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Abstract

The EC analysisallows to extract the distribution of
stress-inducedeakage current (SILC) in the memoryar-
ray, without needfor an extensivemeasuementof gate
currentsin the cells. In this paper by comparingSILC
distributionsobtainedby the EC conceptandthereal dis-
tributions, we demonstate the accuracy of the new tech-
nique for assessinghe reliability of non-volatilememo-
ries. The analysisfor a Flash array with ultrathin ox-
ide is finally carried out, showinghow the EC method,
in combinationwith a modelaccountingfor thethickness
dependencef SILC, providesa straightforward tool for
evaluatingthe oxidedegradationafter cycling

1. Introduction

The stress-inducedeakagecurrent (SILC) is a ma-
jor issueaffecting the dataretentionof floating-gatenon-
volatile memorieSNVMs). Theincreasef SILC for de-
creasingthicknessof the tunnel oxide leadsto enhanced
tail effectsduringreadoubf cells,thuslimiting thedevice
scaling[1]. For this reason,the SILC hasbeeninvesti-
gatedby severalauthorsusuallyby meansf gate-current
measurementsnlargeareaMOS capacitorsOntheother
hand relatively few effortshave beendevotedto thedirect
analysisof excesdeakagecurrentsn NVMs.

The standardechniquefor measuringhe oxide leak-
agecurrentsn smallareaNVM is the gatestress namely
a room-temperatureetentionexperiment,acceleratedby
gatebiasing[2]. From the measuredime evolution of
thresholdvoltage Vr, the gate current-wltage (I — V)
characteristic®f the cell canbe evaluated[2, 3]. Based
on the gate-stressechnique,a new methodfor extract-
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ing the statisticaldistribution of SILC in NVM arrayswas
developed[4], which allows for a non-ambiguousharac-
terizationof memoryreliability. Within this framework,

the SILC distributionis extractedusingtheequivalentcell

(EC) conceptwhich providesafastschemdor reliability

estimatiorof arraysin theMbit range.TheEC methodhas
beenroutinely employed for testingnew statisticalmod-
elsfor data-retentiomf Flashdevices[5, 6]. However, the
accurag of the EC techniqueasa reliability monitor for

NVMs hasnotbeendemonstratedofar.

In this paperwe shaow for thefirst time thatcharacteri-
zationbasedn the EC conceplyieldsthe samestatistical
resultsasthe full bit-by-bit analysis,thus validating the
EC methodasa fastyet accuratetool for memorychar
acterization.Also, the EC methodis appliedfor studying
the reliability of ultra-scaledEEPROM devices. Finally,
by usinga statisticalmodelfor SILC, we shav how the
oxide degradationcanbe estimatedrom the SILC distri-
bution obtainedby the EC technique.

2. TheEC approach

The gate-stres&volution of a large NVM array typ-
ically displaystail effects, which are determinedby the
statisticaldistribution of SILC in thearray[7]. Fromthe
analysisof the gate-stres®ehavior of the array (particu-
larly in the tail region) the SILC distribution canbe ob-
tained.For the characterizatioof SILC in alargenumber
(typically of theorderof 106) of bits, all V3 — t character
isticsof cellsmustbecollectedandmanipulatedor I —V
extraction[8]. Obviously, this mayrepresent verytime-
andmemory-consumingaskfor mostcomputationabys-
tems. To avoid numericalmanipulationof large amounts
of data,the EC techniquefor leakagecharacterizatiorn
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Figure 1. V7 distribution for a 768 kbit Flash array, with
real cell paths (bits A and B) as compared to the EC
approach.

Flasharrayswasdeveloped.Accordingto this technique,
Vr — t characteristicare taken directly from the time-
dependendistributionsof Vr atagivencumulative proba-
bility F' [4]. Thefundamentahssumptiomf thisapproach
is thatbits orderedby their Vr alwaysmaintainthe same
positionwithin thecumulativedistribution, irrespectve of
the gatestresstime. The resultingVr — t arethencon-
vertedinto I — V'svia thestandardormulas[3]. Clearly,
I — V characteristicebtainedby the EC methoddo not
correspondo real bits in the array ratherthey represent
the averagebehavior of bits arounda given F' (hencethe
nameequivaleny.

