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Abstract

Considerableffort wasspenton our two-dimensionatlevice simulatorMINIMOS-NT to getit ready
for simulationof deviceswith high compleity in respecto materials,geometriesetc. Many of the

existing physicalmodels(bandgap,mobility, thermalconductvity, enegy relaxationtimes,specific
heat,etc.) wererefined,someof themwerereplacedoy promisingnen ones,andmary nev models
wereaddedaswell. Beinganancestoof the well-known MOS device simulatorMINIMOS [1], its

experiencewith Sideviceswasinherited. Thereby MINIMOS-NT becamegenericdevice simulator
accountingfor a variety of micro-materials,ncluding group IV semiconductorslll-V compound
semiconductorandtheir alloys, andnon-idealdielectrics.

1 Introduction

Several applicationsof industrial interestemploy devices operatingin a wide temperatureaange.
Therefore purmodelshave beendesignedo meetthis challengen additionto thecorventionalSilica
applicationsMINIMOS-NT hasbeensuccessfullyusedfor simulationof heterostructurdevices,e.g.
High ElectronMobility TransistorqHEMTs) andHeterojunctiorBipolar TransistorHBTS) [2, 3].

Physics-baseBC-simulation mixed-modedevice/circuitsimulation,smallsignalRF-parametesim-
ulation,anddevice reliability investigationf high practicalvaluewereperformed.

2 Setsof Partial DifferentialEquations

In MINIMOS-NT carriertransportcanbe treatedby the drift-diffusion (DD) andthe hydrodynamic
(HD) transporimodels.In addition,thelatticetemperatureanbetreatedeitherasa constanbr asan
unknowvn governedby thelattice heatflow equationthus,self-heating SH) effectsareaccountedor.

3 Modeling of the MaterialsProperties

In MINIMOS-NT thepropertiesof 1ll-V ternarymaterialsA1_xByxC aremodeledasa functionof the
materialcompositionx usingthe propertiesof the respectre binary materials(AC andBC). In the
caseof Siy xGe, the propertiesof the materialare modeledbasedon the propertiesof both Silicon
andGermanium.

3.1 ThermalModelingfor SH

The coeficientsof thelattice heatflow equationarethe massdensity specificheat,andthermalcon-
ductwvity of therespectre materials.A linearinterpolationbetweerthe valuesof the massdensityof
the basicmaterials(A andB) is assumedor alloy materialsA1_yxByx. Thetemperaturelependence
of the thermalconductvity is modeledby a simple power law which givesa good agreementvith
experimentadata[4]. A harmonicmeanwill betakento modelthe materialcompositiordependence
of thethermalconductvity in the caseof alloy materials.The lattice temperature@lependencef the
specificheatcapacityis computedby a nev modelsuggestedh [5].

3.2 CarrierMobility

MINIMOS-NT provides mobility modelsfor various materialswhich are divided into three main
groupsaccordingto their particulartransportproperties:Silicon, Germanium]ll-V compoundsemi-
conductorsandtheir alloys. The mobility modelshave to supportboth the drift-diffusion (DD) and
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Fig. 1: Electronmobility in InP at 300K. Our  Fig. 2: Hole mobility vs. doping concentra-
analytical model is comparedto MC tion at 300 K. Comparisorbetweerthe
simulationdataandexperimentaldata. modelandexperimentaldata.

the hydrodynamigHD) transportmodels. While the high-field mobility is modeleddifferently, the
low-field mobility is independentf the usedtransportmodel. This suggestgo group the various
effectsaffectingthe mobility into low-field andhigh-field effects.

In MINIMOS-NT the establisheanobility modelfor Silicon of MINIMOS 6 [6] is implemented A

modelwhich distinguishedetweenthe majority and minority electronsaswell asbetweendopant
speciesis describedin [7]. The temperaturedependencef the lattice mobility preseresthe ex-

pressionfrom the mobility modelof MINIMOS 6. The mobility reductiondueto ionizedimpurity

scatteringis accountedor by temperaturelependentoeficients. The modelis applicableto any

material of interest(e.g. seeFig. 1). The resultsdeliveredby the modelfor the hole mobility as
a function of the doping concentratiorfor variouslll-V group binary semiconductorsomparedo

measuredlataareshovn in Fig. 2.

Mobility reductiondueto a high field is modeledfor DD equationsFor HD equationghe deviation

from the ohmiclow-field mobility is modeledasa function of the carriertemperaturefterHanschet
al. [8]. Theenepy relaxationtimesandthe saturatiorvelocitiesaremodeledseparately

In the caseof IlI-V semiconductoalloys the model employs the low-field mobilities of the basic
materialsandcombineshemby a harmonicmean. The respectie interpolationsbetweenthe basic
materialsarealsodonein the modelsfor the saturatiorvelocitiesand,in the caseof HD simulation,
of the enegy relaxationtimes. The modelsare basedon experimentalor Monte Carlo simulation
dataandemploy analyticalfunctionalformswhich cover the whole materialcompositionrange.The
enegy relaxationtimesareusedin the HD mobility models,in the enegy balanceequationf the
hydrodynamidransporimodel,andin thelattice heatflow equation.The enegy relaxationtimesfor

electrongdependnthelatticetemperatur@ndon the carriertemperaturg9].

