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Abstract: Stressesare considered an integral part of any
modern industrial DRAM test. This paper describes a
novel method to optimize stresses for memory testing, us-
ing defect injection and electrical smulation. The new
method shows how each stress should be applied to achieve
a higher fault coverage of a given test, based on an under-
standing of the internal behavior of the memory. In addi-
tion, results of a fault analysis study, performed to verify
the new optimization method, show its effectiveness.
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1 Intr oduction

The effectivenes®of memorytestsdoesnot merelydepend
on a sequenceof write and read operationswith the as-
sociateddata patterns;it heavily employs modifications
to variousoperationalparametersr stresses (STs), either
to ensurea higher fault coverageof a given test or to

target specific failure mechanismanot detectedat nom-
inal operationalconditions[Falter0Q. The STs usually
usedin testingaretemperaturesupplyvoltageandtiming

[Vollrath0g.

Experimentabktudiesontheimpactof STsonthefaulty
behaior shov strong correlation betweenthe analyzed
defectand STs. Many studieshave beenperformedto
optimize a large numberof supply voltagesat testtime
[SchanstragdP to simulatethe operationof memorytests
for different stress combinations (SCs) [Goto97, andto
simulatethe effect of temperatureon the faulty behaior
[Al-Ars01]. Thesestudiesgive generalconclusionsbased
onsomestatisticalanalysisthatis notrepresentatie of the
behaior of a particulardefect. This makesthesemethods
not particularly usefulto optimize STsfor industrial pro-
ductionpurposes.

This paperproposesa nev methodto optimize STs,
using defectinjection and electrical Spice simulation of
a memorymodel. The resultsare specificto the simu-
lated memorydefect,andindicatethe directionin which
eachST shouldbe drivento get the highestcoveragefor
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agivenmemorytest. In addition,thefault analysisresults
of a numberof defectsare givento validatethe proposed
method.

Section2 of this paperidentifiesthe STs usedin op-
timizing memory tests and describeshow Shmoo plots
are usedto optimize themfor a given defect. Section3
presentsthe fault analysisapproachthat makes test op-
timization, using simulation, possible. Section4 shavs
the optimizationmethodproposedn this paper Section5
presentshefaultanalysigesultsperformecto validatethe
methodology Section6 endswith conclusions.

2 Stressspecification

Theexactspecificatiorof theusedSTsdepend®nthede-
vice being testedand the amountof control we have on
theinternalbehaior of the memory In generalthereare
threedifferenttypesof ST usedto optimizememorytests:
timing, temperatureandvoltage.

Almost all recentmemory devices are so-calledsyn-
chronousnemoriesreferringto thefactthatall eventsthat
take placein the memoryare governedby a global clock
signal (aninput signalto ary synchronousnemory). For
theuseof timing asa ST, this clock signalcanbe modified
in two differentways: by changingthe periodof the clock
(alsocalledthe cycle time, t.y) or by changingthe duty
cycletime (7).

Temperaturenay alsobe usedasa ST to optimizetest-
ing. Temperaturdhasprovento be a very effective ST to
bring devicescloserto failure. In general,a highertest-
ing temperatureesultsin a higherfault coveragefor mary
tests[vdGoor99.

Supply voltage (V44) is one more ST commonlycon-
trolled attesttimeto increasehefaultcoverageof memory
test. Accordingto memoryspecificationthereis a range
within which this voltagemayvary (£10%, for example).

A Shmooplot is animportantmethodusedto optimize
STsfor a given memorytest[Baker97, wheretwo STs
(S1andS2)areusuallychoserto be optimizedin a given
range.A testis thenappliedto the memoryand,for each



combinationof S1andS2,thepass/ail outcomeof thetest
is registeredon the Shmooplot. This createsatwo dimen-
sionalgraphicalrepresentationf the pass/il behaior of
thememoryunderthe appliedtest.

