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. Introduction

Multi-barrier tunnelingdevicesproposea possibility to boostthe densityandperformancef non-
volatile memorycells. Phase-Stateow ElectronDevice Memory (PLEDM) cells have beenpre-
sentedby Nakazatcetal. in [1] andpromisingresultshave beenreportedin [2], [3], [4], and[5].
The principle of a PLEDM is to put a PLED transistorPLEDTR) on top of the gateof a conven-
tional MOSFET, seeFig. 1. Thechage onthe Memory Nodeis provided by tunnelingof carriers
througha stackof SigsN,4 barrierssandwichedetweerlayersof intrinsic silicon. Upperandlower
barrierspreventdiffusionfrom the poly-Si contactswhile the middle barrierblockstunnelingcur
rentin the off-state. In the on-statethe enegy barriersare heavily suppressety the voltageon
the Word Line, causingtunnelingcurrentto flow at the interfaceto the sidegateoxide. Sincethe
chage onthe Memory Nodeis usedto controlthe MOSFETtransistor the cell hasgainandonly
a small chage is necessaryo flip the stateof the memorycell. The purposeof this paperis to
investigatethe effects of device designrelatedissueson the performanceof suchPLEDTR-based
memorycells.

1. Tunneling Model

In commondevice simulatorstunnelingis usuallytakeninto accounty a Fowler-Nordheimanaly-
tical formulaor amoresophisticateVKB or Gundlachapproximatior{6]. However, thosemodels
areboundto fail for enegy barrierswhich arenot of triangularor trapezoidashape Additionally,
the effect of resonanceslue to quasi-boundstatescan only be reproducedvithin the Gundlach
model,but againonly for trapezoidabarriers[7]. Thus,the PLEDM device needsa morerigorous
approachincludingthe solutionof the Schibdingerequationin the barrierregion. Sucha solution
canbe found usingthe TransferMatrix method. This formalismis basedon the work of Tsuand
Esakion resonantunnelingdiodes,seefor example[8]. Descriptionscanalsobe foundin [9],
[10], and[11]. The main principle is to replacean enegy barrierof arbitrary shapeby a series
of rectangulaenegy barriers.Following the work of TsuandEsaki, the tunnelingcurrentcanbe
written as

o Ef,l_E
4rmakpT l—l-exp( kpT )
Jp = TB / TC(E) -1In o | 4B (1)
Emin 1 + eXp ( k,BT )

whereE; ; andEy denotethe Fermilevelsin the DataLine andthe Memory Node,respectrely.

Theintegrationis performedstartingfrom the higherof thetwo conductionbandedgesn the Data
Line andthe Memory Node. The enegy barrieris dividedinto severalregions: = 1,2, ..., n with

constanipotentialV;. Thewave functionin eachregion ¥;(z) is written asthe sumof anincident
andareflectedwave, with A; and B; beingtheir amplitudesandk; thecomplex wave number

U,;(z) = A;exp(jkiz) + Bjexp(—jk;z) ki — Zmz(f - Vz) 3)

Theboundaryconditionsfor enegy andmomentunconseration

Ui(z—) = Tiyi(z+) (4)
m; dr  mig dz
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yield relationsbetweerthe wave amplitudesn regionn andn + 1 whichleadto

Ap Ay T, Tio Ay
—T. = .
(5)-z(5)-(2 %) (5) ©
with T beingthetransfermatrix. If it is assumedhatthereis no reflectedwave in regionn andthe
amplitudeof theincidentwaveis unity (4; = 1 andB,, = 0), thetunnelingcoeficientT’C(E) can
bewritten as[10]
kn(E) - mq

TC(E) = k1 (E) -1

A (B)[? (7)

Themainshortcomingpf the TransferMatrix methods theassumptiorof vanishingchagedensity
in the barrierregions. Thesilicon layersareeffectively replacecby insulatinglayerswith the band
edgeenegy and permittivity of silicon. This assumptions someavhat justified by the fact that
usually intrinsic silicon is usedfor the silicon layersbetweenrthe barriers[5]. The self-consistent
contrikution from the carrierchage in the insulatinglayersis alsongglected. Only [12] givesan
expressiorfor the electrondensityfor quasi-boundstateswithin oxidesfor the caseof anapplied
biasusingthe Greenfunctionformalism.Problemsarisefrom thefactthatthereis no cleardefined
Fermienegy in thebarrierregion. In resonantunnelingdiodes this problemis usuallysolved by
assigningeitherthe left or the right Fermilevel to eachregion. However, this choiceis someavhat
arbitraryand so will be the results[11]. Despitetheseapparentdravbacks,the TransferMatrix
methodis usually the methodof choiceto simulatetunnelingin multi-barrier structure,seefor
example[13], whereit hassuccessfulljpbeenappliedto studythe characteristicef a InGaP/GaAs
resonantunnelingbipolar transistorspr [5] whereMizuta et al. calibrateda conventionaldrift-
diffusion simulatorto theresultsof TransferMatrix simulations.

