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Abstract

This paperpresentsa novel 3D thermalsimulationtool for semiconductomtegrateddevices. The
simulatoris usedto automaticallygeneratenaccurate8D physicalmodelof the device to be simulated
from layoutinformation. The simulatorproducesan appropriataneshof the device basedon arectan-
gularblock structure. The meshis automaticallycreatedsuchthat a fine meshis producedaroundheat
generatiomregions,but amoderatenumberof blocksareusedfor the entiredevice.

This papeffirst confirmsthatthe simulatorproduce@naccuratesolutionto thenon-lineadifferential
equationdescribingthe heatflow. Then model generationfrom three exampletechnologiegsilicon
trench,GaAsmesastructuressilicon oninsulator)is presentedThepotentialof thesimulatorto quickly
andeasilyexplore the effect of layoutandprocessariationsis illustrated,with the simulationof a two
transistoiGaAspower cell asalargeexample.

The programincorporates transientsolver basedon a transmissiorine matrix (TLM) implemen-
tation usinga physicalextractionof a resistanceandcapacitancaetwork. The formulationallows for
temperaturadependenmaterial parametersand a non-uniformtime stepping. An exampleof a full
transientsolutionof heatflow in arealisticSi trenchdeviceis presented.



1 Intr oduction

The questfor amoreaccuratainderstandingf the thermalpropertiesof integratedsemiconductodevices
is driven both by a needfor bettermodelsof thesedevicesfor circuit level simulationandalsoreliability

concerns.Thermalbehaiour of electronicdeviceshasgenerallybeencharacterizedisinga thermalresis-
tance(Ry, definedasthe steadystatetemperatureabore ambientdivided by the power dissipatedn the

device) andathermalcapacitancéCy,). A numberof analyticapproacheto the steadystatedetermination
of Ry, have beenpursuedl, 2, 3]. However, all of theseattemptsarelimited in accurag by a necessar
ily simplisticapproacho the device geometry Procesgactorsandlayoutgeometrystronglyinfluencethe

value of both Ry, and Cy,, particularlyin substratesvith poor thermalconductvities suchas GaAsand

InP. Determinatiorof theseparametersnay needto includethe effect of a numberof factors,includingthe

“pbackend” (metalizationandinterconnecstructures)complex device geometriesuchasmultiple emitters
andthermalcouplingbetweenradjacentdevices. A significantchallengeis the needto evaluateand model

alarge variety of procesgechnologievarying from silicon on insulator(SOI) technologiego high powver

llI-V technologies.

To illustrate the compleity of the heatflow in an integrateddevice Fig. 1 shavs a 2D cross-section
of a genericmesatransistorstructurewith heatspreader The heatis shavn asbeinggeneratedn a well
definedregion at the base/collectojunction, a reasonableassumptiorat moderatecurrentdensities. A
portionof heatflows into the substratespreadingn threedimensionsasit flows towardsthe bottomof the
substratevhichis auniformtemperaturéoundarycondition. Theremaindeof theheatenegy flows upthe
emittermetallization,backdown to the substratesurfacethroughthe spreadeandthento the backsideof
the substrateThis heatflow canbefurthercomplicatedy the presencef baseandcollectormetallization
andary flow throughthe insulatinglayerspresentin the baclend. This figure shawvs all cooling asbeing
dueto conductve pathsto thebacksideof thewafer Althoughradiative andcorvective coolingoff thefront
of thewafercouldbe presenit is nggligible at ary reasonablelevice temperatures.

A completetheoreticaldeterminatiorof Ry, requireshecoupledsolutionof boththesemiconductode-
vice equationsandthe heatequation[4. This combinedelectro/thermaproblemis a significantchallenge.
The heatflow from an integrateddevice is characterizedby a numberof complications. Specifically the
complicationsare: heatspreadingn 3 dimensionsawide variety of materialswith greatlydiffering andof-
tentemperaturelependenthermalconducwities, complex geometriesndavarietyof boundaryconditions.
A majorfeatureof the heatproblemis the needto simulatea very large region of the device andsubstrate,
andin somecaseghe packagegeometrymay needto be taken into account. The simultaneousolution
of the 3D electro/thermaproblemis thereforedifficult dueto the needfor very fine meshingof the device
equationsat the device junctionsanda needfor a large simulationregion to producean accuratehermal
simulation. However, the thermalpropertiesof the layoutand processanbe determinedvithout solving
the device equationdf the power generatiorregion is known a priori. Knowing the power generatioras
a function of positionthe heatequationcan be solved independentlyto calculatethe device temperature
profile and Ry, determined.For a givendevice the generalsize,shapeandpositionof the heatgeneration
regionis known asafunctionof theoperatingpoint. Thethermalresistanceanthenbecorrectlycalculated
ignoringthe operatingpointdependenci it is only minimally sensitve to theexpectedchangesn position
andshapeof the heatgeneratiorregion dueto the thermal/electricatoupling. Although determinatiorof