Shmoaoplotting hastheadvantageof directoptimization
of apairof STsfor agiventestonachip,in casethechipis
known to have thetargeteddefect.Shmooplotting suffers,
however, from the following disadantagespossiblylong
testtimes,restrictedcontrollability andobsenability of in-
ternalmemoryparts,andlimited diagnosticability to re-
latethe externally obsenedmemoryfailureto theinternal
faulty behaior. For atestdesignerattemptingo optimize
a giventestfor a specificdefectusing Shmooplots, these
mentionedproblemsmake optimizationa rather difficult
andchallengingask.

3 Fault analysisapproach

The single most important developmentin fault analy-
sis that enablessimulation basedoptimizationof STsis

the ability to statethe border resistance (BR) of a defect
[Al-Ars02]. BR is theresistive valueof a defectat which

the memorystartsto shov faulty behavior. Usingthisim-

portantpieceof information,the criterionto optimizeary

ST canbestatedasfollows:

Optimizing a given ST shouldmodify thevalueof BRin
thatdirectionwhich maximizestheresistanceangethat
resultsin a detectabldunctionalfault.

In this section,we describethe approachusedto iden-
tify the BR of cell defects.Considerthe defectve DRAM
cell shovn in Figure 1, wherea resistve open () re-
ducesthe ability to controlandobsene the voltageacross
thecell capacitor(V,). Theanalysisakesarangeof possi-
ble openresistanceél k! < R,, < 10 M2) andpossible
cell voltageGND < V, < V) into consideration.

CSI> ¢

Figure 1. Electricalmodelof memorycell.

Next, a numberof R,, valuesare selectedfor which
the analysisis to be performed. Threedifferent(V;, Rop)
resultplanesaregeneratedpnefor eachmemoryoperation
(w0, w1, andr). Theseresultplanedescribgheimpactof
successie w0, successie wl, andsuccessie r operations
onV,, for agivenvalueof R,,. Figure2 shovsthethree

result planesfor the threememory operationsperformed
for theopenshawn in Figurel.

To generatd-igures2(a) and(b), the floating cell volt-
ageV, isinitializedto V4 for aw0 sequencandto GND
for a wl sequenceandthenthe sequencef write oper
ationsis performed. The net result of this sequencds
the gradualchangeof V, towards a settlementpoint in
the plane. The voltage level after eachwrite operation
is recordedon the result plane, resultingin a numberof
curves. Eachcurwve is indicatedby an arrov pointing in
thedirectionof the voltagechange . The mid-pointvoltage
(Vmp) (thecell voltagethatmakesup theborderbetweera
stored0 and1) is alsoindicatedin the figure with a solid
verticalline. The senseamplifier thresholdvoltage (Vs,)
is shawvn in thefigureasa dottedline. Vy, is the cell volt-
ageabove which the senseamplifier readsa 1, and below
whichthe senseamplifierreadsa 0.

To generatd-igure 2(c), first Vy, is establishedandin-
dicatedon the resultplane(shavn asa bold curve in the
figure). As R,, increasesV;, turnscloserto GND which
meansthat it getseasierto detecta 1 and more difficult
to detecta 0.! Thenthesequencerr...r is appliedtwice:
first for V, thatis initially slightly lowerthanVy, (0.12V
lower in this example),and a secondtime for V, thatis
slightly higherthanV;, (0.12V higher). Thevoltagelevel
aftereachr operations recordecntheresultplanewhich
resultsin anumberof curvesontheplane.

It is possibleto usethe resultplanesof Figure?2 to an-
alyzea numberof importantaspectof the faulty behavior
[Al-Ars02]. Onesuchaspectrelevantto this paperis the
valueof BR, whichis the E,, valuewherethe cell starts
to causdaultsontheoutput. For thefaulty behaior shovn
in Figure2, BR hasa valueof 200 k2, which is the value
of R,, attheintersectiorbetweerthe (1)w0 curveandthe
Vs cunve (indicatedasadotin Figure2(a)).

