
shawv that, on average the (x,y) layout predictiongiven by
the methodis within 6% of the actualdefectlocation in
both2um and0.251m technologiesTheworstcaseerroris
approximately10%. This suggeststhat the techniqueis
bestusedin combinationwith fault dictionary techniques
as a means of further resolving the detelttation.

This paper is organized as follows. Section 2.0
describeselatedwork. Section3.0 presentshe experimen-
tal design.Section4.0 describeshe method.Section5.0
presentghe resultsof experiments.Section6.0 discusses
the regressionanalysistechniquethat can be usedto cali-
bratefor processand technology-relatedariation effects.
Section 7.0 praides a summary and conclusions.

2.0 Background
Severaldiagnostionethodshave beendevelopedbased

on Ippg measurementsn generalthesemethodsproduce
alist of candidatefaultsfrom a setof obsened testerfail-
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Figure 1. The layout of the 8-bit multiplier with
resistive bridging defects.
uresusinga fault dictionary The likelihoodof eachcandi-
date fault can be determined by several statistical
algorithms For example signatureanalysisuseshe Demp-
sterShafertheory which is basedon Bayesianstatisticsof
subjectve probability [6]. Delta Ippg makesuse of the

conceptof differential currentprobabilisticsignaturesand
maximumlikelihood estimation[7]. Althoughthesemeth-
ods are designedto improve the selectionof fault candi-
dates,in mary casesthey arenot ableto generatea single
candidate Other difficulties of thesemethodsinclude the
effortinvolvedin building the fault dictionaryandthetime
requiredto generatethe fault candidatesfrom the large
fault dictionary using device tester data.

The QSA procedureproposedhere can help in the
selectionof the mostlikely candidatefrom the candidate
list producedby these algorithms. The physical layout
information generatedby our method can be used with
information that mapsthe logical faults in the candidate
liststo devicesin thelayout.In addition,it maybe possible
to usethe (x,y) locationinformationprovided by QSA asa
meansf reducingthe searchspacefor likely candidatesn
the original fault dictionaryprocedureThis canreducethe
processing time and space requirements significantly

3.0 Experimental Design

QSA experimentswere conductedon a full-custom
designof an 8-bit 2's complemenmmultiplier. A block dia-
gram of this device is shovn in Figure 1. The primary
inputs, labeledA[0] throughA[7] and B[0] throughB[7]
areshavn alongthetop andright of thefigure.Only ten of
theprimaryoutputsarewired to the padframe(andobserv-
ableatthe packagepinsof the device.) The power supplies
for the corelogic arelabeledasVpp, throughVppg and
aredistributedevenly alongthe peripheryof the corelogic.
Thecorelogic consistof arectangulaarrayof AND gates

power supply .
test points Vpp fing

Figure 2. Equivalent resistance netwrk with defect
inside the circuit.

andfull addersshowvn asrectanglesn the centerof thefig-
ure. Resistve bridging (Figure 1) and open (not shavn)
defectswere insertedinto thesecells at the labeledloca-
tionsin the figure. 9 of the bridging defectsand the open
defectswere distributed throughoutthe layout. 15 addi-
tional bridging defectswere placedin cells alongthe top
andleft sides.The SFACE extractiontool wasusedto gen-
erate RC models from the layout [8].

4.0 Experimental Method
In this section,we describethe QSA techniqueused

for localizing shortingdefects . Sincethe simulationsmod-
elsdid not allow for significantbackgrounccurrents they
arenotaccountedor directlyin this section However, Sec-
tion 6.0 describesseveral extensionsof the methodthat
“calibrate” for the significantleakagecurrentsassociated
with current technologies.

The methodis composedof two phases:Resistance
Network Analysis and Resistance-to-Distance Analysis.
» Phase 1: Resistance Netwk Analysis

Theobjectie of this phasés to determinghe“equiva-
lentresistance(Rgy) betweeneachof the supplypadsand
thepointfrom whichthedefectdravs currentfrom the sup-
ply grid. TheRqqarelabeledRqq; throughReggin Figure2.
The Rgq are computedby setting the stateof the circuit
suchthatthe shortis provoked andthe voltagesat eachof
the supply padsis measuredUnder this condition, the
defectwill drav currentfrom eachof the supply padspro-
portional to the value of the Req The 50 Ohm resistor
(Rprobe in Figure 2) placedin serieswith the supply pad
probesallows the currentsto be measuredsvoltagedrops
in these experiments. If the appropriate measurement
instrumentatioris available, |, throughlg canbe obtained
directly without the use of these resistors.

