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Abstract

The EC analysisallows to extract the distribution of
stress-inducedleakage current (SILC) in the memoryar-
ray, without needfor an extensivemeasurementof gate
currentsin the cells. In this paper, by comparingSILC
distributionsobtainedby theECconceptandtherealdis-
tributions,wedemonstrate the accuracyof thenew tech-
nique for assessingthe 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
dependenceof SILC,providesa straightforward tool for
evaluatingtheoxidedegradationafter cycling.

1. Introduction

The stress-inducedleakagecurrent (SILC) is a ma-
jor issueaffectingthedataretentionof floating-gatenon-
volatile memories(NVMs). Theincreaseof SILC for de-
creasingthicknessof the tunneloxide leadsto enhanced
tail effectsduringreadoutof cells,thuslimiting thedevice
scaling[1]. For this reason,the SILC hasbeeninvesti-
gatedby severalauthors,usuallyby meansof gate-current
measurementsonlargeareaMOScapacitors.Ontheother
hand,relatively few effortshavebeendevotedto thedirect
analysisof excessleakagecurrentsin NVMs.

The standardtechniquefor measuringthe oxide leak-
agecurrentsin smallareaNVM is thegatestress, namely
a room-temperatureretentionexperiment,acceleratedby
gatebiasing [2]. From the measuredtime evolution of
thresholdvoltage

���
, the gatecurrent-voltage( ��� �

)
characteristicsof the cell canbe evaluated[2, 3]. Based
on the gate-stresstechnique,a new methodfor extract-

ing thestatisticaldistributionof SILC in NVM arrayswas
developed[4], which allows for a non-ambiguouscharac-
terizationof memoryreliability. Within this framework,
theSILC distributionis extractedusingtheequivalentcell
(EC)concept,whichprovidesa fastschemefor reliability
estimationof arraysin theMbit range.TheECmethodhas
beenroutinely employed for testingnew statisticalmod-
elsfor data-retentionof Flashdevices[5,6]. However, the
accuracy of the EC techniqueasa reliability monitor for
NVMs hasnot beendemonstratedsofar.

In this paperwe show for thefirst time thatcharacteri-
zationbasedon theEC conceptyieldsthesamestatistical
resultsas the full bit-by-bit analysis,thusvalidating the
EC methodasa fastyet accuratetool for memorychar-
acterization.Also, theEC methodis appliedfor studying
the reliability of ultra-scaledEEPROM devices. Finally,
by usinga statisticalmodel for SILC, we show how the
oxidedegradationcanbeestimatedfrom theSILC distri-
butionobtainedby theEC technique.

2. The EC approach

The gate-stressevolution of a large NVM array typ-
ically displaystail effects, which are determinedby the
statisticaldistribution of SILC in thearray[7]. Fromthe
analysisof the gate-stressbehavior of the array(particu-
larly in the tail region) the SILC distribution canbe ob-
tained.For thecharacterizationof SILC in alargenumber
(typically of theorderof ���
	 ) of bits,all

��� �
� character-
isticsof cellsmustbecollectedandmanipulatedfor ��� �
extraction[8]. Obviously, this mayrepresenta very time-
andmemory-consumingtaskfor mostcomputationalsys-
tems.To avoid numericalmanipulationof largeamounts
of data,the EC techniquefor leakagecharacterizationin
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Flasharrayswasdeveloped.Accordingto this technique,��� �U� characteristicsare taken directly from the time-
dependentdistributionsof

���
atagivencumulativeproba-

bility V [4]. Thefundamentalassumptionof thisapproach
is thatbits orderedby their

� �
alwaysmaintainthesame

positionwithin thecumulativedistribution,irrespectiveof
the gatestresstime. The resulting

� � �W� arethencon-
vertedinto �X� � svia thestandardformulas[3]. Clearly,
�Y� � characteristicsobtainedby the EC methoddo not
correspondto real bits in the array, ratherthey represent
theaveragebehavior of bits arounda given V (hencethe
nameequivalent).

2.1. Limitations for Z\[^] characterization

We analyzedsomerepresentative pathsof tail bits in
the

� �
distributionsduringgatestress,in orderto evaluate

the impactof the constant-V approximationon resulting
�N� � characteristics.Fig.1 showsthe

���
distributionsfor

increasinggate-stresstimes,for a
-/.
0

kbit arrayof Flash
EEPROM with oxidethickness�`_&acb 0

nm after ���3d P/E
cycles[9]. Two bits (A andB) wereselectedin the tail,
for whichthepositionwithin thedistributionat increasing
timesis shown ascomparedto a typicalEC path.Clearly,
theprobability V for bitsA andB is notconservedduring
gate-stress,indicatingthattheEC methodcanrepresenta
poorapproximationfor sometail bit.