subtleeffectsrequiresa full electro/thermahpproachbasic. Basicthermalpropertiesof the device, layout
andprocessanbedeterminedy usinganindependenthermalsimulatorwith appropriateassumptions[b

A numberof numericakoolsexist for specifyingandsolving3D thermalproblemof thistype. They gen-
erally have asophisticatedUI to aid in building the 3D model,specifyingmaterialparametersandsetting
boundaryconditionsandheatgeneratiorregions. The tools arebasedon finite elementor finite difference
solution“engines”and have powerful softwaretools for producingthe discritizationof the 3D geometry
neededor a solution. A significantdravbackin the useof thesetoolsis the time andexpertiseneededo
build a 3D model. Thetools have a steeplearningcurve and even after masteringthe tool generatiorof
the 3D modelof a singledevice cantake a significanteffort. Building the modelalsorequiresa detailed
knowledgeof thelC procesgechnology Acquiring the knowledgebaseandobtainingthetime requiredfor
the building andsimulationof a singledevice geometryis often prohibitive for both device engineersand
circuitdesigners.

The solutionto this problemis a simulatorthat given a technologydescriptionand layout information
will automaticallygeneratea 3D modelof the device, discretizethe model,andsolve for the temperature
distribution in the device (seeFig. 2). In this paperwe will presenta thermalsimulationtool that usesa
technologydescriptionand layout informationto automaticallygeneratea full 3D model,completewith
discretizationandthensolvesfor the temperaturaistribution. A numberof technologiesill be usedas
illustrative examplesanda comparisorbetweerthe tool anda commerciakimulatorwill be usedto verify
theaccurayg of thesolution.

Althoughmary applicationssimply requirethe solutionof the steadystateproblemandthenthe extrac-
tion of aneffective thermalresistanceA numberof problemsequireafull solutionof thetransientesponse
of thedevice. TLM hasshawn itself highly appropriatdor solvingtime dependentransienteatflow prob-
lemsandis particularlyattractve for multi-materialandnonlinearproblemsasary temperatur®r material
dependencef thethermalparametersanbelocally accommodated]6 A particularadwantageof the TLM
methodis theability for time stepto be adjusteddynamicallyduringsimulationto reduceexecutiontime.

2 Atar a 3dthermal simulator

Thephysicsinvolvedin solvingfor the conductve heatflow requiressolvingthefollowing partialdifferen-
tial equation[T:
orT

pCop = VS(DIVT) + g(2,y, 2,1) 1
wherex(T) is thetemperaturelependanthermalconductvity, C thethermalcapacityof thematerial p the
materialdensity andg(z, y, z) describesheheatgenerationRelesantsolutionsto this problemaredifficult
to obtaindueto thecompleities outlinedabore andthe non-lineamatureof the equatiorresultingfrom the
temperaturelependencef . It is importantto notethatboth SiandGaAsdisplaysignificantdropsin « as

thetemperaturehangegrom roomtemperaturéo 200°CJ[8].

To producea numericalsolutionan appropriatelydiscretized3D modelmustbe built, boundarycondi-
tionsapplied,a mathematicamodelextractedandthensolved usinga non-linearsolutionmethod.Dueto
the requiremenbf an automaticgeneratiorof the modelfrom layoutinformationit wasdecidedthatthe



modelwould be built first from the chip surfacedown into the substrateandthenthe baclendinterconnect
structurewould be built from the chip surfaceup. The modelis constructedy first defininga surfacelayer
andthenprojectingthis layereitherdovnwardsinto the the substrater upwardsinto the baclend.

