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I. Introduction
Multi-barrier tunnelingdevicesproposea possibility to boostthedensityandperformanceof non-
volatile memorycells. Phase-StateLow ElectronDevice Memory (PLEDM) cellshave beenpre-
sentedby Nakazatoet al. in [1] andpromisingresultshave beenreportedin [2], [3], [4], and[5].
Theprincipleof a PLEDM is to put a PLED transistor(PLEDTR)on top of thegateof a conven-
tional MOSFET, seeFig. 1. Thechargeon theMemoryNodeis providedby tunnelingof carriers
througha stackof Si� N � barrierssandwichedbetweenlayersof intrinsic silicon. Upperandlower
barrierspreventdiffusionfrom thepoly-Si contacts,while themiddlebarrierblockstunnelingcur-
rent in the off-state. In the on-statethe energy barriersareheavily suppressedby the voltageon
theWord Line, causingtunnelingcurrentto flow at the interfaceto thesidegateoxide. Sincethe
charge on theMemoryNodeis usedto control theMOSFETtransistor, thecell hasgainandonly
a small charge is necessaryto flip the stateof the memorycell. The purposeof this paperis to
investigatetheeffectsof device designrelatedissueson theperformanceof suchPLEDTR-based
memorycells.

II. Tunneling Model
In commondevicesimulatorstunnelingis usuallytakeninto accountby aFowler-Nordheimanaly-
tical formulaor amoresophisticatedWKB or Gundlachapproximation[6]. However, thosemodels
areboundto fail for energy barrierswhich arenot of triangularor trapezoidalshape.Additionally,
the effect of resonancesdue to quasi-boundstatescan only be reproducedwithin the Gundlach
model,but againonly for trapezoidalbarriers[7]. Thus,thePLEDM device needsa morerigorous
approach,includingthesolutionof theSchr̈odingerequationin thebarrierregion. Sucha solution
canbe foundusingtheTransfer-Matrix method.This formalismis basedon thework of Tsuand
Esakion resonanttunnelingdiodes,seefor example[8]. Descriptionscanalsobe found in [9],
[10], and [11]. The main principle is to replacean energy barrierof arbitraryshapeby a series
of rectangularenergy barriers.Following thework of TsuandEsaki,the tunnelingcurrentcanbe
written as ��������	�
�������� � ��������� ��� �"!$#�%'&)(+*,.-0/21436587
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where !MLONQP and !RL4N S denotetheFermilevelsin theDataLine andtheMemoryNode,respectively.
Theintegrationis performedstartingfrom thehigherof thetwo conductionbandedgesin theData
Line andtheMemoryNode.Theenergy barrieris divided into several regions T � -VUGWXUOYZYZYZU<[ with
constantpotential \.] . Thewave functionin eachregion ^�]?�`_a# is written asthesumof anincident
anda reflectedwave,with bc] and dR] beingtheir amplitudes,and ��] thecomplex wavenumber^R]<�`_�# � bM] 143X5 �Zef��]"_a# / dR] 14365 �?g0e���]"_�# ��] �ih W 
 ] �"!jg2\ ] #k� Y (3)

Theboundaryconditionsfor energy andmomentumconservation^ ] �`_�gM# � ^ ]Zl P �`_ / # (4)-
8]
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yield relationsbetweenthewave amplitudesin region [ and [n/o- which leadtop bcqd qsr � � % p b Pd P r � p � P<P � PtS� SBP � S<S r % p b Pd P r (6)

with � beingthetransfermatrix. If it is assumedthatthereis no reflectedwave in region [ andthe
amplitudeof theincidentwave is unity ( b P � - and d q �Ku ), thetunnelingcoefficient ��� �"!$# can
bewrittenas[10] ��� �"!$# � ��q��"!v#�%O
 P� P �"!$#�%'
 q %�w b q �"!$#Ow S (7)

Themainshortcomingof theTransfer-Matrix methodis theassumptionof vanishingchargedensity
in thebarrierregions.Thesilicon layersareeffectively replacedby insulatinglayerswith theband
edgeenergy and permittivity of silicon. This assumptionis somewhat justified by the fact that
usually, intrinsic silicon is usedfor thesilicon layersbetweenthebarriers[5]. Theself-consistent
contribution from the carriercharge in the insulatinglayersis alsoneglected.Only [12] givesan
expressionfor theelectrondensityfor quasi-boundstateswithin oxidesfor thecaseof anapplied
biasusingtheGreenfunctionformalism.Problemsarisefrom thefactthatthereis nocleardefined
Fermienergy in thebarrierregion. In resonanttunnelingdiodes,this problemis usuallysolvedby
assigningeitherthe left or theright Fermi level to eachregion. However, this choiceis somewhat
arbitraryandso will be the results[11]. Despitetheseapparentdrawbacks,the Transfer-Matrix
methodis usually the methodof choiceto simulatetunnelingin multi-barrier structure,seefor
example[13], whereit hassuccessfullybeenappliedto studythecharacteristicsof a InGaP/GaAs
resonanttunnelingbipolar transistors,or [5] whereMizuta et al. calibrateda conventionaldrift-
diffusionsimulatorto theresultsof Transfer-Matrix simulations.

