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Abstract

A stochasticapproachto arecentlyproposedmodelof terminalcurrentfluctuations
is presented.Two kinds of boundaryconditionssuitablefor noisesimulationsin
semiconductordevicesareproposed.Thepropertiesandthedomainof application
of the two modelsareinvestigatedandtheconclusionsaredrawn from numerical
experiments.

1 Introduction
The importanceof currentfluctuationsin semiconductordevicesandthephysicaland
numericalcomplexity of their characterizationstimulateda mutualdevelopmentof the
basicmodelsandappearanceof novel modelsfor the currentnoise. Fundamentalis
theEnsembleMonteCarlo(EMC) methodwhichprovidesbothamodelandnumerical
approachto thephenomena.Themethodis basedon thenotionthata directemulation
of thestochasticprocessesunderlyingthetransportphenomenaprovidesalongwith the
physicalmeanvaluesalsotheir fluctuations. If the transportprocessis emulatedand
thecurrent
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is recordedin thetime interval
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	��
�
[1], theautocovariancefunction

whichcharacterizesthefluctuationsis retrievedfrom its basicdefinition:��� ����	�������������������������������������� �����!����� ���������#" ��� �����$�&%� '( ) �*������������������+,����������-
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wherethe bracketsdenoteensembleaverages.A stationaryprocessis considered(
�����

= const)sothat
���

becomesindependenton thereferencetime
�

andtheensembleav-
erageis replacedby the time averagein (1). The advantagesand the drawbacksof
this stationaryEMC modelarewell known. The latterareparticularlydueto the fact
thatboundaryconditions(BC) determinethedevice behavior. TheEMC which is ap-
propriatefor evolution problemsrequiresan initial transientperioduntil theensemble
becomesstationaryinsidethedevice. Theleaving particlesmustbere-injectedto main-
tain the stationaryprocess.Differentmodelsfor re-injectionfrom the boundariesare
studied[2], [3] andit is shown thatthey affect thefluctuationcharacteristics.

Recentlyan alternative model for the currentnoisehasbeenproposed[4], [5]. The
autocovariancefunctionhasbeenobtainedasa statisticalaverage:��� �����,�.����� ( +�/ (
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(2)

Thespacecoordinate
1

is for a one-dimensionaldevice with a length A and
/

denotes
thewave vector. Here

����/3	�14�
is the currentcontribution from a particlein the partic-

ular phasespacepoint accordingto the Ramo-Shockley theoremand
5

is aneffective
distribution function. Thelatteris thesolutionof thetime dependentBoltzmannequa-
tion for aninitial condition(IC)
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beingthestationary
solutionin thedevice. In [3] themodelhasbeenappliedto abulk semiconductorusing
adeterministicmethod.
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2 Boundary conditions
As appliedto devices,themodelrequiresproperBC. They areformulatedin theframe-
work of thestochasticmethoddevelopedfor evaluationof (2). A MonteCarloapproach
to the latter simulatesan evolution of the effective distribution function in contrastto
thedirectemulationof thecurrentfluctuations.

Thefirst BC modelcanbededucedfrom thelimit
���FE �

when
� EHG

. Theeffective
distribution

5
mustevolve from

5 )
to

?9@
in this limit. Practically

���
becomeszeroafter

sometime
��I

typical for theconcretedevice. Thestationarydistribution
?9@

is ensured
by the physicalBC andit is thusconcludedthat they arethe properBC for (2). The
particlesthatleave thedevicearere-injectedaccordingtheBC in theway alsousedby
thestationaryEMC. Thefollowing effect canbeencounteredin this picture: particles
exiting thedevicecontributeto

���
afterbeingreinjectedwith theBC, commonlytaken

to be the equilibrium distribution. If the exiting particlesarenot thermalizedin the
contact,thesuddencoolingby theBC affectstheautocovariancefunction.Thisproblem
is typical alsofor the stationaryEMC which relieson the re-injectionto maintainthe
steadystatecurrent.Specialalgorithmshavebeendevelopedto avoid this effect [3].

ThesecondBC modelis obtainedfrom (2) by noting that
� �

containsasan integrand
thedifferenceJ ��/3	�18	������B54��/3	�18	����F�K? @ ��/3	�1>�

. Both,
5

and
? @

satisfytheBoltzmann
equationwhich hasthefollowing integral form:
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with a trajectorydeterminedby theelectricforce o andvelocity p :

/V��� O �V�q/r�sN(t ] o ��1m��u
����+,u 1m��� O ���q1:�sN(t ]wv9x ��/V��u
����+,u
(4)

The initial condition
? )

and the boundaryconditions
? k

participateexplicitly in the
integral form (4).