Anotheraspectelevantto this paperis generatingtest
thatdetectghefaulty behaior of thedefect.In the caseof
Figure2, faultscanbe detectedwith R,, > 200 k2 using
thesequencev1lwlw0r0. Notethatthetwo w1l operations
arenecessaryo chage V; up fully to V4q whenR,, has
a value closeto BR. Performingone w1 insteadof two,
chagesV, upto avoltagebelow V44, which makesit less
demandindor the subsequent/0 operationto write a 0.

4 Optimization methodology

Optimizing ary ST cangenerallybe doneby performing
a full fault analysis(generatinghe threeresultplanesas

1This is causedby the fact that the prechage cycle setsthe bit line
voltageto V4. Therefore,as R, increasesa 0 storedin the cell fails
to pull the bit line voltagedown during a readoperation,andthe sense
amplifierdetectsa 1 insteadof a0.



R gplk@] R gplk@]

100 |

0L

1000|. % 1000 %\ 1000 |

R gplk@]

(2)wl 100 |

0L

(1) wl @r @r
1 1L 1L
GND 0‘.6 1‘.2Vmp‘ 1‘.8 vdd GND 0‘.6 1‘.2Vmp‘ 1‘.8 vdd GND 0‘.6 1‘.2Vmp‘ 1‘.8 vdd
Ve [V] Ve [V] Ve [V]
(a) Plane of w0 (b) Plane of wl (c) Plane of r
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tion pointof the(1)w0 curveandtheV;, curveasshavnin
Figure2(a). Therefore increasinghe rangeof the failing
R,, canbedonein two ways:

1. By reducingtheability of 1w0 to write alow voltage
into thecell. This stresseshe 1w0 operationandresultsin
shiftingthe (1)w0 curveto higherV, voltages.

2.By reducingtherangeof cell voltagesin which r de-
tectsa 0. This stressesher operationandresultsin shift-
ing theV, curveto lowerV, voltages.

4.1 Optimizing timing

Figure3 shavsthesimulationresultsof reducing ., from
60 nsto 55 ns. The figure hastwo panels:the top is for
applyinga 1w0 operationandthe bottomfor applyingar.
Thez-axisin the figurerepresentshetime axis, while the
y-axisgivesthestoredcell voltageV.,.

Applying 1w0: Thetop paneloutlinesthe cell voltage
Ve while performinga 1w0 operatiorwith ¢, = 60nsand
55ns. In thesimulation theinitial cell voltage(V;y,;) is Vg
(physicall), R, = 200k? andT = +27° C. By theendof

Figure 3. Simulationof reducingtey. from 60 nsto 55 nswith V44 =
2.4V, Rop = 200k andT =+27° C.

the write operation the valueof V. is 1.0V for ¢y, = 60
ns,while v, = 1.9V for ¢,y = 55 ns. This indicatesthat
reducingthe cycle time reducegheability of 1w0 to write
a0into thecell. As aresult,reducingt.,. is considereds
amorestressfulconditionfor the 1w0 operation.
Applying r: Thebottompaneloutlinesthe cell voltage
V. while performingar operatiorwith £, = 60nsand55
ns. In thesimulation,V;,; = 1.1V, whichis slightly below
Vsa, LLop = 200kE2 andT = +27° C. Thefigureshonsthat
afteraboutt = 13 ns, V,, is pulledlow anda O is written
backto cell, which meanghesenseamplifiersensea 0 for
bothvaluesof ¢.,.. Notethatthefigureis only important
to shawv theimpactof STonV, (i.e.,whetherchangingST
promotedetecting0 or 1); thefinal of V, afterperforming
r is notimportanthere.Thefigureindicateshatthe ability
of thesenseamplifierto detectO or 1 doesnot changeasa
resultof changesn timing. This meanghattiming hasno



impacton Vg,

In conclusiondecreasing.,. is morestressfulfor the
1w0 operationandhasno impacton the detectedsalueof
ther. Therefore reducingthe cycle time is morestressful
for thetest.