Figure3 shavs the supplypadvoltagesfrom a simula-
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Figure 3. .Voltage waveforms measued at the eight
supply pins with the shorting defect povoked.
tion of adevice with a defectinsertedat thelocationshavn
in Figure 2. The vertical displacemenbf the waveforms
alongtheright portion of the figure indicatethatthe defect
causes regional currentvariationin the device. The mag-
nitudeof thevoltagedrop (from Vpp) of eachof thewave-
formsin Figure3is inverselyrelatedto theRg betweerthe

supplypadsandthe defectsite. Therefore the supplypads
with the largest voltage drops indicate they are in close
proximity to the defect.Althoughit is unlikely thattherela-
tionship betweenR anddistanceis strictly linear and uni-
form alongall directionsfrom the supplypadsto pointsin
thelayout,it is certainlyvalid to assumet approachesuch
a function if the supplytopologyis grid-like and regular.
We will shav that good results are obtainedunder this
assumptiorfor our experimentalcircuit. A procedurefor
dealingwith irregular topologiesis proposedin the next
section.

Sincethe Ippq valuesarerelatedonly to the resistve

component®f the network asshowvn in Figure 2, the fol-
lowing systemof equationscan be written to describeits
behaior. The |; variable representshe branch currents

li X (Regi * Rprope) = Vger fori=1...8
i=1..8
Equation 1. System of equations
througheachof the supplypins, Ry gpeis knowvn (50 Ohms
in our experiments) and Rq; arethe unknavns. The volt-
ageatthedefectsite (V yeratthe“star” in thefigure)is also

unknowvn but canbe usedasthe point of referenceor the
systemof equations.This formulation yields 8 equations
and 9 unknowns. Therefore,without additional informa-
tion, we cannotsolve for the Re;. However, theimportant
informationis therelative differences betweerthe Rgq; and
not their absolutevalues.This relationshipis capturedby
computing ratios. As describedin the next section,the
ratios can be scaledas easily as the real Rs to obtainthe
locationof the defect. Theratiosof the resistance®qq; to

Reggarecomputedrom the equationggivenin Equation2
below.

Ii x (Reqi + Rprobe) = Ik X (Reqk + Rprobe)
. di
| i_ 10
Rratioi_ |_ x Reqj + [I_. - 1Dx Rprobe
i

fori=1 ... 8 &cluding j
Equation 2. Resistance ratios of Rto Rg

Theseequationsexpress? of the Rgy; asa function of
the8th. TheRg; for the padthathasthe maximumcurrent
value | is chosen as the reference resistance.

« Phase 2: Resistance-to-Distance Analysis
The objectie of this phases to mapfrom the R, 44058

to asetof distancesn thelayout,eachdirectedfrom a sup-
ply padto the defectsite. In the ideal case the resistance
ratiosscalelinearly to distanceuniformly alongary vector
However, complex and/or irregular supply topologies
routedin multiple levels of metal with resistve contacts
connectinghem,cancomplicatethe resistanceo distance
mappingfunction. Two mappingfunctionsare described;
onethe assumedinearity and a secondthat handlesmore
comple supply rail topologies.
i) Method 1:

This methodsimply usesthe resistanceatios as dis-
tanceratios, which are scaledby a commonfactor as a
meansof finding a point of intersectionamongthem. The
following steps summarize the process and its heuristics:
Step 1 Selectthe Vpp supply pad, Vppy, closestto the
defectsite. Thisis equialentto selectingthelarg-
estcurrentvalue, I, or the minimum resistance,
Regkin Equation2. Sincedy is assumedpropor-
tionalto Reqi Vppk Is closestandis referredto as
the primary supply pad.