2.1 3D Model Creation

A significantchallengein the modelbuilding is the automaticcreationof a modelwith a high densityof
elementsr nodesn theregionsof large heatflow or temperaturgradients.This essentiallymeansa large
numberof small elementanustbe creatednearthe heatgeneratiorregionsin the simulationregion. The
heatgeneratiomegionsin anintegrateddevice aregenerallyfairly closeto thechip suriaceandwell defined
by the device layout. For examplea vertical silicon BJT would generaténeatat the base/collectojunction
in athin platedefinedessentiallyby theemittergeometry

The basicphilosophyof the model building is to createa complex meshgeometryusing rectangular
blocks of varying sizes. The modelwill be createdsuchthat a block andits neighborsform a relatively
simplesetof topologiesvhereby eachblock canhave a maximumof two blockson ary verticalsideanda
maximumof four blockson thetop or bottomof a block. Fromtheseblock topologiesanetwork of thermal
resistancesind capacitancewill be extractedrepresentinghe thermalequationto be solved. As will be
shavn complex meshegsanbe built usingtheserules. A secondkey partto the modelbuilding is to build
from the chip surfacedown into the substratendthenup into the baclend.

Thecreationof amodelis shavn for asimpleexamplein figures3 and4. Themodelis constructediayer
by layer startingwith the surfacelayer The surfacelayeris createdby startingwith a very high uniform
densityof blocks(seeFig 3a). Thelayoutinformationis thenusedto allow for the iterative amalgamation
of blocksinto singleblocksfrom groupsof four. This amalgamations controlledby the position of the
maskedgesandvariablesassociateavith eachmaskwhich setthe maximumblock sizeallowedinsideand
outsidemaskareas During theiterationgroupsof four blocksarevisitedandsubjectto a numberof teststo
seeif amalgamatioris allowed:

1. Theblocksarechecledto seeif all fourinitial blocksarethe samesizeandof the samematerial.

2. Thefinal size of the new block to be createdis checled againstthe maximumblock size allowed
insideary maskscoveringthearea.

3. Neighboringblock sizesarechecledto seeif therewill be at mosttwo blockson ary onesideof the
new amalgamateblock.

Theamalgamatiof blocksin the surfacelayer stopswhenall blockshave reachedheir maximumsize
asdefinedby the masksanda technologyfile. The netresultof the meshingis to producea 3D quadtree
mesh(QTM).

Thetechnologyfile containsnformationon the two the typesof masksallowed andtheimpactof these
maskson the model. Substratamasksare definedproviding informationon the materialtype, maximum
block sizewith in themask,andallowed physicalconnectiongo baclendlayers.An exampleof asubstrate
maskwould be a maskdefining substratecontactsto an emitter metalizationlayer or a maskdefining a
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oxidetrenchisolationregion. The othertype of maskis a baclendmask.For baclendmasksnformationis
provided on the materialassociatedvith the mask,the thicknessof the layer, maximumblock sizesin the
layerandphysicalconnectiongo otherbaclendlayers. A typical baclkendmaskwould definefor example
analuminum“metal 1” layeror a“W plug” interconnect.

Usingthe informationfrom the technologyfile andthe maskgeometrieghe surfacelayergeneratedn
the modelis createdsuchthat very a high densityof blocksis producednearareasthat will definethe
heatgeneratiorregion. This is donefor exampleby makingthe maximumblock size inside the emitter
contactmaskto be very small. This forcesa high densityof nodesat the emitterwith a smoothtransition
to fewer nodesaway from the emitter A simpleexampleis shavn in Fig 3b. As notedabore, duringthe
amalgamatiorof the blocksin the surfacelayer the block topographyis restrictedso that on ary vertical
sideof a block the maximumnumberof blocksis two. This produces gradualcontrolledgradientin block
sizeaswe move avay from the heatgeneratiomregions.

Oncethe surfacelayer hasbeenformedthe substratés built by duplicatingthe surfacelayer As the
substratdayersarecreatedthe numberof blocksin eachlayeris reducedby furtheramalgamatingroups
of four blocksinto a singleblock. The amalgamatiotis controlledby boththelayoutgeometrythe block
positionandalsotherequirementhatabove or below a singleblock therecanbe no morethanfour blocks.
Theresultof theserequirementss thatall blockshave a maximumof two blockson eachsideandfour on
the top or bottom. This allows for a significantly restrictedsetof block topologies. The thicknessof the
substratdayersis generallyincreasedon-linearlyaswe move down into the substrateThis allows for the
generatiorof relatively large blocksat the bottomof the substratevherethermalgradientsaresmall. Fig.
3candd shav two characteristicubstratdayerscreatedduring the formationof the substrateThis figure
clearlyshavs the coursingof thegrid andtheincreasen thicknesdrom the surfacelayershavn in Fig. 3d.