4.2 Optimizing temperature

Figure 4 shows the simulationresultswith T = —33° C,
+27° C and+87° C. Thefigure hastwo panels:thetopis
for applyinga 1w0 operationandthe bottomfor applying
ar.
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Figure 4. Simulationwith T = —33° C,+27 Cand+87° C, Vg4 =2.4
V, Rop = 200k2 andt .. = 60ns.

Applying 1w0: Thetop paneloutlinesthe cell voltage
V. while performinga 1w0 operationwith T = —33° C,
+27° Cand+87° C. ThesimulationusedV;,; = V44 (phys-
ical 1), R,p = 200k? and¢.,. = 60 ns. By theendof the
write operation(att = 60 ns),thevalueof V. is 1.1V for T
=+87° C,V,=1.05V for T =+27°, while V, = 1.0V for
T = —33° C. Thisindicateghatincreasinghetemperature
reduceghe ability of 1w0 to write a 0 into the cell. This
behaior canbe attributedto the gradualdecreasén drain
currentastemperaturéncreaseswhich is in turn caused
by the decreasingnobility of chaigecarrierswith increas-
ing T. As a result, increasingT is consideredas a more
stressfukconditionfor the 1w0 operation.

Applying r: The bottom paneloutlinesV, while per
forming ar operationwith T = —33° C, +27° C and+87°
C. Thesimulationusedaninitial cell voltageV;,; = 1.3V,
whichis slightly above Vy,, andR,, = 200kf). Thesense
amplifierdetectsa 1 with T = +27° C, while it detectsa 0
both—33° C and+87° C. Thisis aninterestingrarely ob-
senedbehaior, whereincreasingST changeghe stresses
in a non-monotonousvay (increasingthen decreasing).
This suggestshe presencef multiple temperature-related

mechanismsvith an opposingeffect on the faulty beha-
ior, suchas:theincreasedransistothresholdvoltage(pro-
motesdetectingl), the increaseddrain current(promotes
detecting0), andthe decreasedeakagecurrent(promotes
detecting0) with decreasing. Thisindicatesthatincreas-
ing or decreasingemperaturdrom +27° C shiftsthe V,
curveto theright. As aresult,+27° is consideregsamore
stressfulconditionfor ther operation.

In conclusionthemoststressfull caneitherbeatroom
temperaturer hightemperatureTo specifywhichof these
shouldbe selectedthe BR hasto be identifiedfor high T
andcomparedvith theBR for roomT. TheBR canbeiden-
tified by performinga numberof simulationsto construct
the (1)w0 curve andthe V,, curve. This hasbeendone,
andthe resultsindicatethat high temperaturés more ef-
fective sinceit reduceshe BR by 5 kS2.

4.3 Optimizing voltage

Figure 5 shows the simulationresultswith V4 = 2.1V,
2.4V and2.7 V. Thefigure hastwo panels:thetop is for
applyinga 1w0 operatiorandthe bottomfor applyingar.
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Figure 5. Simulationwith Vg4 = 2.1V, 2.4V and2.7V, tcy. = 60ns,
Rop =200k2 andT =+27° C.

Applying 1w0: Thetop paneloutlinesthe cell voltage
V. while performinga 1w0 operatiorwith V44 =2.1V, 2.4
V and2.7V. ThesimulationusedV;,; = V44 (physicall),
R,, = 200kS2 andT = +27° C. By the end of the write
operation(att = 60 ns),thevalueof V, is 1.0V for V4 =
2.4V, V,=1.2V for Vzg =2.7V, while V, = 0.9V for V4,
= 2.1 V. This indicatesthat increasingthe supplyvoltage
reducesghe ability of 1w0 to write a 0 into the cell. As
aresult,increasingVyy is considerecas a more stressful
conditionfor the 1w0 operation.