3.3BandgarEnegy andBandgapNarrowing

Variousmodelsdefinethetemperatur@lependencef the bandgagenegy in the semiconductofe.g.
[10]). Specialattentionis paid to the bandoffsetsat the heterointerdcesand the thermionic-field
emissionmodelwhich mustbe usedin the caseof abruptheterojunctionsFor analloy A;_4xBy, the
temperature-dependenandgap®f the constituentgA andB) arecalculatedirst. Thebandgamand
theenepgy offsetarethencalculatedlependingn the materialcomposition.

In previous work we emphasizean bandgapnarraving asoneof the crucial heary-dopingeffects
to beconsideredor bipolardevices[11]. We have developeda new physically-base@nalyticalband
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gapnarraving modelapplicableo compoundsemiconductorsyhichaccountgor thesemiconductor
material ,the dopantspeciesandthelatticetemperature.

3.4 Effective CarrierMassesandEffective Densityof States

In MINIMOS-NT the userdealswith relative carriermassesi.e. the effective massescaledby the
freeelectronmass.A lineartemperatur@ndaquadratidemperaturelependencareusedin thecase
of electronsaandholes respectiely. For analloy thetemperaturelependencis introducedirst. Then
a quadratianterpolationof the massess usedasafunctionof the materialcomposition.

The modelfor the densityof statesrepresents theoreticalexpressionwhich takesinto accountthe
numberof equivalentenegy minima. In caseof a transitionbetweena directandindirectbandgap,
thevalley degenerayg factoris modeledaccordingly

3.5 GeneratiorandRecombination

Carriergenerationn spacechageregionsandrecombinationn e.g. highinjectionregionsis modeled
usingthe well known Shocklg-Read-Hall(SRH) equation. A trap assisteand-to-bandunneling
model(BBT) describeghe generatiorof carriersin high field regions. The modelmodifiesthe SRH

lifetimes by field enhancemenfiactors. Surfacerecombinations accountedor by a modelwhich

modifiesthe SRHlifetimesdependingn the carriersurfacerecombinatiorvelocitiesandthe surface
distance.The Augerprocessesre modeledusinga triple concentratiorproduct. The processeare
the inverseprocesseso the impactionizationprocess.The direct BBT modeldescribeghe carrier
generationn highfield regionswithoutary influenceof localtraps.Thetype of theimpactionization
modeldepend®ntheusedequatiorset.Usingthe DD equatiorset,anelectricfield dependentnodel
is usedto calculatehegeneratiorrate.In HD simulationghecarriertemperaturearesolvedtogether
with the carrierconcentrationgindthe potential. The informationaboutthe carriertemperaturess

usedfor the hydrodynamidmpactionizationmodel.

3.6 InterfaceModels

Thedevice geometryis partitionedinto independentegions,so-calledsegments.For theseseggments
differentsetsof parametersnodelsandalgorithmscanbe definedindependentlyThe segmentsare

linkedtogethery interfacemodelswhich accountor theinterfaceconditions.Theinterfacemodels
for the carrierconcentrationspecifythe solutionfor the continuity equationsvith the unknowvn con-

centrationquantitieson the device segments. To calculatethe carrierconcentrationgndthe carrier

temperatureat theinterfaceof two semiconductoseggmentsthreedifferentmodelsareimplemented
in MINIMOS-NT. Theseareamodelwith continuousquasiFermilevel acrosgheinterface(CQFL),

thethermionicemissionmodel(TE), andthe thermionicfield emissionrmodel (TFE). The derivation

of thesemodelsis describedn [12].

4 SimulationResults

Severaltypesof HBTs have beenanalyzedto obtain one concisesetof model parametersysedin
all simulations. For example,in Fig. 3 we presentthe simulatedforward Gummelplot for an Al-
GaAs/GaAsHBT comparedo experimentaldata. The simulationresultsat 373 K demonstratehe
ability of MINIMOS-NT to reproducecorrectlythethermaldevice behaior. Furthermoreyery good
agreemenalsofor the reverseGummelplots hasbeenachieved, e.g. in Fig. 4 the comparisorwith
measurediatafor INnGaP/GaAHBT is shavn.

5 Summary

Several sophisticatednodelshave beencreatedand employed to get good agreementvith experi-
mentalresults,andalsoto aid gettinganinsightandunderstandingf therealdevice andthusachiese
betterdevice performance.
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Fig. 3: ForwardGummelplotsatVcg=0V.

Fig. 4: ReverseGummelplotsatVcg =0 V.
Comparisonwith measureddata at
293K and373K.

Comparisonwith measureddata at
293K and373K.
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