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Abstract

Considerableeffort wasspentonour two-dimensionaldevicesimulatorMINIMOS-NT to getit ready
for simulationof deviceswith high complexity in respectto materials,geometries,etc. Many of the
existing physicalmodels(bandgap,mobility, thermalconductivity, energy relaxationtimes,specific
heat,etc.) wererefined,someof themwerereplacedby promisingnew ones,andmany new models
wereaddedaswell. Beinganancestorof thewell-known MOS device simulatorMINIMOS [1], its
experiencewith Si deviceswasinherited.Thereby, MINIMOS-NT becameagenericdevicesimulator
accountingfor a variety of micro-materials,including group IV semiconductors,III-V compound
semiconductorsandtheir alloys,andnon-idealdielectrics.

1 Introduction

Several applicationsof industrial interestemploy devices operatingin a wide temperaturerange.
Therefore,ourmodelshavebeendesignedto meetthischallengein additionto theconventionalSilica
applications.MINIMOS-NT hasbeensuccessfullyusedfor simulationof heterostructuredevices,e.g.
High ElectronMobility Transistors(HEMTs) andHeterojunctionBipolar Transistors(HBTs) [2, 3].
Physics-basedDC-simulation,mixed-modedevice/circuitsimulation,smallsignalRF-parametersim-
ulation,anddevice reliability investigationsof highpracticalvaluewereperformed.

2 Setsof Partial Dif ferentialEquations

In MINIMOS-NT carriertransportcanbetreatedby thedrift-dif fusion(DD) andthehydrodynamic
(HD) transportmodels.In addition,thelatticetemperaturecanbetreatedeitherasaconstantor asan
unknown governedby thelatticeheatflow equation,thus,self-heating(SH)effectsareaccountedfor.

3 Modelingof theMaterialsProperties

In MINIMOS-NT thepropertiesof III-V ternarymaterialsA1 � xBxC aremodeledasa functionof the
materialcompositionx usingthe propertiesof the respective binary materials(AC andBC). In the
caseof Si1 � xGex thepropertiesof thematerialaremodeledbasedon thepropertiesof both Silicon
andGermanium.

3.1ThermalModelingfor SH
Thecoefficientsof thelatticeheatflow equationarethemassdensity, specificheat,andthermalcon-
ductivity of therespectivematerials.A linearinterpolationbetweenthevaluesof themassdensityof
the basicmaterials(A andB) is assumedfor alloy materialsA1 � xBx. The temperaturedependence
of the thermalconductivity is modeledby a simplepower law which givesa goodagreementwith
experimentaldata[4]. A harmonicmeanwill betakento modelthematerialcompositiondependence
of thethermalconductivity in thecaseof alloy materials.Thelatticetemperaturedependenceof the
specificheatcapacityis computedby anew modelsuggestedin [5].

3.2CarrierMobility
MINIMOS-NT provides mobility modelsfor variousmaterialswhich are divided into threemain
groupsaccordingto theirparticulartransportproperties:Silicon,Germanium,III-V compoundsemi-
conductors,andtheir alloys. Themobility modelshave to supportboth thedrift-dif fusion(DD) and
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Fig. 1: Electronmobility in InP at 300 K. Our
analytical model is comparedto MC
simulationdataandexperimentaldata.
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Fig. 2: Hole mobility vs. doping concentra-
tion at 300K. Comparisonbetweenthe
modelandexperimentaldata.

the hydrodynamic(HD) transportmodels.While the high-fieldmobility is modeleddifferently, the
low-field mobility is independentof the usedtransportmodel. This suggeststo group the various
effectsaffectingthemobility into low-field andhigh-fieldeffects.
In MINIMOS-NT theestablishedmobility modelfor Silicon of MINIMOS 6 [6] is implemented.A
modelwhich distinguishesbetweenthemajority andminority electrons,aswell asbetweendopant
speciesis describedin [7]. The temperaturedependenceof the lattice mobility preserves the ex-
pressionfrom the mobility modelof MINIMOS 6. The mobility reductiondueto ionizedimpurity
scatteringis accountedfor by temperaturedependentcoefficients. The model is applicableto any
materialof interest(e.g. seeFig. 1). The resultsdeliveredby the model for the hole mobility as
a function of the dopingconcentrationfor variousIII-V groupbinary semiconductorscomparedto
measureddataareshown in Fig. 2.
Mobility reductiondueto a high field is modeledfor DD equations.For HD equationsthedeviation
from theohmiclow-field mobility is modeledasa functionof thecarriertemperatureafterHänschet
al. [8]. Theenergy relaxationtimesandthesaturationvelocitiesaremodeledseparately.
In the caseof III-V semiconductoralloys the modelemploys the low-field mobilities of the basic
materialsandcombinesthemby a harmonicmean.The respective interpolationsbetweenthebasic
materialsarealsodonein themodelsfor thesaturationvelocitiesand,in thecaseof HD simulation,
of the energy relaxationtimes. The modelsarebasedon experimentalor Monte Carlo simulation
dataandemploy analyticalfunctionalformswhich cover thewholematerialcompositionrange.The
energy relaxationtimesareusedin theHD mobility models,in theenergy balanceequationsof the
hydrodynamictransportmodel,andin thelatticeheatflow equation.Theenergy relaxationtimesfor
electronsdependon thelatticetemperatureandon thecarriertemperature[9].