Applying r: The bottom paneloutlinesthe cell volt-
ageV. while performinga r operationwith V43 = 2.1V,
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Figure 6. Resultplaneswith Vg = 2.1V, teye = 55nsandT = +87° C, for theoperationga) w0, (b) w1, and(c) r.

2.4V and2.7V. In thesimulation,V;,; = 1.1V, whichis

slightly below Vg,, Rop = 200k andT = +27° C. The

figureshownsthatafteraboutt = 13 ns, V. is dischagedfor

Vaqa = 2.4V and2.7V, which meanghatthe senseampli-

fier detectsa O with thesevoltages.On the otherhand,V,

is chagedup for V44 = 2.1V, which meanghatthe sense
amplifierdetectsa 1. Thisindicateghatincreasinghesup-
ply voltageincreaseghe rangeof V. valuesthat resultin

detectinga 0. As aresult,increasingVyy is consideredas
alessstressfukconditionfor ther operation.

In conclusion,increasingVyy is more stressfulfor the
1w0 andlessstressfulfor the r. This providesno infor-
mationontheway Vy4 stresseshetest. Thereforethe BR
shouldbeidentifiedby performinganumberof simulations
to constructhe (1)w0 curve andthe V,, curvewith V4 =
2.7V and2.1V. This hasbeenperformedandthe results
indicatethattheBR is 170 k2 for V4 = 2.1V, 200 k{2 for
Vaa = 2.4V and220 k2 for V34 = 2.7 V. This meanshat
Vaq = 2.1V is the mosteffective voltagesinceit givesthe
lowestBR.

4.4 SCevaluation

After identifying moststressfulvaluesof eachST, it is im-
portantto apply the resulting SC and constructthe fault
analysisplanesof w0, wl andr againto seewhethemew
detectionconditionsareneededo detectthe faulty beha-
ior. Figure6 shovstheseresultplanesusingthe SC: vy, =
2.1V, teye =55ns,andT = +87° C.

Thefigure shavs anumberof interestingchangesn the
behaior ascomparedo Figure2, aslistedbelow:

1. TheBR representedby the intersectionpoint of the
(1)w0 curve andthe V,, curveis reducedo about50 k{2

(seethedotin Figure6(a)).

2. With theusedSC, a new detectionconditionshould
be usedthat includesmore wl operationsto chage the
cell to a high enoughvoltage. The detectionconditionis
¢, wl,wl,wl,wl,r0,...).

3. TheappliedSCinducesa fail in the Ow1 operation
for the R,, rangel50k( to 200kS? (seethe two dotsin
Figure6(b)). But this R,, valuedoesnot represent. BR
sincelwO failsatalower .

4. TheusedSCis very stressfulsince(evenwith gy
= 0 Q) a w0 operationcannotdischage V., from V4 to
GND, andw1 cannotchageV, upfrom GND to V4.

5 Analysisresults

The optimizationmethodoutlined in Section4 hasbeen
appliedto optimizeteststo detectthe faulty behaior of a
numberof DRAM cell defects. This sectionpresentghe
simulationmethodologyfirst, thenthe analysisresultsare
discussed.

5.1 Simulation methodology

Theusedelectricalsimulationmodelis asimplifieddesign-
validation model of a real DRAM. The simplified model
includesonefoldedcell arraycolumn(2x 2 memorycells,
2 referencecells, prechage devices and a senseampli-
fier), one write driver and one data output buffer. The
usedsimulationtool is the electrical Spice-basedimula-
tor Titan, which is a proprietarysimulator developedby
Siemens/Infineon.

Figure7 shavsthe7 analyzediefects:3 opensp shorts
and 2 bridges. Opensare addedresistve componenton



signallineswithin memorycells. Shortsareresistie con-
nectionsto V34 or GND. Bridgesareresistive connections
betweemodeswithin the memorycell.

BL BL— BL— o
vdd
WL # ?
L
(@ (b) (c)

Figure 7. Simulatedcell defects:(a) opens(b) shortsand(c) bridges.