Selectthetwo supplypadsadjacento the primary

supplypad.If thesupplypadconfigurations sim-

ilar totheoneshawn in Figurel, it is possiblethat

thesechoicesresultin a line of padsalong one
dimensionof the layout. For example,if the sup-
ply padsVpps, Vpp4 andVpps areselectedn the

designshavn in Figurel, only they dimensionis

“covered”.In this casethe supplypadadjacento

the first two in the other dimensionis selected
(e.g. Vpp> sinceit “covers” the x dimension).
Similar heuristicscanbeusedfor othersupplypad
configurations.

Using the three selectedsupply pads,establisha

setof circleswith radii proportionalto the ratios
computedn Equation2. The simplealgorithmis

usedto iteratively scalethe radii by the samefac-

tor and testsfor intersection.The point of inter-

sectionindicatesthe (x,y) locationin thelayoutat

Step 2

Step 3
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Figure 4. Bridging Experiment #1 using localization
Method 1.

which the defectdraws currentfrom the supply
grid.

An applicationof this methodis shavn in Figure4 for
Bridging Experiment#1. The figure representshe layout
of the multiplier with the x andy scalesgiven in units of
lambda. The supply pad locations are shavn as “stars”
along the edgesof the figure. Three dashedcircles are
shavn in the upperright handcornercenteredaroundthe
supply padsVpp,, Vpps and Vppy. Thesesupply pads
wereselecteecausehey areadjacentasgivenin Stepsl
and2 in the method.The circles have beenscaledso that
they have a commonpoint of intersection.The predicted
andactual(x,y) locationsaregivenby “star’sin thefigure.

ii) Method 2:

The secondnethodusesa contourto mapresistanceo
distancein the layout. Sincethe actualmappingfunctionis
not easily obtained,this estimateis designedo provide a
moreaccurategredictionfor supplygrid designswith irreg-
ular topologies.The datato constructthe contourcan be
obtainedeasily using a defect-freedevice or a simulation
model.

The method additionally uses the equialent Req
betweenthe supply pads.They can be obtainedbetween
eachpairingof supplypadsby settingthe supplypadunder
testto avoltageslightly less(e.g.100mV)thanthenominal
supplyvoltage.The remainingsupply padsare setto their
nominal voltage and the currentsmeasuredThe distance
betweeneach pairing of supply padsis easily obtained
from thelayout. Theratio of distanceandresistancelefines
the scaling factor along each of the vectoreddirections
from the supply pad undertestto the other supply pads.
The experimentsproducea set of contours(one for each
supplypad)thatareusedinsteadof the circlesin thelocal-
ization procedure described for Method 1.

This methodsimulateghe presencef a defectateach
of the supply pads.Therefore the Rq obtainedfrom the
measuremenaccuratelyreflectsthe R for defectsin the
vicinity of that supply pad. The drawback of contoursis
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Figure 6. Bridging Experiment #1 localization using
contour maps (Method 2).

thatthey may produceseveral different pointsof intersec-
tion underdifferentscalingfactors.Therefore several pre-
dicted locations may be generatedby the algorithm
described in Method 1 abe.

Figure 5 shaws the contourobtainedfor Vppg in our

experiments.The lines representinghe contour are each
labeledwith the Req they define at points in the layout

undertheir curve. A full setof contourswould consistof
onesuchmappingfor eachsupplypin. Figure6 shavs the
methodappliedto theresistancelataobtainedfor Bridging
Experiment#1. In comparisonto the localization result
shawvn in Figure4, only slightly betterresultsare obtained
for this xperiment using contour maps.

