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Abstract:

Start-up experiences with a new test method for VLSI-circuits sitailgypq!-testwill be
presented. The evaluation of the powepplycurrentis replacedoy the observatiorof the
bulk current.It avoidsthe obstaclef on-chip Iq-test, the loss of performancedueto
the currentsensorin the powersupplyline or the hugebridging transistorfor the current
sensor.The results,basedon processand device simulation, show the potential defect
detection features and the feasipibf the new ést method.

O Introduction

Theideato usethe quiescentbulk currentto testa circuit makesuseof the excellentdefect
detectionpropertiesof |, -testandtries to avoid basic problemsof checkingfor a defect
indicating power supply current. I,po-testis the additional monitoring of the decayof the
power supplycurrentin eachteststep.It usesthe propertyof CMOS-circuitsthat the power
supply currentfadesaway after eachcharge/dischargprocessin a CMOS gateconsistingof
ann-channebnda complementarp-channehetworkonly oneof the two networksshouldbe
conductivesimultaneously.The power supply currentreturnsalmostto zero. A significant
increasecturrentindicatesa defect,e.g.a shortor a defedive transistor.The main advarnage
of Ippg-testis thatit is sensitiveto defectswhich are difficult to catchduring logical testing
[1], [2], [3] anddefectsthatindicateearly failures[4]. Optimistic forecastsassumethat |-
test enablesthe reductionof the defectlevel of CMOS circuits by one or two orders of
magnitudg?2].

Thefirst sectionof the paperdealswith advantageandproblemsof | ,,-test. A bulk current
measurings only feasiblewith an on-chip currentsensor.The secondsectiondiscussesome
aspectf usinglppo-testin a built-in self-testenvironment.The defectdetectionfeaturesof
the bulk currentarediscussedn section3 at the devicelevel andin section4 at the gatelevel.
Section 5 introduces the concept of a bulk current measurement unit.
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1 Quiescent power supply current measurement

The measuremergquipmentor the quiescenpowersupplycurrenttestis chargedwith prob-
lems.Thel 4 of a defect-freegateis in the orderof magnitudeof a few nanoamperer less.
It is noticeablehigherthanthe quiescenturrentof a defectivegate.But in a VLSI-circuit, the
leakagecurrentsof manythousanddefect-freegatesaddsup. To checkfor the low error cur-
rentof a singlegatethe circuit undertesthasto be divided into multiple blockswith separate
currentmonitoring. In normal operationthe measuremeniinit hasto be bridged. Otherwise,
the currentsensorchangeghe input andoutputlevelsof the circuit andreduceshe speedof
operation.

To detecta currentof a few nanoamperdé needsa resistorof somemagaohmn the power
supplyline. An additionalcapacityof 1 pF, which is not muchfor the whole netof powersup-
ply linesandthousand®f gatesjncreaseshe measuringime by microsecondsThe reduction
of the capacitiesper measuringarrangements the secondreasonto divide the circuit into
blocks with a separate current seri&gr

The quiescent current check must wait until all in-circuit recharging procasdesshed. The
guiescent time differs from test step to test step and is effegi@wductiontolerancesA too
shorttime betweenswitching of input signalsand measuringof the currentcausesa risk to
classify defect-freecircuits as defectiveones.On the otherhandthe time for testingshouldn't
be excessive long what leads to a trade-off.

2 Quiescent power supply current monitoring in a built-in self-test environment

The quiescenbulk currentis muchlower thanthe quiescenpower supply currentof a defec-
tive gate.To measurdt needsan on chip currentsensor.The ideais obviousto useit in a
built-in self-test environment.For I,,4-test too, the combinationwith a built-in- self-test
architecure is advantageous.