Fig. 2 shows the �Y� � characteristicsof real bits A,
B and of the EC shown in Fig. 1. The EC approach
largelyunderestimatestheSILC aboveaboute�fBg V of the
floating-gatevoltage

�ihkj
. Thiscanbeunderstoodbycon-

sideringthebit pathsin Fig. 1: tail bitsA andB bothstart
in themainpartof thedistribution,at relatively small

���
,

wherethey alsospendthe early gate-stresstimesbefore
joining thetail. On theotherhand,theEC approximation
startsat alreadylarge

���
maintainingcontant V . Upon

enteringthe tail, the EC is forcedto an abrupttransition
from veryslow

���
drift (earlytimes)to SILC (largetimes,
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full tail). This resultsin the largecurrentincreasein the�O�
characteristicat

�ihkj�� e�f�g V. Therefore,only the
EC �2� � below

��hAj b�e�fBg V is physicallymeaningful,
whereasthehigher

� hAj
rangehasto bediscarded.Note

alsothat raisingthegatebiasduringgatestressresultsin
an increaseof the

� hAj
rangefor which the EC method

works accurately. For instance,applying
��� j b 0

V
would shift themaximumof theEC �O� � in Fig. 2 from
e�f�g V to about g+f 0 V, thusincreasingthevoltagerangeof
accuracy of the EC characterization.Thus,the EC tech-
niquecanprovide a detaileddescriptionof theSILC dis-
tribution,over thewholevoltagerangeof interest.

3. Accuracy of statistical characterization

For a statistical representation,any ��� �
of real-

bits/ECs must be reducedto a single parameter, such



10
-12

10
-11

10
-10

10
-9

10
-8

Current Density [A cm
-2

]

99

99.9

99.99

99.999

99.9999

%

Real Bits
EC

tox=8nm

4V

3.5V

VFG=3V

VCG=6V

��� �����������stk����T � � �H "�o�%$��E &� '�(2)#'+�8R�TA�m,�( � �:��,�4k$
�  H�=<i)#'+�D,
��4 ,5�=6�,
�9�:,7;O>?�  "6 � _�a b 0�(�P�,E)~ H�3� �E� d @";/@/4 ���7����� �H "�o�%$��E� &� '�(E��>p�3�:�m'�$� !,
�%(5� � )#'+� � � �i�
���
(� �ihkj?� ��)`��'�PU��,E H�7�9�! "�����!�
� ,E !,\��( � �
� ��� j b .��?�

10
-12

10
-11

10
-10

10
-9

10
-8

Current Density [A cm
-2

]

99

99.9

99.99

99.999

99.9999

% Real, VCG=6V

Real, VCG=4V

EC, VCG=6V

EC, VCG=4V

tox=8nm

VFG=3V

��� �������c���stk����T � � �H "�o�%$��E &� '�(2)#'+�8R�TA�m,�( � �:��,�4k$
�  H�=<i)#'+�D,
��4 ,5�=6�,3�9�~,=;�>8�  "6 � _�a b 0�(�P�,E)~ H�
� �E� d @=;5@34 �7���L��� �H "�o� �$��E &� '�(5�?>p�3�:�O'�$� !,
�%(5� � )#'+� ��hkj b�� ��)`�:'�P���,E H�7�9�! "�����!�
� ,E !,\��( � �
� � � �u�3�:�3(E � � jn� ���

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

� hkj
,

whichis generallyusedfor reliability estimationandmod-
eling [5, 6]. The latterdistribution canbeeasilyobtained
collectingtheSILC atfixedvoltage,asshown in Fig. 3 for
selectedECswith � _�a b 0

nm after �E� d P/Ecycles.Note
that theextractionof SILC valueshasto becarriedout at
relatively small

�ihkj
’s, wherethe EC �
� � s provide a

goodapproximationof averagereal-bits(seeFig. 2).
We comparedthe SILC distributionsfor ECsandreal

cells for a Flasharraywith �`_�aYb 0
nm after ��� d P/Ecy-

cles.Fig.4 showsSILCdistributionsfor ECsandrealbits,
obtainedfrom a gate-stressexperimentundera control-
gatebias

��� j b .
V. A closeagreementis found for all

valuesof
� hkj

( � , ��f�g and e V correspondingto theverti-
cal linesin Fig.3). To demonstratethattheaccuracy of the
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EC methoddoesnot dependon experimentalconditions,
we comparein Fig. 5 SILC distributionsfor ECsandreal
cells,extractedfrom gate-stressdataat

� � j b�e and
.