5.0 Experimental Results

The errorsbetweerthe actualand predictedlocations
of the defects(columns2, 3, 5 and6) are presentedor the
bridging and open experimentsin Table 1. The error is
computed using the following expres-

2
sion: A/(Xpredicted - Xactual) + (ypredicted - yactual)
width_of_layout

in which thewidth of thelayoutis 2,200lambda.Only 3 of

x 100




Table 1: Experimental Results

BR#1 | 6.3%| 5.11%)| BRtop#1| 1.8%| 7.58%
BR#2 | 7.1%| 5.42%|| BRtop#2 | 4.4%| 4.54%
BR#3 | 9.9%| 2.41%| BRtop#3| 6.8%| 2.54%
BR#4 | 6.5%| 3.89%|| BRtop#4 | 3.87%| 4.12%
BR#5| 2.6%| 6.85%]| BRtop#5| 1.94%| 6.83%
BR#6 | 7.1%|10.17%)| BRtop#6 | 8.45%| 3.70%
BR#7 | 9.5%| 3.61%| BRtop#7| 5.3%| 2.79%
BR#8 | 3.6%| 7.73%|| BRtop#8 | 2.38%| 5.39%
BR#9 | 5.9%| 5.40%| BRIleft#2 | 0.82%| 6.99%
OP#3| 9.1%| 4.09%|| BRIleft#3 | 3.5% 5.9%
OP#7 | 9.86%| 3.97%|| BRIeft#4 | 5.8%| 6.63%
OP#9 | 7.65%| 3.41%|| BRIleft#5 | 7.3%| 8.39%

BRleft#6 | 5.45%| 8.19%

BRIeft#7 | 9.58%| 5.14%

BRIeft#8 | 5.53%| 3.44%

the 9 opendefectswere diagnosablebecausehe floating
node underexperimentsOP#3,0P#7 and OP#9 causeda
shortingconditionbetweenVpp and GND in downstream
gates.

Columns2 and 3 of Table 1 indicatethe worst case
erroris 10.17%for BR#6 while the meanerror in either
technologieds about6%. We expectthat inaccuraciesn
the extractedmodelandsimulationtolerancesreresponsi-
ble for a portion of this error However, the averagedis-
tancefrom the actualdefectsite to the point at which the
defectdraws currentfrom the supplyrail is approximately
50 lambda. This accountsfor approximately2.5% of the
prediction errors tablated in Bble 1.

6.0 Process Variation and Leakage Current
Thebackgroundeakagecurrentsmeasuredn the sim-
ulationexperimentg< 30nA) werevery small. However, in
deepsub-microntechnologiesthesecurrentsare ordersof
magnitudehigher and must be accountedor. In this sec-
tion, we describea regressionanalysisprocedurefor QSA
that canbe usedto calibratefor backgroundcurrents.The

(! leakagei * Idefecti) E(Reqi * Rprobe)
= (I leakagek T | gefectk) [(Reqk + I:\)probe)

Equation 3. Equation 2 reformulated with
background current

througheachof the supplypins. If the transistordensityin
thelayoutis regular, thentheleakagecurrentwill beevenly
distributed amongthe supply pins yielding a single value
for lieakagei However, if thetransistordensityin the layout
variesacrossthe design,thenthe lgaageiwill alsovary in
eachsupplypin sincethe supplyrail will distributethe cur-
rent proportionally as a function of its resistance.The
“localized” variation of the leakagecurrentwill adwersely
affect the localization methodsdescribedin the previous
section unless it is accounted.for

Thekey obsenationconcerningeakagecurrentis that
it is effectedmostsignificantly by the “global” variations
introducedby changesin processand technology-related
parametersin other words, the current variationsintro-
ducedby variationsin theseparametersvill affectall tran-
sistorsandjunctionsin adevice in asimilarmannerWe are
not claiming that intra-device variationsdo not exist, but
rather that they are smaller in magnitude and can be
ignored. The more significantglobal variationswill scale
theleakagecurrentsin all supplyrails proportionally mak-
ing it possible to track it usinggeession analysis.

A graphicalrepresentationf leakagecurrenttracking
behaior is shavn in Figure 7. The x axis plots Ippq for
supplypin k while they axis plotsit for supplypini. The
labeledpoints A throughF represenmeasuredralueson
thesetwo pinsfrom a setof defect-freedevices.As notedin
the figure, the pairs of Ippgs from eachdevice track each
other e.g.,changesn onevaluearematchedoy changesn
the othervalue.The correlationin thesepairingsis tracked
by the regressionline (bestfit line) shavn in the figure.
Unmodeledfactorssuch as intra-device processvariation
andnoisewill make thesedatapointsnon-colinearThere-
fore, 3 sigmapredictionlimits areusedto delimit a region
aroundthe line (labeledProcessvariation Zone).In con-
trast,the “regional” variation causedoy an active shorting
defectwill disrupt the correlationbetweenthe Ippgs as
shavn by data point G in the figure.

