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Abstract

We presenta methodologyfor characterizationandoptimizationof SiGeHBTs from our 0.8 µm BiC-
MOS technology. It involvesprocesscalibration,device calibrationemploying two-dimensionaldevice
simulation,andautomatedTechnologyComputerAided Design(TCAD) optimization.Thesimulation
resultsshow a very goodagreementwith experimentaldata. In particular, we performanoptimization
of collectordopingfor specificrequirements(highspeedor high breakdown voltage).

1. INTRODUCTION

OurSilicon-Germanium(SiGe)HBT-CMOSintegratedprocessisbasedonaproven0.8µm mixed-signal
CMOS processand includesan additionalhigh performanceanalogorientedheterojunction-bipolar-
transistor(HBT) module.Theapplicationsreachfrom circuitsfor mobilecommunicationto high speed
networks. Using simulationin a predictive mannerhasbeenrecognizedasan integral part of any ad-
vancedtechnologydevelopment. In order to satisfy predictive capabilitiesthe simulationtools must
capturethe processaswell asthe device physics. Beforegoing into productiononecanoptimizethe
processstepsandestimatedevice performancecharacteristics.

BesidemainstreamSilicon, thetwo-dimensionaldevice simulatorMINIMOS-NT [1] candealwith dif-
ferentcomplex materialsandstructures,suchasIII-V binary andternarycompounds,andSiGe,with
arbitrarymaterialcompositionprofiles.Variousimportantphysicaleffects,suchasbandgapnarrowing,
surfacerecombination,andself-heating,aretakeninto account.Previousexperiencegainedin theareaof
III-V HBT simulationwhich leadto successfulresults[2] wasa prerequisiteto useMINIMOS-NT also
for simulationof SiGeHBTs. Theinfluenceof theselectively-implanted-collector (SIC) implanton de-
viceperformancewasstudiedbothexperimentallyandby meansof processsimulationusingDIOS [3],
followedby two-dimensionaldevicesimulationusingMINIMOS-NT.

2. DEVICE FABRICATION AND PROCESS CALIBRATION

FourDoubleBaseSiGeHBT structureswith emitterareasof 2.4µm2 wereepitaxiallygrown by aChem-
ical VaporDeposition(CVD) process.

An implantedn-well, similar to the oneusedin the standardCMOS technology, is grown during the
epitaxialprocess.The buried layer is connectedto a sinker to conductthe electroncurrentfrom the
buried layer to thecollectorcontact.Thebaseconsistsof an intrinsic base(below theemitterwindow)
andtheextrinsic base(highly-dopedunderthebasecontact).TheGermaniumcontenthasa triangular
shape.After ion implantation,aRapidThermalProcessing(RTP) formsthebase-emitterjunctionwithin
thecrystallineSilicon.

TheprocesssimulationusingDIOS startsfrom theblankwaferto thefinal deviceandreflectsrealdevice
fabricationasaccuratelyaspossible.The implantprofilesaswell asannealingstepswerecalibratedto
one-dimensionalSIMS profiles. Thesimulateddevice structurewith thenetdopingprofile is shown in
Fig. 1. To save computationalresourcesthesimulationdomaincoversonly onehalf of the realdevice
which is symmetricandthecollector-sinker is not includedin thestructure.This allows to usevery pre-
cisesimulationgrid in areasof interest(Fig. 2). For Dev. 1 high-energy (480keV)/low-dose,for Dev. 2
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high-energy/high-dose, for Dev. 3 low-energy (300keV)/low-dose,andfor Dev. 4 low-energy/high-dose
SICimplantswereused,asshown in Table1. This is theonly processstepin whichthefour HBTsdiffer.
ThePhosphorusdopingprofilesfor the four devicesareshown in Fig. 3. A comparative Monte Carlo
(MC) simulationof ion implantationof Phosphorusin Si andSiGewasperformedto checktheaccuracy
of theprocesssimulationin respectto SiGe(seeFig. 4).