Thebaclendis createdn a mannersimilar to the substrateandis shavn in Fig. 4. The surfacelayeris
duplicatedandlayersextrudedupwards. Thesdayersareformedof two materialsfor examplemetalanda
dielectric(in thefigurethe dielectricblocksareonly shavn in outlinefor clarity). Oncethebaclendlayers
have beenformed,blockswith zeroconductvity areremoved andaniterative procedurds usedto remove
extra blocksfrom the structureby memging blocksof four into singleblocks. All the blocksforming the
baclendhave the samdimitationson adjacenblock topologyasthe onesin the substratevith a maximum
of four blocksontop or belov anda maximumof two on ary verticalside.

2.2 Extraction of the Thermal Network

After the creationof the 3D modela thermalnetwork is extractedconsistingof non-linearresistorsand
capacitorsEachblockis visited andusingthetopologyof the connectionwith adjacenblocksa network
of resistorgo the neighboringnodesis created.The valueof eachresistoris calculatedusingthe common
cross-sectionareathe sizeof thetwo blocksandthelocal thermalconductyvity. Thethermalcapacitance
of the materialis usedto calculatethe value of a capacitorconnectedrom the block nodeto ground. As
the materialpropertiesare, in general,temperaturalependanthe resistorand the capacitorvaluesare a
functionof thenodetemperatureln Fig. 5 theheatflowsfor asingleblockareshavn, eachheatflow would
berepresentetly athermalresistor This block hasa singleblock abore, four belav, oneonthefront, back
andleft sidesandtwo on theright side. The heatflow associatedavith the heatcapacityof theblock is not



shawn.

A numberof boundaryconditionscanalsobe placedon the model. Regionsof the modelcanbe desig-
natedto beatafixedtemperatureaswould be usedfor afixedbacksidavafertemperatureConstanpower
generatiorcan be specifiedin volumessuchasthe channelof a MOSFET or the base/collectojunction
of a BJT. The boundaryconditionon the vertical sidesof the simulationregion is somavhat problematic.
Placinga fixed boundaryconditionon thesesuriaceproducesa dramaticallyincorrectresult,unlessa very
large simulationregion is usedat the expenseof very long simulationrun times. A morenaturalboundary
conditionis a zeroflow conditionacrossthesesurfaces. However, the useof this boundaryconditionhas
implications.A zeroflow surfaceimpliesamirroring of all geometryin thesimulationregion atthis surface.

2.3 SteadyStateand Transient Solvers

Oncethethermalmodelhasbeenextractedandthe boundaryconditionssetthe network needgo be solved.
The simulationtool allows for eithera netlistto be outputed(allowing for a solutionto be found usingan
externalcircuit simulatorsuchasspice),or aninternalsolver is used. Currentlytwo steadystateinternal
solersareavailable. A directsolver canbe usedwhich first setsup a global sparsearray and solvesthe
linear set of equationsrepresentinghe thermalresistornetwork. If the temperaturedlependencef the
thermalconductvity is to be considerediniterative techniques usedusingSORandtherepeatedolution
of the linearizedset of equationsusing the direct solver. A secondsolver basedon SOR of the nodal
temperaturequationdasalsobeenimplementedandis particularlyusefulfor large problems.This solver
implicitly handleghetemperatur@ependencef the materialproperties Oncethe solutionhasbeenfound
the maximumtemperaturés obtainedanda greyscalerepresentationf the temperaturelistribution canbe
displayed.

A transientsolver hasbeenwritten thatusethe TLM method. This methodis particularlysuitedto the
extractednetwork approachdescribedabore. TLM modelingrepresents physicalmodelof heatflow as
a sequencef voltagepulsestravelling througha matrix network of transmissiodines. By computingthe
voltage (temperaturept the nodesconnectingthe transmissiorlines, an explicit, unconditionallystable
solutionto the heatflow equationcanbedescribedy a setof equationghatareiteratedin a straightforvard
manner

The fundamentabpproachto TLM modelingof the QTM is shavn for a 2D casein Fig. 6(a). At the
centerof eachblockis atemperaturenode,anda transmissiorine from this nodeto all adjacenthodesis
created Eachtransmissiorine consistof two impedanceandtwo resistancegyneof eachassociategvith
eachblock. Thisis shavn in Fig. 6(b) for two nodesdenotedasn; andn;. Although the associatiorof
R4C, with pC/k allows for a numberof choicesin choosingthe valuesof R andZ of eachtransmission
line, a naturalchoiceis to usethe physicalvaluesof thermalresistanceand capacitancessociatedvith
nodalconnectionsA completedescriptionof theuseof TLM ona QTM will be presentedhn referencd9].