III. Simulation Results

Weusedtheresultsof [5] for asingleSi� N � barrierdiodeto calibrateoursimulatorandfoundgood
agreementto their data,seeFig. 2. Fig. 3 and4 show plotsof thetransmissioncoefficient andthe
electronwave function for a certainenergy level at anappliedvoltageof the Word Line of 2V. It
canbe seenthat therearevariousresonanceswhich correspondto quasi-boundstateswithin the
energy wells. Theseresonancescontribute heavily to the total currentandmustbe resolved with
high accuracy. An energy grid in the rangeof peV hasto be usedin theseregions. Electronand
holetunnelingprocesseshave beenconsidered,whereelectronandholemassesof 0.5mx and0.8
mx have beenused.TheSi� N � barrierwasmodeledwith a barrierheightof 5eV anda conduction
bandoffsetof 2eV to theSi conductionbandedgewith thedielectricpermittivity being7.5.

We investigatedtheeffect of thepositionandsizeof thecentralshutterbarrieraswell astheeffect
of shrinkingthe stackwidth on the y4z<{�|}y z?~ ratio of the device. We assumedtwo cell states:an
on-statewith 3V appliedon theDataLine andtheWord Line, andanoff-statewith 0.8V applied
on theMemoryNodeand0V on theWord Line. ThePLEDTRhada stackwidth of 180nmanda
stackheightof 100nm.Thethicknessof theupperandlowerbarrierswassetto 2nm.Thethickness
of thesidegateoxidewas3nm.

A. PositionandThicknessof theCentralShutterBarrier(CSB)

Fig. 5 andFig. 6 show the effect of differentCentralShutterBarrier thicknesses.While the on-
currentis hardlyinfluencedby thedifferentthicknesses,theoff-currentis verysensitive to it. Also,
the positionof the CSB is critical, becausefor a CSB locatednearthe memorynode,the energy
barrierwill bereducedin theoff-stateby thechargeon thememorynode.If, on theotherhand,the
CSBis placedneartheDataLine, theenergy barrieris not suppressedandtheoff currentis much
lower. Theeffect on theon-currentis visible,but muchlower ascomparedto theoff-current.Such
anasymmetryin theI-V characteristicsfor asymmetricsourceanddrainbarrierarrangementshas
alreadybeenexperimentallyobservedby [5].
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B. Width of theBarrierStack

In [14] the feasibility of very narrow silicon-insulatorstacksis shown. We investigatedtheeffect
of shrinkingthestackwidth on thedevice performance.Fig. 7 andFig. 8 show simulationresults
for a stackwidth of 140nm down to below 20nm. It canbe seenthat the y4z<{f|}y z?~ characteristics
is greatlyimprovedby thedecreasingwidth. Thecurrentin theon-state,which mainly floatsasa
surfacecurrentneartheWordLine, is not reducedby thedecreasedarea.It evenincreasesfor very
low stackwidths. Theoff-current,on theotherhand,is directly proportionalto thestackareaand
canbesignificantlysuppressedby shrinkingthestackwidth.

IV. Conclusion

We show quantum-mechanicalsimulationsof a recentlyproposedPLEDM multi-barriertunneling
device by incorporatingtheTransfer-Matrix formalisminto the two-dimensionaldevice simulator
MINIMOS-NT. Simulationresultsshowedthatthedeviceperformancein termsof the y4z<{�|}y z?~ ratio
canbeoptimizedby choosingaproperarrangementof thebarriers.In particular, placingthecentral
shutterbarrierneartheDataLine givesbetterperformanceindependentof thebarrierthickness.The
reasonis thatin theoff-state,thevoltageat thememorynodereducesthebarriersnearthememory
node,while it hashardly any influenceon the barriersnearthe DataLine. The performancecan
alsobeincreasedby shrinkingthestackwidth. Reducingthestackwidth leadsto loweroff-current,
but hardly influencesthe on-current. The on-currentflows only at the interfaceto the sidegate
oxide, while the off-currentflows throughthe whole stackarea. An on-currentof 10

>:�
A andan

off-currentof aslow as10
> �<�

A canbereached,valueswhichwell correspondto resultsreportedin
[2].
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Fig. 1: ThePLEDM device.
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Fig. 2: Calibrationto literaturedata.
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Fig. 3: Transmissioncoefficient.
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Fig. 4: Electronwave function.
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Fig. 5: �<��� and �<�t� for differentCSB
thicknesses.
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Fig. 6: �<���V�O�<��� for differentCSB
thicknesses.
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Fig. 7: � ��� and � ��� for differentstackwidths.
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Fig. 8: �<���V�O���t� for differentstackwidths.
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