? k
is zeroinsidethedevice andis specifiedonly on theboundaries,

while
? )

is zeroif
1F�R���

is placedoutsidethedevice. Thetime
� k

is determinedfrom the
positionwheretheNewton trajectory(4) crossesthedeviceboundary

1F��� k �V�y1 k
.
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is
a solutionof (4) for IC givenby

? ) �z? @
, while for thefunction

5
the IC aregivenby? ) �{5 )

. Both,
? @

and
5

utilize thesameBC givenby the term
? k

. It follows that the
equationfor J doesnot contain

?9k
:
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This equationdescribesa purely transientproblem,wheretwo ensembleswith initial
conditions

5 )
and

?9@
evolvein timeas J

) ��/3	�18	����
and J @C��/3	�1F	����

andgivethesolution
asthedifferenceJ � J

) � J @ . Theboundariesabsorball particlesthatleavethedevice
without re-injection.
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Theautocovariance(2) becomes:� � ������� ����� ( +�/ (
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where ����� ������� ( +,/ (
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By using the definition of
5 )

it is seenthat (5) is the autocovariancefunction of the
processof evolution of anensembleof particlesinitially distributedaccordingthesta-
tionarydistribution

? @
in the device. With the absorbingBC the particlesleak trough

thedeviceboundarieswhichcorrespondsto a transientprocess.(5) resemblesthebasic
definitionof theautocovariancefunctiongivenby thefirst equationin (1).

Thestochasticmethodconsistsof alternativeMC algorithmswhich obtaintheIC, sim-
ulatethe evolution process,andobey the BC. The main featureis that a OneParticle
MC (OPMC) simulationis usedto obtainthe stationarydistribution

? @
insidethe de-

vice. Thelattergivesriseto initial pointsof anensembleof particles,whoseevolution
providesthe currentautocovariancefunction. In this way the initial transientsimula-
tion requiredby thestationaryEMC canbesavedsinceOPMCis muchmoreefficient
in obtaining

?,@
. Indeed,while theEMC methodcollectsthe informationat theendof

eachtrajectory, the OPMC collectsthe informationfrom eachtrajectorysegment. In
thepresentformulationof the tasktheensembleis followeduntil the time

��I
which is

commonlyfew orderslessthantheaveragingtime
�

of thestationaryEMC. Theevo-
lution processimposedby the first kind of BC resemblesthephysicaltransportin the
deviceandthuscanbesimulatedself-consistentlyby acouplingwith thePoissonequa-
tion. Herewe comparethe two kinds of BC usingnon-selfconsistentsimulations.In
thiscasetheelectricfield is stationary, sothattheensembletrajectoriescanbemapped
ontotheOPMCtrajectorysimilar to thewaydiscussedin [6].

Thenumericalexperimentsfor thetwo BC modelsaresummarizedin Fig. 1 andFig. 2
respectively. A silicon �P�L�7�P� structurewith a lengthof eachsegmentof

�
���C�7�
and

dopingconcentration% �g����� % �[���V�!� X>�
is consideredatdifferentappliedvoltages.The

autocovariancefunctionsarenormalizedas
� � ������D � � ���g�

. Thecurvesfor theabsorbing
andthe injecting BC overlapeach-otherandrelax to zeroasexpected.However this
is not true for a resistorwith the sametotal length

�
� �9�7�
, consideredon the right

of Fig. 1. At equilibrium the resultsof the two modelscoincide. At
�
���,���

thereis
alreadya differencein the correspondingcurveswhich increaseswith the increaseof
the appliedvoltage. At % � the autocovariancefor the absorbingBC relaxesto zero,
while for theinjectingBC remainswell abovezeroasseenon theleft pictureof Fig. 2.
We assignthis to the influenceof the ohmic contacton theautocorrelationduring the
processof re-injection: the carriersarehot whenleaving the device andare injected
backthermalized.This conclusionis supportedby additionalexperimentsshowing a
decreaseof theeffectwhenthelengthof thestructureincreasesunderaconstantelectric
field inside. In this casethe portion of the leaving carriersdecreaseswith respectto
the total numberof particlesin the resistor. Anotherexperimentis shown on the
right of Fig. 2. The simualtedstructureis formedby two tiny highly doped

��� �g�C�7�
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regionsattachedon both sidesof the resistorwhich cool the exiting carries. The two
autocorelationfunctionscoincideagain.

We concludethat the injecting BC can be applied if the contactregions thermalize
the carriersbeforethey leave the device. The absorbingBC model is universaland
physicallymoretransparentsinceit refersto the dwelling time of the particlesin the
device.
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Fig. 1: CurrentAutocovariancefor the ���4�
�>� diode(left) andtheresistor(right)
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Fig. 2: CurrentAutocovarianceat 1 Volt for theresistor(left) andthe � � ��� � structure(right)
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