3.3BandgapEnergy andBandgapNarrowing
Variousmodelsdefinethetemperaturedependenceof thebandgapenergy in thesemiconductor(e.g.
[10]). Specialattentionis paid to the bandoffsetsat the heterointerfacesand the thermionic-field
emissionmodelwhich mustbeusedin thecaseof abruptheterojunctions.For analloy A1 � xBx, the
temperature-dependentbandgapsof theconstituents(A andB) arecalculatedfirst. Thebandgapand
theenergy offsetarethencalculateddependingon thematerialcomposition.
In previouswork we emphasizedon bandgapnarrowing asoneof thecrucialheavy-dopingeffects
to beconsideredfor bipolardevices[11]. Wehavedevelopedanew physically-basedanalyticalband
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gapnarrowing modelapplicableto compoundsemiconductors,whichaccountsfor thesemiconductor
material,thedopantspecies,andthelatticetemperature.

3.4EffectiveCarrierMassesandEffectiveDensityof States
In MINIMOS-NT theuserdealswith relative carriermasses,i.e. theeffective massesscaledby the
freeelectronmass.A lineartemperatureandaquadratictemperaturedependenceareusedin thecase
of electronsandholes,respectively. For analloy thetemperaturedependenceis introducedfirst. Then
a quadraticinterpolationof themassesis usedasa functionof thematerialcomposition.
The modelfor thedensityof statesrepresentsa theoreticalexpressionwhich takesinto accountthe
numberof equivalentenergy minima. In caseof a transitionbetweena directandindirectbandgap,
thevalley degeneracy factoris modeledaccordingly.

3.5GenerationandRecombination
Carriergenerationin spacechargeregionsandrecombinationin e.g.highinjectionregionsis modeled
usingthewell known Shockley-Read-Hall(SRH) equation.A trap assistedband-to-bandtunneling
model(BBT) describesthegenerationof carriersin high field regions.ThemodelmodifiestheSRH
lifetimes by field enhancementfactors. Surfacerecombinationis accountedfor by a modelwhich
modifiestheSRHlifetimesdependingon thecarriersurfacerecombinationvelocitiesandthesurface
distance.TheAuger-processesaremodeledusinga triple concentrationproduct.Theprocessesare
the inverseprocessesto the impact ionizationprocess.The direct BBT modeldescribesthe carrier
generationin highfield regionswithoutany influenceof local traps.Thetypeof theimpactionization
modeldependsontheusedequationset.UsingtheDD equationset,anelectricfield dependentmodel
is usedto calculatethegenerationrate.In HD simulationsthecarriertemperaturesaresolvedtogether
with the carrierconcentrationsandthe potential. The informationaboutthe carriertemperaturesis
usedfor thehydrodynamicimpactionizationmodel.

3.6 InterfaceModels
Thedevicegeometryis partitionedinto independentregions,so-calledsegments.For thesesegments
differentsetsof parameters,modelsandalgorithmscanbedefinedindependently. Thesegmentsare
linkedtogetherby interfacemodelswhich accountfor theinterfaceconditions.Theinterfacemodels
for thecarrierconcentrationsspecifythesolutionfor thecontinuityequationswith theunknown con-
centrationquantitieson thedevice segments.To calculatethecarrierconcentrationsandthecarrier
temperaturesat theinterfaceof two semiconductorsegmentsthreedifferentmodelsareimplemented
in MINIMOS-NT. Theseareamodelwith continuousquasiFermilevel acrosstheinterface(CQFL),
thethermionicemissionmodel(TE), andthethermionicfield emissionmodel(TFE).Thederivation
of thesemodelsis describedin [12].

4 SimulationResults
Several typesof HBTs have beenanalyzedto obtainoneconcisesetof modelparameters,usedin
all simulations. For example,in Fig. 3 we presentthe simulatedforward Gummelplot for an Al-
GaAs/GaAsHBT comparedto experimentaldata. The simulationresultsat 373K demonstratethe
ability of MINIMOS-NT to reproducecorrectlythethermaldevicebehavior. Furthermore,verygood
agreementalsofor the reverseGummelplotshasbeenachieved,e.g. in Fig. 4 thecomparisonwith
measureddatafor InGaP/GaAsHBT is shown.

5 Summary
Several sophisticatedmodelshave beencreatedandemployed to get goodagreementwith experi-
mentalresults,andalsoto aidgettinganinsightandunderstandingof therealdeviceandthusachieve
betterdeviceperformance.
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Fig. 3: ForwardGummelplotsatVCB = 0V.
Comparisonwith measureddata at
293K and373K.
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Fig. 4: ReverseGummelplotsat VCB = 0 V.
Comparisonwith measureddata at
293K and373K.
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