Someproblemsmentionedabovecanbe avoidwith the self-testarrangemenaccordingto Fig.
1 [6]. The current sensor,the base-emitterjunction of a bipolar transistor operatingin
groundedemitterconfiguration,is integratedon the chip. A parallelconnectedesistoradjusts
the switching threshold.The signal "current floats"/"doesn'tfloat’ is measuredn amplified
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Fig. 1: Ippg-test in a built-in self-test environment



form at the collector. This kind of sensolis fastandsensitive.The long measuringime dueto
the high capacitiesof the circuit andlow thresholdsfor the error currentwill be obtainedby
dividing the circuit undertestin a largenumberof blockswith separateurrentmonitors.The
sensor transistors of all modules form a wired-OR.

The time betweenswitching of input signals and measuringthe power supply current is
adjustedby a link betweerthe currentsensorandthe clock of the testarrangementThe clock
of the testpatterngeneratorthe unit undertestandtestdataanalysiscircuitry switchesonly
after the power supply currenthasfallen below the error threshold.The minimal test time
adjusts automatically. In the case of a defectesearrangementloesnot produceanendsig-
nal. The testtime of a defectfree circuit, which is the sum of all measuringdelays,is an
indicator for technological problems (e.g. changed film resistances).

In normaloperatingthe measuringransistorhasto be bridged.This is the mostcritical part of
the test arrangement. Theaksof the powersupplycurrentof a VLSI circuit mayexceedl A
during switching operation.The resistanceof the bridging transistoran the on statemustbe
extremelylow. Very broadtransistorsare necessaryAltogether,the bridging transisors may
cost3 to 10% of the whole chip area[7]. This makesthe integrationof the quiescenpower
supply current sensor expensive.

3 Sources of the quiescent bulk current

Thebulk currentin a MOS-transistooriginatesfrom capacitivecurrents Jeakagecurrentsand
generationcurrents.Changinglevels at the transistorterminals(sourcegate and drain) and
changingevelsat wires crossingthe well of a transistorcausecapacitivecurrents.They disap-
pearafter eachswitching operationand do not producea quiescenbulk current.Measurable
leakagecurrentsn CMOS-circuitsoriginatefrom defects(e.g.gateoxide shortsanddefective
pn-junctions in the source/draiagions).Thethird source the generatiorcurrentis alsosensi-
tive to defects.lt disappearsn a defectfree CMOS-circuitafter eachswitchingoperation.As
it will be shown in the following, a static generation current is sendigemilar defectsasthe
Iopo- Only the generation current will be discussed in the following.

The generationcurrentis a parasiticeffect originatingin the pinch-off region of the charac-
teristic curve of a MOS-transistor Assuminga n-channeltransistor,a voltage betweengate
and bulk greater than the threshold voltageproducesa conductivechannekt the surfaceof

the substrateA currentthroughthe channelcausesa potentialgradientbetweenchanneland
gate and the potentialgradienta gradientin the developmenbf the channel.lf the voltage
betweengate and drain is lower than the thresholdof the transistor,the conductivechannel
endsnearthe drain region. The channelis pinchedoff. The length of the pinch-off region
adjustsautomaticallyby its voltagedrop correspondingo the differencebetweenthe source-
drainvoltageandthe thresholdvoltage.Becauseof the high field strengththe chargecarriers
in the pinch-off regionare acceleratedbeyondthe normaldrift speedandby impactionisation
with the lattice atomsadditionalchangecarrier pairs are generatedIn a n-channeltransistor
the producedelectronsare attractedoy the drain andthe holesflow mainly to the bulk (Fig. 2
left). The chargecarriergenerationis nearlyproportionalto the field strengthandthe current
in the pinched-offregion. Fig. 2 showsat the right side the characteristiacurve of the bulk
current generation of a n-channel transistor. The generation of p-channel transistors is similar.
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Fig. 2: Bulk currentgenerationin a n-MOS transistorand the characteristiacurve of the generationcurrent
(simulated by ZANAL [9])