2.1. Limitationsfor I — V characterization

We analyzedsomerepresentatie pathsof tail bits in
the V- distributionsduringgatestressin orderto evaluate
the impactof the constantF' approximationon resulting
I—V characteristicskig. 1 shavsthe Vr distributionsfor
increasinggate-strestimes,for a 768 kbit arrayof Flash
EEPROM with oxidethicknesg,, = 8 nmafter10* P/E
cycles[9]. Two bits (A andB) wereselectedn the tail,
for whichthe positionwithin thedistribution atincreasing
timesis shovn ascomparedo atypical EC path.Clearly,
theprobability F' for bits A andB is notconseredduring
gate-stressndicatingthatthe EC methodcanrepresena
poorapproximatiorfor sometail bit.

Fig. 2 shovs the I — V' characteristic®f real bits A,
B and of the EC showvn in Fig. 1. The EC approach
largely underestimatethe SILC above about4.5 V of the
floating-gatevoltageVr¢. Thiscanbeunderstoodby con-
sideringthebit pathsin Fig. 1: tail bits A andB bothstart
in themain partof the distribution, atrelatively small Vr,
wherethey also spendthe early gate-stressimes before
joining thetail. Ontheotherhand,the EC approximation
startsat alreadylarge Vr maintainingcontantF'. Upon
enteringthe tail, the EC is forcedto an abrupttransition
from veryslow Vr drift (earlytimes)to SILC (largetimes,
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Figure 2. I —V characteristics of the real bits A, B and
of the EC dispayed in Fig. 1.
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Figure 3. Selected ECs for a Flash EEPROM array with
toe = 8 nm after 10* P/E cycles. SILC distribution is
obtained by collecting the current density at fixed Vrg,
as indicated by the vertical straight line.

full tail). This resultsin the large currentincreasdn the
EC characteristiat Vrg ~ 4.5 V. Therefore,only the
ECTI — V below Vg = 4.5V is physicallymeaningful,
whereaghe higherVgg rangehasto be discarded.Note
alsothatraisingthe gatebiasduring gatestressresultsin

an increaseof the Vg rangefor which the EC method
works accurately For instance,applyingVeg = 8 V

would shift the maximumof theEC I — V in Fig. 2 from

4.5V to about5.8 V, thusincreasinghe voltagerangeof

accurag of the EC characterizationThus, the EC tech-
niguecanprovide a detaileddescriptionof the SILC dis-
tribution, overthe wholevoltagerangeof interest.

3. Accuracy of statistical characterization

For a statistical representationary I — V of real-
bits/ECs must be reducedto a single parameter such
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Figure 4. SILC distribution for ECs and real bits, for a
Flash array with t,, = 8 nm after 10* cycles. Distribu-
tions were obtained for different Vpg's from gate-stress
data under Vgg =6 V.
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Figure 6. SILC distribution for ECs and real bits, for a
Flash array with t,; = 5 nm after 4 x 10 cycles and for
different Vpg's.
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Figure 5. SILC distribution for ECs and real bits, for a
Flash array with ¢,;, = 8 nm after 10* cycles. Distri-
butions were obtained for Vg = 3 V from gate-stress
data under different Vgg's.

as the FN parameterB relatedto the effective barrier
height [7, 8], or the leakageevaluatedat a given Vgg,

whichis generallyusedfor reliability estimatiorandmod-
eling [5, 6]. Thelatterdistribution canbe easilyobtained
collectingthe SILC atfixedvoltage,asshavnin Fig. 3 for

selectecECswith t,, = 8 nmafter10* P/Ecycles. Note
thatthe extractionof SILC valueshasto be carriedout at
relatively small Vrg's, wherethe EC I — Vs provide a
goodapproximatiorof averagereal-bits(seeFig. 2).

We comparedhe SILC distributionsfor ECsandreal
cellsfor a Flasharraywith t,, = 8 nm after10* P/E cy-
cles.Fig.4 shovs SILC distributionsfor ECsandrealbits,
obtainedfrom a gate-stresgxperimentundera control-
gatebiasVgg = 6 V. A closeagreements found for all
valuesof Vr¢a (3, 3.5 and4 V correspondingo the verti-
callinesin Fig. 3). Todemonstratéhattheaccurag of the

10 10 10 10

Figure 7. Distribution of B for ECs and real bits, for a
Flash array with t,; = 5 nm after 4 x 103 cycles.