I11. Simulation Results

We usedtheresultsof [5] for asingleSisN,4 barrierdiodeto calibrateour simulatorandfoundgood
agreemento their data,seeFig. 2. Fig. 3 and4 shawv plots of the transmissiorcoeficient andthe
electronwave functionfor a certainenegy level at an appliedvoltageof the Word Line of 2V. It

canbe seenthatthereare variousresonancesvhich correspondo quasi-boundstateswithin the
enegy wells. Theseresonancesontritute heaily to the total currentand mustbe resolhed with

high accurag. An enegy grid in the rangeof peV hasto be usedin theseregions. Electronand
hole tunnelingprocessefave beenconsideredwhereelectronandhole masse®f 0.5my and0.8
mg have beenused.The Si3sN4 barrierwasmodeledwith a barrierheightof 5eV anda conduction
bandoffsetof 2eV to the Si conductionbandedgewith the dielectricpermittivity being7.5.

We investigatedhe effect of the positionandsizeof the centralshutterbarrieraswell asthe effect

of shrinkingthe stackwidth on the I,,,, /I, ratio of the device. We assumedwo cell states:an

on-statewith 3V appliedon the DataLine andthe Word Line, andan off-statewith 0.8V applied
on the Memory NodeandOV onthe Word Line. The PLEDTR hada stackwidth of 180nmanda

stackheightof 100nm.Thethicknessf theupperandlower barrierswassetto 2nm. Thethickness
of thesidegateoxidewas3nm.

A. PositionandThicknessof the CentralShutterBarrier (CSB)

Fig. 5 andFig. 6 shav the effect of differentCentralShutterBarrier thicknesses While the on-
currentis hardlyinfluencedby the differentthicknesseshe off-currentis very sensitve to it. Also,
the positionof the CSBiis critical, becausdor a CSB locatednearthe memorynode,the enegy
barrierwill bereducedn the off-stateby the chage onthememorynode.If, ontheotherhand,the
CSBis placednearthe DataLine, the enegy barrieris not suppressedndthe off currentis much
lower. The effectontheon-currents visible, but muchlower ascomparedo the off-current. Such
anasymmetryin the |-V characteristicéor asymmetricsourceanddrainbarrierarrangementbas
alreadybeenexperimentallyobsered by [5].
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B. Width of theBarrier Stack

In [14] the feasibility of very narraw silicon-insulatorstacksis shavn. We investigatedhe effect
of shrinkingthe stackwidth on the device performance Fig. 7 andFig. 8 shav simulationresults
for a stackwidth of 140 nm down to belov 20nm. It canbe seenthatthe I, /I, characteristics
is greatlyimproved by the decreasingvidth. The currentin the on-statewhich mainly floatsasa
surfacecurrentnearthe Word Line, is notreducedoy the decreasedrea.lt evenincreasesor very
low stackwidths. The off-current,on the otherhand,is directly proportionalto the stackareaand
canbesignificantlysuppressetly shrinkingthe stackwidth.

IV. Conclusion

We shav quantum-mechanicaimulationsof a recentlyproposedPLEDM multi-barriertunneling
device by incorporatingthe TransferMatrix formalisminto the two-dimensionabevice simulator
MINIMOS-NT. Simulationresultsshavedthatthedevice performanceén termsof the I,,,, / ¢ ratio
canbeoptimizedby choosinga properarrangemenf thebarriers.In particular placingthecentral
shuttebarriernearthe Dataline givesbetterperformancéndependentf thebarrierthickness.The
reasons thatin the off-state the voltageat the memorynodereduceghebarriersnearthe memory
node,while it hashardly ary influenceon the barriersnearthe DataLine. The performancecan
alsobeincreasedy shrinkingthe stackwidth. Reducinghe stackwidth leadsto lower off-current,
but hardly influencesthe on-current. The on-currentflows only at the interfaceto the side gate
oxide, while the off-currentflows throughthe whole stackarea. An on-currentof 10~7A andan
off-currentof aslow as10~38A canbereachedyalueswhich well correspondo resultsreportedn

[2].
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Fig. 1: The PLEDM device.
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Fig. 3: Transmissiorcoeficient.
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Fig. 7. I,, andI,g for differentstackwidths.
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Fig. 2: Calibrationto literaturedata.
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Fig. 4: Electronwave function.
10™)
°
Rt
_%
s 4
10° /’ —— CSB near Data Line
// ----- CSB in the middle
Y — — - CSB near Memory Node
1
0 "
10°g 2 Z 6 10
CSB thickness [nm]

Fig. 6: Ion/Iog for differentCSB

thicknesses.
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Fig. 8: I,n/ I for differentstackwidths.