Theprogramis writtenin acombinatiorof C andtcl/tk. Themainbodyof theprogramanddatastructures
arewrittenin C with thevisualizationbeinghandledby a setof tcl/tk routinesexecutedusingwish a tcl/tk
interpreter



3 Simulation results

3.1 Comparisonwith Patran — simple heat source

In orderto confirmthat the simulatoraccuratelysolved the steadystateheatequationthe simulationtool

wascomparedvith acommerciaFEM 3D modelingtool (Patran).A simplecaseof a2 yum x 25mx 0.15
pm heatsourcein arectangulasectionof GaAswastakenasbaseline. For this modelthe heatsourcewas
a100mW distributedevenly over thegeneratiomegion andthe backsideemperaturevasfixedat 355K. In

Fig. 7 typical modelsfor both simulatorsareshavn with a detailsof the high densitydiscretizatioraround
the heatsourcealsopresented.The Atar modelshaws the characteristigridding patternproducedby the
tool andwas automaticallygenerated.The Patranmodel hasa sophisticatedhon-rectangulagrid which

minimizesthe numberof elementsput doeshowever requirea significantamountof time andexpertiseto

build.

In Fig 8 temperaturdistributions are shavn for both simulators. To allow for an easydirect com-
parisonof the two simulatorsFig. 9 shaws the temperatureplotted along the surfaceandinto the sub-
stratefor two identical structuresone built using Atar andthe other Patran. Two caseswere compared
one for a constantthermal conductity (GaAs at 355 K) and the other using a non-linearone (k¥ =
ko(1 + ke (T — To) + k(T — To)?). Two Atar simulationswere donewith differing meshdensitiesto
determinethe sensitvity of the temperaturalistribution to meshing.As canbe seenin the figure the both
simulatorsproduceessentiallyidenticaltemperaturalistributions. The Patransimulationconsistedf ap-
proximately10,000finite elementsThe numberof elementsn the Atar modelswereof the orderof 6,000
and10,000elementdor the courseandfine meshmodelsrespectiely. The Atar simulationswerefoundto
matchthe Patranresultsmaginally betterfor the finer meshednodel,however, furtherrefinemenivasnot
foundto be useful. The Patransimulationcompletesn approximatel\80 min ona SunUltra 1. Thecourse
andfine meshedAtar simulationscompletein 15 min and45 min respectiely.

3.2 Exampletechnologies

The primary useof the Atar tool is the quick building andthermalsimulationof integrateddevicesin a
wide variety of IC processesAs anexampleof threesubstantiallydifferenttechnologiesanddevicesFig.
10 shaws devicessimulatedin: 1) a high speedGaAsHBT power amptechnology 2) a trenchisolatedSi
BJT technologyand3) a SOl MOSFETtechnology For all of thetechnologieshavn only simplebaclend
topographiesveredefinedandthethermalconductity of thebaclendoxidewasassumedo bezeroandis
not presentn themodel.

The GaAstechnologyis a mesaHBT processincorporatinga heatspreadingechnologywherebythe
emittermetalizationis usedto remove heatfrom the hot emitterstackandsink it into the semi-insulating
GaAssubstrate.The HBT wasassumedo dissipatingl00 mW of heatat the base/collectojunctionin
region definedby theemittergeometry

The mainfeatureof the silicon trenchtechnologyis the presencef oxide lined trenchesdeepinto the
substrate Thesetrenchessubstantiallyrestrictthe heatflow in the substratedueto their low thermalcon-
ductvity. Thetrenchdevice wasassumedo be generatindlO mW of heatat the base/collectojunction.



The SOl technologyrequiredthe definition of a layeredsubstratén which the top layerwasformed of
oxide. A silicon mesawasthenplacedon the oxide definingthe active areaanda simplebaclenddefined.
The heatdissipatedn the device was 1mW andwas generatedn the channelbetweenthe drain andthe
source.

For boththe Si trenchandSOl technolgiegshe backsideemperaturevasseta 300K.