5.2 Simulation results

Table 1 summarizeghe simulationresults. The first col-
umn lists the analyzeddefectsasshown in Figure7. De-
fectsdescribeddy “true” aresimulatedon thetruebit line,
while defectsdescribedby “comp? aresimulatedon the
complementanybit line. The column “Nom. border R”

gives the value of the border R at a nominal SC. The
columnswith the STsgivethedirectionin whichtheseSTs
shouldbe modifiedin orderto stresgshe memorytest. The
tablealsolists the stressedralue of the border R andthe
correspondingletectioncondition.

Table 1. ST optimizationresultsfor defectsshavn in Figure?.

Defect |Nom.borderR |Vdd teye T|Str. borderR  Str. detectioncondition
01-3(rue) |R > 200k2| 4 L 1T|R >50kQ (..., wl, wl, wl, w0, r0,...)
01-3(comp)|R > 200k2| 4 L 1|R > 50k L(..., w0, w0, w0, wl, rl,...)
Sg(true) R < 1MQ + 1 t|R< 1062 {(...,wl, rl,...)
Sg(comp.) |R < 1MQ + {1l t|R< 1062 g(...,w0,r0,...)
Sv(true) R < 400k2| | 1 tR<162 g(..,w0,r0,...)
Sv(comp.) |R < 400k 1 1 tR<16Q g(..,wl, rl,...)
Bl(rue) |R <200kQ| L | 1R < 100kQ §(..., w0, r0,...)
Bl(comp) |R < 200k@| L | 1|R < 100kQ §(..., wl, rl,...)
B2(rue) |R < 200kQ| + L 1R < 100kQ $(..., w0, r0,...)
B2(comp) |R < 200kQ| + | 1|R < 100kQ §(..., wl, rl,...)

Notethatthe borderR valueaswell asthe directionof
ST optimizationare the samefor true and comp. defects
in the table. In addition, the detectionconditionsfor the
comp.entrieshave thesamestructureastheirtrue counter
parts,but with 1sandOs interchanged.This is dueto the
factthatthe physicalvoltagesstoredwithin thecell arethe
samefor thetrueandcomplementarylefects.

Thetableshavs thatthe appliedSCsarevery effective
in increasingherangeof thefailing R. In termsof testing,
this meanghatthe appliedSCsincreasehe coverageof a
giventest. For example,the BR of cell openg(O1-3)have
beenreducedrom 200kS? to 50 k2.

For all analyzeddefects reducingthe clock cycle time
has proven to be more stressfulthan relaxing the clock.
This canbeexplainedby notingthatreducingt ., reduces
the time the memoryhasto chage or dischage the cell,
which affectsthe write operationand not the readopera-
tion. Sincethe more stressfulsituationoccurswhenwe
limit the ability of a write to influenceV,, it follows di-
rectly thatreducingt . is themorestressfukcondition.

For all analyzeddefectsjncreasinghetemperaturdnas
provento be morestressfuthanreducingthetemperature.
This canbe attributedto the factthatall simulateddefects
aremodeledusing regular ohmic resistanceshe value of
which doesnot changein the simulation. Modeling the
defectsto increasdheir R with decreasing (whichis the
casewith silicon baseddefects)may resultin a different
stressvaluefor T.

6 Conclusions

This paper presenteda newv approachto optimize the
stressesor testsof cell defects,usingdefectinjectionand
electrical Spice simulationof a memorymodel. The ap-
proachprovidesmoreinsightinto the effectivenesf dif-

ferentstresseshantraditionaloptimizationmethodssince
it internally studiesthe impactof eachstressfor the tar-

geteddefect. Thepaperalsopresentetheresultsof astudy
performedto verify the newly proposedapproachThere-
sultsshaw that the stresseare very effective in bringing
defective devices closerto failure, andin increasingthe
faultcoverageof memorytests.
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