3. DEVICE SIMULATION

Thephysicalmodelsin MINIMOS-NT arewell calibrated[4], especiallyfor silicon-baseddevices.The
sameis true for DESSIS [5] which wasusedfor comparison.Both device simulatorscorrectlyrepro-
ducedthe measuredforward Gummelplot at 300 K (seeFig. 5) with the default models. The slight
increaseof collectorcurrentIC with doseandenergy at high biasis dueto the differencesin the base
push-outeffect. Two differentmethodswereusedto extract thecurrentgaincutoff frequency fT. The
first oneemploys transientS-parametersimulationat 5 GHz andtheir calculationfor the rangefrom 0
to 20 GHz usingT-like eight elementsmall-signalequivalentcircuit asdemonstratedin [6] for GaAs
HBTs. Thesecondemploys a small-signalac-analysisasshown in [7]. We foundthat the resultsfrom
bothmethodsarein very goodagreement.

However, ascanbeseenin Figs.6 and7, bothDESSIS andMINIMOS-NT failedto explain theexper-
imentallyobserved similarity in peak fT for Dev. 1 andDev. 3 andfor Dev. 2 andDev. 4, respectively.
This againturnedour attentionto theSIC implant. An automateddevice calibrationwithin our TCAD
framework [8] wasperformed.It turnedout that50%morePhosphorusin thecollectorof thetwo low-
dosedevices(Dev. 1 andDev. 2) alreadygivesacceptablequalitative agreement.

It is known thatwith shrinkingdevice dimensionsnon-localeffects,suchasvelocityovershoot,become
more pronounced. Neglecting theseeffects can be a reasonfor underestimationof fT [9, 10]. For
thatpurpose,we performedsimulationswith thehydrodynamicmodel(HD) to improve theresults(see
Fig. 8). Fig. 9 shows the velocity overshootover the greaterpart of the baseregion which is about
twice the saturationvelocity limit in the drift-diffusion (DD) case(107 cm/s). This correlatesto the
higherelectronenergy (seeFig. 10) in thecollectorandexplainstheincreaseof fT in comparisonto DD
simulation.Thegoodagreementat low currentsis very importantsinceHBTs typically operateatmuch
lower frequenciesthanat themaximum fT. Thesimulationsprove thatin this rangeoptimizationsof the
SIC implantdo not have aninfluenceon fT, i.e. thebase-emittercapacitanceandnot thebase-collector
capacitanceis thedominatingone. Themaximum fT wasfound to have a strongerdependenceon the
dosethanon theenergy of theimplants.

Furthermore,the importantfigure-of-meritBVCE0 � fT (seeTable1) reachesa maximumfor high SIC
implant energies (deepimplant) andhigh SIC dose. We found that the higher fT for high-dose/low-
energy SIC implantsis dueto a smallerbasewidth anda delayedonsetof thebasepush-outeffect due
to thehighercollectordoping.

4. CONCLUSION

We have presentedexperimentsandsimulationsof SiGeHBTs. Goodagreementwasachieved both
with experimentalDC-results(forwardandoutputcharacteristics)andwith thehigh-frequency data.We
believe theestablishedsetupcanbebeneficialin futurefor ournext processdevelopment.
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Fig. 1: Simulateddevicestructureandnetdopingprofile [cm� 3] (absolutevalue).
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Fig. 2: Griddingexamplefrom theactive device area.

Device Energy [keV] Dose fT [GHz] BVCE0 [V] fT � BVCE0

Dev.1 480 0.7 32 4.0 128
Dev.2 480 3.0 40 3.7 148
Dev.3 300 0.7 33 3.1 102
Dev.4 300 3.0 42 2.3 97

Table1: Summaryof key processanddevice parameters.
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Fig. 3: Phosphorusdoping profile under the
emittercontactfor thefour devices.
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Fig. 4: Comparative simulation of MC ion
implantation of Phosphorusin Si and
SiGe.
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Fig. 5: Forward Gummel plots at VCB = 0 V.
Comparisonbetweenmeasurementand
simulation.
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Fig. 6: fT vs. IC at VCE = 1.5V. Comparisonbe-
tweenmeasurementandsimulationwith
DESSIS.
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Fig. 7: fT vs. IC at VCE = 1.5 V. Comparison
betweenmeasurementandDD simulation
with MINIMOS-NT.
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Fig. 8: fT vs. IC at VCE = 1.5 V. Comparison
betweenmeasurementandHD simulation
with MINIMOS-NT.
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Fig. 9: Electron velocity overshoot in the
base-collectorspace charge region at
VCE = VBE = 0.88V.
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Fig. 10: Electron temperature distribution
in the four simulated devices at
VCE = VBE = 0.88V.
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