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Abstract
A stochasti@approacho arecentlyproposednodelof terminalcurrentfluctuations
is presented.Two kinds of boundaryconditionssuitablefor noisesimulationsin
semiconductodevicesareproposedThe propertiesandthe domainof application
of the two modelsareinvestigatecandthe conclusionsaredravn from numerical
experiments.

1 Introduction

The importanceof currentfluctuationsin semiconductodevicesandthe physicaland
numericalcomplexity of their characterizatiostimulateda mutualdevelopmentof the
basicmodelsand appearancef novel modelsfor the currentnoise. Fundamentais
theEnsembleéMonte Carlo (EMC) methodwhich providesbotha modelandnumerical
approacho the phenomenal he methodis basedon the notionthata directemulation
of thestochastiprocessesnderlyingthetransporipphenomengrovidesalongwith the
physicalmeanvaluesalsotheir fluctuations. If the transportprocesss emulatedand
the currenti(t) is recordedn thetime interval (0,7) [1], the autocwariancefunction
which characterizethefluctuationss retrievedfrom its basicdefinition:

T

Ci(t, ) = (i(®)i(t+7)) — @ (B){@)(E+7) = Ci(7) = %/i(t)i(tﬂLf)dt—(i)2 (1)
0

wherethe bracletsdenoteensembleaverages.A stationaryprocesss considered((:)
= const)sothatC; becomesndependenon the referenceaime ¢ andthe ensemblev-
erageis replacedby the time averagein (1). The advantagesand the dravbacksof
this stationaryeMC modelarewell known. The latter are particularlydueto the fact
thatboundaryconditions(BC) determinethe device behaior. The EMC which is ap-
propriatefor evolution problemsrequiresaninitial transientperioduntil the ensemble
becomestationaryinsidethedevice. Theleaving particlesmustbere-injectedo main-
tain the stationaryprocess.Differentmodelsfor re-injectionfrom the boundariesare
studied[2], [3] andit is shavn thatthey affect the fluctuationcharacteristics.

Recentlyan alternatve modelfor the currentnoisehasbeenproposed4], [5]. The
autocwariancefunctionhasbeenobtainedasa statisticalaverage:

Ci(r) = (i) / dk / dz i(k, 2)g(k, 7, 7)— (i) (i) = / dk / dz i(k,2)f,(k,z) (2)

Thespacecoordinater is for a one-dimensionatievice with alength L andk denotes
thewave vector Herei(k, z) is the currentcontribution from a particlein the partic-

ular phasespacepoint accordingto the Ramo-Shocklg theoremandg is an effective

distribution function. The latteris the solutionof thetime dependenBoltzmannequa-
tion for aninitial condition(IC) go(k, z) = i(k, z) fs(k, z)/{i), fs beingthestationary
solutionin thedevice. In [3] themodelhasbeenappliedto a bulk semiconductousing

adeterministiomethod.
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2 Boundary conditions

As appliedto devices,themodelrequiregproperBC. They areformulatedin theframe-
work of thestochastienethoddevelopedor evaluationof (2). A MonteCarloapproach
to the latter simulatesan evolution of the effective distribution functionin contrastto
the directemulationof the currentfluctuations.

Thefirst BC modelcanbededucedrom thelimit C; — 0 whenT — oo. Theeffective

distribution g mustevolve from gq to £, in thislimit. PracticallyC; becomegzeroafter

sometime ¢, typical for the concretedevice. The stationarydistribution f, is ensured
by the physicalBC andit is thusconcludedthat they arethe properBC for (2). The

particlesthatleave the device arere-injectedaccordingthe BC in the way alsousedby

the stationaryEMC. Thefollowing effect canbe encounteredh this picture: particles
exiting the device contributeto C; afterbeingreinjectedwith the BC, commonlytaken

to be the equilibrium distribution. If the exiting particlesare not thermalizedin the

contactthesuddercoolingby the BC affectstheautocaariancdunction. Thisproblem
is typical alsofor the stationaryEMC which relieson the re-injectionto maintainthe

steadystatecurrent.Specialalgorithmshave beendevelopedto avoid this effect[3].

The secondBC modelis obtainedfrom (2) by notingthat C; containsasanintegrand

thedifferencep(k, z,7) = g(k, z,7) — fs(k, z). Both, g and f, satisfytheBoltzmann
equatiorwhich hasthefollowing integral form:

f(k,.Z’ T = /dt /dk f ) (kl k( I))e_ ft”- dyA(k(y)) (3)

+ fo(k(0), 2(0))e™ JT WAKW) 4 £ (K(ty), a(ty))e” b WAED)

with atrajectorydeterminedy the electricforce F' andvelocity v:

T

- / Fa@)dy o) =z - / 0 (k(3)) dy (4)