4 Error detection behaviour

The two conditionsfor a bulk currentgenerationare a currentin the channel,and that the
channels pinched-off.After all rechargingorocesse$iavesettled,thereis no currentthrough
anyof thetransistorsn a defect-free The bulk currentcausedy the generationis zero.Many
defectsnot detectableby logical testing manifestthemselvesas forbidden voltageson input
terminalsof a gate. Fig. 3 showsthe characteristicgenerationcurve of an inverter. Up to
reachingthe thresholdvoltage of the n-channeltransistorthis one is switched-off. Current
flows neither through the n- nor through the p-channel transistor. Nebukntis generated.
Increasing the input voltage up to near the switcpibigt, the n-channetransistoris pinch-off
and gereratesa bulk current of a few pA per um transistorwidth. After exceedingthe
switching point up to the cut-oif the p-channetransistorthe p-channetransistoris pinched-
off and genestes a bulk current.So, almosteachwrong input voltage at the input terminal
causesa generdon currentin one of the transistors.This property holds also for complex
logical gates|f the staticcurrentflows throughthe pinched-offtransistor.In contrastto |54
testthe bulk currenttestdoesnot detectwrong input voltagesequalto the switchingvoltage
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Fig. 3: Bulk current generation in dependence on the input voltage of an inverter



One of the main defect sources in integrated circuits are $8prs shortis only detectablef
the shorted nodesare connectedsimultaneouslyby switched-ontransistor-limbswith the
groundandthe powersupply.A simplified modelis aninverterwith the gateof the n-channel
transistorlinked to the power supply line and the gate of the p-channeltransistorto ground
(Fig. 4). Normally, in CMOS-technologythe threshold-voltagesf the n-channeland the p-
channeltransistorsare approximatelyequalby value.Underthis assumptiona shortcausesa
generdion current in one of the transistors, if the commaoltageof the shortednodeis either
lower thanthe thresholdor higherthanthe powersupplyvoltageminusthe threshold.In other
words,a shortcauses bulk currentgeneratiorin one of the upstreantransistorsf the com-
mon voltage correspondgo a low or high, which it will do in general(Fig. 4). Conductive
transistordhavea strongnon-linearcharacteristicurve.A slight differencein the currentrich-
ness(v) betweerthe conductiven-channelandthe conductivep-channetransistorimb causes
acommonhighor low level. Only, if the characteristicurvesof bothtransistodimbs havethe
sameshape(v =1), the shortcausesa voltage betweenhigh andlow (an forbiddenvoltage).
Forbiddenvoltagesare observabldéy generatiorcurrentsin downstreangates. Bridgesto the
power supply and ground lines are also detectable by generation currents ¢itbepsiream
device(low resistiveshorts)or via a wrong voltageat an input of a downstreandevice (high
resistive shortg)7].
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Fig. 4: Bulk current generation of shorted iség lines

The defect-indicatingoulk currentsare very sensitiveto the power supply voltage.For volt-
agesof 3 V andlower, no generatiorcurrentsare observableThe lower boundfor testingis a
power supply voltage of aboud\sto 6V.

5 Built-in bulk current monitoring

Therate of quiescenbulk currentindicatinga defectis only somepA or less.Becauseof the
large capacities,a direct measuringof the currentsfrom the wells would be very slow. A
propersolutionis to placeadditionalminimum size transigors in the wells which are usedas
bipolar amplifiersfor the bulk current. The following explanationrelatesto n-channekransis-
torsin p-wells. In the testmodethe well is conductedby n+-areasnsteadby the normal p+-
well contactsFig. 5. This contact operates as emitter of the sensor transistor. Thefahss
sensottransistoris the well andthe basiscurrentis the bulk currentfrom the MOS transistors.
The amplified currentwill be measuredt the collectorwhich hasa muchlower capacitythan
the well. The amplified bulk currentsof differentwells are summedup beforeevaluation.The
rest of the test arrangement correspondsgol



-
—
NN
A\
N\

2 2 %
% ’//

=
oV @E J >| checker

4' 7z
4_>I—HIJ —>
IV —O==O —

| A A A
test / normal from other wells

Fig. 5: Measuring arrangement to check for an increased bulk current
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