EC methoddoesnot dependon experimentalconditions,
we comparen Fig. 5 SILC distributionsfor ECsandreal
cells,extractedfrom gate-stresdataat Vog = 4 and6 V.

Again, all distributionsfall on the sameline, supporting
the accuray of the EC techniquefor characterizinghe
SILC statisticsin largearrays.

4. SILC inultrascaled arrays

We appliedthe EC techniquefor studyingthe depen-
denceof SILC on device scaling, by characterizinga
64 kbit Flasharraywith ultrathintunneloxide. Using a
self-consistenSchibdingerPoissormodelfor calculating
the capacitancg10], we determinedthe oxide thickness
to bet,, = 5 nm. After 4 x 10 P/Ecycling, we applied
gate-stresgonditionswith Vo = 5 V to the Flashar-
ray. Fig. 6 shavs SILC distributionsfor ECsandresulting
from a bit-by-bit approachagaindemonstratindghe high
accurag of theECtechniquéor all valuesof Veg (1, 1.5,
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Figure 8. Calculated density of leakage current at oxide
field E,, = 5 MV cm™! for a cumulative probability of
99.99%, as a function of t,, and for increasing defect
concentration. Also shown are experimental data for
toz = 5 and 8 nm.

2, 2.5 and3 V). As afurtherdemonstrationkig. 7 showvs
the distribution of the parameterB, i.e. the slopeof the
JE,? — E_;} characteristic$FN plot) [7]. A goodagree-
mentis obtainedbetweenthe distributions of B for EC
characteristicandfor real cells. Note that both distribu-
tionsdisplaymainandtail SILC regions,highlightingthe
ability of the EC technigueto probethe leakagebehavior
within thearray[7].

As demonstratedn Fig. 6, tunnel-oxidedownscaling
in Flashmemoriedeadsto alargeenhancementf SILC.
Onereasorfor this severeincreasef leakagas thestrong
dependencef tunnelinglifetimeson the thicknessof po-
tential barriers[11]. However, the increasedSILC tails
may alsobe dueto a larger defectgeneratiorin the thin
oxide. To comparethe oxide degradationin Flasharrays
with different oxide thickness,we adopteda statistical
modelfor SILC, which accountdor tunnelingassistedy
oxide defectsand clustersof defects[5]. In the model,
defect generationis assumeduniformely distributed in
the tunnel oxide, and clusterformationis computedac-
cording to Poissonstatistics. SILC is calculatedbased
on accuratephysicalmodelsfor trap-assistedunneling
(TAT) andtunnelingat multiple defects.This modelwas
shawvn to accuratelyreproducethe statisticaldistribution
of SILC in Flasharraysfor oxide thicknessin the range
6.5 — 9.7 nm[5].

We calculatedSILC distributionsfor oxidethicknesses
5 to 10 nm anddefectconcentratiorin the range10** —
10'® cm~3, atanoxidefield E,, = 5 MV cm™!. Fig. 8
shaws the currentdensitycorrespondingo a cumulative
probability F = 99.99%, as a function of oxide thick-
ness.Thefigure alsoshaws the currentdensitymeasured
atthe sameprobability F' in Figs.4 and6. Theseexperi-
mentaldatamatchthe SILC calculationfor defectdensi-
tiesof 10'* — 106 cm—3, with asmallerconcentratiorior

the 5 nm oxide. The lower P/E cycling (4 x 103 cycles)
of the scaleddevice might partially explain the reduced
degradation. However, a generaldecreasef defectden-
sity with decreasin@xidethicknessvasalreadyobsened
in Flashmemoriesat equalP/Ecycling [5]. Theresultsin

Fig. 8 shov how the EC characterizationtogethemwith a
physical/statisticainodelaccountingor thethicknesde-
pendencecan provide a valuabletool for estimatingthe
oxide degradationin cycledmemories.

5. Conclusions

In this paperthe accuray of the EC methodhasbeen
directly demonstratedyy comparingthe characterization
resultsof the EC approachwith therealdistribution. Both
thedistribution of leakagecurrentsandof theparameteB
obtainedby the EC methodclosely matchthe real distri-
butionsin thearray Finally we shovedhow the EC tech-
nigue, in combinationwith a statisticalmodelfor SILC
accountingfor the SILC dependencen oxide thickness,
canprovide astraightforwardtool for evaluatingtheoxide
degradationn Flashmemories.
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