¢

The initial condition f, and the boundaryconditions f; participateexplicitly in the

integralform (4). f; is zeroinsidethe device andis specifiedonly on the boundaries,
while f, is zeroif z(0) is placedoutsidethedevice. Thetimet, is determinedrom the

positionwherethe Newton trajectory(4) crosseshedevice boundaryz(t,) = . fs is

a solutionof (4) for IC givenby fo = f,, while for thefunction g the IC aregivenby

fo = go. Both, f, andg utilize the sameBC givenby theterm f;. It follows thatthe

equatiorfor ¢ doesnot containf;:

ok, x,7) /dt’/dk’ k', NS (K k(t '))e—fJ dyA(k(y))

+ g0(k(0), z(0))e™ J& WA — £, (k(0), 2(0))e I WA

This equationdescribes purely transientproblem,wheretwo ensemblesvith initial
conditionsgg and f5 evolvein time as¢ (k, z, 7) and¢,(k, z, 7) andgive the solution
asthedifferencep = ¢y — ¢s. Theboundariesbsorball particlesthatleave thedevice
withoutre-injection.
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Theautocwariance(2) becomes:

Ci(r) = G0 / dk / dz i(k, ) (do(k, 2,7) — ¢s(k, z,7))
L

(i) / dk / dz i(k, ) do(k, 7, 7) — {i)(7)(i)(0) (5)
L

where

(0)(r) = / dk / dz ik, D)ps(, 7, ); (0)(0) = (i)
L

By usingthe definition of gq it is seenthat (5) is the autocavariancefunction of the
procesof evolution of anensembleof particlesinitially distributedaccordingthe sta-
tionary distribution f, in the device. With the absorbingBC the particlesleak trough
thedevice boundariesvhich correspond#o a transienfprocess(5) resembleshebasic
definitionof theautocwariancefunctiongivenby thefirst equationin (1).

Thestochastianethodconsistof alternatve MC algorithmswhich obtainthe IC, sim-

ulatethe evolution processandobey the BC. The mainfeatureis thata One Particle
MC (OPMC) simulationis usedto obtainthe stationarydistribution f, insidethe de-
vice. Thelattergivesriseto initial pointsof anensemblef particles whoseevolution

providesthe currentautocavariancefunction. In this way the initial transientsimula-
tion requiredby the stationaryEMC canbe saved sinceOPMC is muchmoreefficient
in obtaining fs. Indeed,while the EMC methodcollectsthe informationat the end of

eachtrajectory the OPMC collectsthe informationfrom eachtrajectorysegment. In

the presenformulationof the taskthe ensemblés followed until thetime ¢, whichis

commonlyfew orderslessthanthe averagingtime T of the stationaryEMC. The evo-

lution procesimposedby the first kind of BC resembleghe physicaltransportin the
device andthuscanbe simulatedself-consistentlyy a couplingwith the Poissorequa-
tion. Herewe comparethe two kinds of BC usingnon-selfconsistergimulations. In

this casetheelectricfield is stationarysothatthe ensembldrajectoriescanbe mapped
ontothe OPMCtrajectorysimilarto theway discussedh [6].

Thenumericalexperimentdor thetwo BC modelsaresummarizedn Fig. 1 andFig. 2
respectiely. A siliconn*nn™ structurewith alengthof eachsegmentof 0.2um and
dopingconcentratiori0'7 : 10*¢ cm~3 is consideredhtdifferentappliedvoltages.The
autocwariancefunctionsarenormalizedasC;(7)/C;(0). Thecurvesfor theabsorbing
andthe injecting BC overlapeach-otheandrelaxto zeroasexpected. However this
is not true for a resistorwith the sametotal length 0.6um, consideredon the right
of Fig. 1. At equilibriumthe resultsof the two modelscoincide. At 0.25V thereis
alreadya differencein the correspondingurveswhich increasesvith the increaseof
the appliedvoltage. At 1V the autocwariancefor the absorbingBC relaxesto zero,
while for theinjecting BC remainswell above zeroasseenon theleft pictureof Fig. 2.
We assignthis to the influenceof the ohmic contacton the autocorrelatiorduring the
processof re-injection: the carriersare hot whenleaving the device and are injected
backthermalized.This conclusionis supportedoy additionalexperimentsshowving a
decreasef theeffectwhenthelengthof thestructurancreasesinderaconstantlectric
field inside. In this casethe portion of the leaving carriersdecreasewvith respecto
the total numberof particlesin the resistor ~ Anotherexperimentis shavn on the
right of Fig. 2. The simualtedstructureis formedby two tiny highly doped0.05um
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regionsattachedn both sidesof the resistorwhich cool the exiting carries. The two
autocorelatioriunctionscoincideagain.

We concludethat the injecting BC can be appliedif the contactregionsthermalize
the carriersbeforethey leave the device. The absorbingBC modelis universaland
physicallymoretransparensinceit refersto the dwelling time of the particlesin the
device.
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Fig. 1: CurrentAutocovariancefor then™nnt diode(left) andtheresistor(right)
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Fig. 2. CurrentAutocovarianceat 1 Volt for theresistor(left) andthen™nn™ structure(right)
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