V.
Again, all distributionsfall on the sameline, supporting
the accuracy of the EC techniquefor characterizingthe
SILC statisticsin largearrays.

4. SILC in ultrascaled arrays

We appliedthe EC techniquefor studyingthe depen-
denceof SILC on device scaling, by characterizinga. e kbit Flasharraywith ultrathin tunneloxide. Using a
self-consistentSchr̈odinger-Poissonmodelfor calculating
the capacitance[10], we determinedthe oxide thickness
to be �`_�avbJg nm. After eY£��E�
¤ P/Ecycling, we applied
gate-stressconditionswith

��� j b¨g V to the Flashar-
ray. Fig. 6 showsSILC distributionsfor ECsandresulting
from a bit-by-bit approach,againdemonstratingthehigh
accuracy of theECtechniquefor all valuesof

� hkj
( � , �
fBg ,
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°
,
° fBg and � V). As a furtherdemonstration,Fig. 7 shows

the distribution of the parameter
¦

, i.e. the slopeof the±q� «u²_&a � � «k¬_�a characteristics(FN plot) [7]. A goodagree-
ment is obtainedbetweenthe distributionsof

¦
for EC

characteristicsandfor real cells. Note thatbothdistribu-
tionsdisplaymainandtail SILC regions,highlightingthe
ability of theEC techniqueto probetheleakagebehavior
within thearray[7].

As demonstratedin Fig. 6, tunnel-oxidedownscaling
in Flashmemoriesleadsto a largeenhancementof SILC.
Onereasonfor thissevereincreaseof leakageis thestrong
dependenceof tunnelinglifetimeson thethicknessof po-
tential barriers[11]. However, the increasedSILC tails
may alsobe dueto a larger defectgenerationin the thin
oxide. To comparethe oxidedegradationin Flasharrays
with different oxide thickness,we adopteda statistical
modelfor SILC, whichaccountsfor tunnelingassistedby
oxide defectsand clustersof defects[5]. In the model,
defect generationis assumeduniformely distributed in
the tunnel oxide, andclusterformation is computedac-
cording to Poissonstatistics. SILC is calculatedbased
on accuratephysicalmodelsfor trap-assistedtunneling
(TAT) andtunnelingat multiple defects.This modelwas
shown to accuratelyreproducethe statisticaldistribution
of SILC in Flasharraysfor oxide thicknessin the range. fBg�� ­ f - nm [5].

WecalculatedSILC distributionsfor oxidethicknesses
g to ��� nm anddefectconcentrationin the range �E� ¬ ds�
�E� ¬!³ cm

« ¤ , at anoxidefield
� _&a�b§g MV cm

«A¬
. Fig. 8

shows the currentdensitycorrespondingto a cumulative
probability V´b ­
­ f ­�­�® , as a function of oxide thick-
ness.Thefigurealsoshows thecurrentdensitymeasured
at thesameprobability V in Figs.4 and6. Theseexperi-
mentaldatamatchtheSILC calculationfor defectdensi-
tiesof ��� ¬ d ���E� ¬ 	 cm

« ¤ , with asmallerconcentrationfor

the g nm oxide. The lower P/E cycling ( e
£µ���
¤ cycles)
of the scaleddevice might partially explain the reduced
degradation.However, a generaldecreaseof defectden-
sity with decreasingoxidethicknesswasalreadyobserved
in Flashmemoriesat equalP/Ecycling [5]. Theresultsin
Fig. 8 show how theEC characterization,togetherwith a
physical/statisticalmodelaccountingfor thethicknessde-
pendence,canprovide a valuabletool for estimatingthe
oxidedegradationin cycledmemories.

5. Conclusions

In this papertheaccuracy of the EC methodhasbeen
directly demonstrated,by comparingthecharacterization
resultsof theECapproachwith therealdistribution. Both
thedistributionof leakagecurrentsandof theparameter

¦
obtainedby theEC methodcloselymatchthe real distri-
butionsin thearray. Finally we showedhow theEC tech-
nique, in combinationwith a statisticalmodel for SILC
accountingfor the SILC dependenceon oxide thickness,
canprovideastraightforwardtool for evaluatingtheoxide
degradationin Flashmemories.
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