From Equation3, it is clearthat the systemof equa-
tionsis solvable(in the fashiondescribedn Section4.0) if

method is adapted from the procedure defined for TSA [5]'the||eakageiar9kn0’\m quantities Although severalalterna-

The defective device Ippg consistsof two compo-

nents,the currentdravn by the defect,andthe processand
technology-relateteakagecurrent,e.g. subthresholdeak-
age current. This changesthe formulation presentedin
Equation 2 to that sken in Equation 3 bela.
Theleakagecurrentis givenasa setof currents,l|gak-

agei N the equations eachrepresentinghe currentdravn

tivesarepossiblea methodthataccountdor vectorto-vec-
tor aswell as chip-to-chiplppq variationsis expectedto
generatahe bestresult. Oneway of accomplishinghis is
to assumehatall of the currentin the supplypin with the
smallestlppq is due to leakage.This Ippg can then be
usedto derive the leakagecomponentsn the othersupply
pinsusingthescatterplotslerivedfrom defect-freedevices.
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The methodis illustratedin Figure 8, in which the
threescatterplotshaw therelationshipof theleakage cur-
rents betweenfour supply padsfor somedesign.In this
case/ppgqy is smallestandis usedin a backward mapping
procedureto obtainthe leakagecurrentsfor Ippgs Ippg2
andlppg4, asshavn by the arrows in the figure. Note that
slopesotherthan 1 in the regressionlines indicate differ-
encesin transistordensity acrossthe layout, as described
previously. The ljgakageiObtainedusingthis procedurecan
thenbe pluggedinto the equationggivenin Equation3 and

sope=1

vDi7
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Figure8. ljegrage Clibration using backward mapping
across scatterplots.

(from the supply pin to the defectsite) are on the order of
200to 1. In otherwords, a defectthatdravs 1mA current
will producelppq variationsin eachsupplypin in the 10's
of uA range If themeasuremerihstrumentatioris capable
of distinguishingbetweenvaluesin that range,then good
defectlocalizationaccuray is expected Technologytrends
and a betterextraction proceduremay reducethis ratio in
more advancedtechnologiesfurther improving the accu-
ragy of the method.

Simulationsand hardware experimentsare undervay

solved in a manner similar to that proposed for Equation 2.0 investigateotheraspectf the QSA procedureAmong

7.0 Summary and Conclusions

In the paperwe describea methodbasedn theanaly-
sis of multiple power supplypin Ippg valuesfor thelocal-
izationof defectsThetechniquewhichis calledQuiescent
Signal Analysis(QSA), consistsof two phaseslin the first
phase,the relative values of the individual supply pin
Ippgs areusedasa meansof determiningthe “equivalent”
resistanceébetweeneachsupply pin andthe defectsite. In
the secondphase,a mapping function that relatesresis-
tancedo positionsin the layoutis usedto predicttheloca-
tion of the defect. Several calibration proceduresare
proposedfor processand technology-relatedeakagecur-
rents that are based on linear regression analysis.

A set of simulation experimentswere conductedon
defectize versionsof an 8-bit multiplier circuit to demon-
stratethe methodandits accurag. Theresultsof the exper-
imentsshaw thatit is possibleto predictthe actuallocation
of the defectswithin anerrorboundof 10%. Althoughbet-
ter resultsare expectedas the accurag of the extracted
modelis improved, this techniques bestusedin combina-
tion with fault dictionary-basedechniquesas a meansof
further resolving the defestlocation.

With respecto a hardwareimplementatiorof thetech-
nigue, our main concernsare relatedto instrumentation
accurag. The simulation results of the device in 2.0um
technologyindicatethattheratio betweerthe resistancef
thedefectnetwork to groundto the“equivalent” resistances

theseincludeexperimentsdesignedo testthe proces<ali-
bration techniquesproposedin section 6.0. The defect
detectioncapabilitiesof themethodwill beevaluatedn the
course of the research.
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