An assumptiorin the useof Atar is that anindependenthermalsimulationwill provide usefulinfor-
mation. As the positionof the heatgeneratiorregion is assumea priori it is necessaryo investigatethe
relative importanceof the sizeandpositionof theregion. As anexamplethe effect of moving the position
of the heatgeneratiorregion in the Si trenchdevice away from the surfaceandinto the substratevasin-
vestigatedAt low to moderatecurrentdensitieghe bulk of the heatgeneratiorwill bein thebase/collector
junctionwherethe electricfield is largest. However asthe currentdensitiesareraisedthe region of maxi-
mum electricfield will enlage andpushinto the collectordueto theKirk effect. In Fig. 11 the effecton
the maximumdevice temperatur@f maving a 0.075um generatiorregion deepetinto the collectorregion
of the device is shawvn. Thetemperatur@ropsasthe generatiorregion movesaway from the device and
towardsthe backsideéboundary This is dueto areductionin the thermalresistancéetweerthe generation
region andthe backsideboundarycondition.

It is importantto notethatthe variationin the positionof the generatiorregion in this datais far more
thanwould be expectedrom eitherprocessariationsor from thatdueto change®f theoperatingpointdue
to temperaturevariations. Thereforefrom theseresultswe canconcludethatthe positionandshapeof the
generatiorregion will have only a small effect on the maximumtemperaturef the device andfor a given
powerlevel R, canbedeterminedusinganun-coupledhermalanalysis.

3.3 Processand Geometrical Variations

Theprimaryadwantageof Atar is thatonceatechnologyhasbeendefinedit is very straightforwardto gen-
eratemodelswith differing geometrie®r to investigatethe effect of smallmodificationsof thetechnology
A large variety of device geometrieandprocessvariationscanquickly andefficiently be generatedising
thesimulatorin abatchmode.A simpleexampleof thisis the optimizationof the GaAsHBT heatspreader
technology Thereis anengineeringradeof betweernhe sizeof the heatspreadeandthe packingdensity
of the devices. The larger the heatspreadethe coolerthe device will run. However, the increasen the
effectivenesof theheatspreadediminishedor very large spreadelengthsdueto thefinite conductvity of
theemittermetallization.

This effectis presentedh Fig. 12. Thefirst figure shavs a plot of thetemperaturef the surfacethrough
theheatspreaderThis plot clearlyshavstherisein temperaturef the GaAssurfaceundertheheatspreader
dueto theheatflow off theemitterdown into thespreaderAlso shavn in thisfigurearesurfacetemperatures
from anidenticalPatransimulation,aswith the simplesimulationsabove the temperaturalistributionsfor
the two simulatorsmatchwell. The secondigure displaysthe maximumtemperaturef the device under
a numberof configurations. With no metallizationpresentthe device temperaturés 110 degreesaborve
the backsidetemperaturesf 355 K. If a simple postis presenthe maximumdropsby 10 degreesdueto
heatspreadinghroughthe emitter post. The presencef even a small heatspreadedropsthe maximum
temperaturdy 15 more dggrees. Increasingthe length of the heatspreadeincreaseghe dropin device
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temperaturegalthoughwith diminishingreturns.In additionto studyingthe effect of thelayoutonthe GaAs
HBT thermalresponserocessvariationssuchmetalandmesathicknessesanalsobe easilystudiedusing
Atar.

Examplesf variationsfor trenchdevicescanbedonevery simply usingAtar. Theprimarycharacteristic
of thetrenchdevice is the effectivenesof the thermallyisolatingtrenchstructures. Thetrenchedorce the
heatflow down into the substrateeducingthe 3D heatspreadingandincreasingR;,. Moving thetrench
away from the heatsourcereduceghe effect of the trenchin restrictingthe heatflow andthe temperature
decreasesA significantrise in temperaturds found whenthe trenchis broughtcloserthan2 ym to the
emitter A riseof 30%is foundastheseparatioms decreaseftom 2 umto zero.Corversely for separations
largerthan5 pm little effectis seen.Increasinghetrenchdepthalsoconstrictshe heatflow andcausesn
increasén thedevice temperaturewith analmostlinearincreasdrom 308°C to 316°C asthetrenchdepth
is increasedrom zeroto 20 um.

The device Ry, is alsoa function of the emittergeometry For aninitial structurehaving a 0.5 pm x
10 pm emitterchangingthe width hasonly a small effect (20%)for even a increaseof 6 times. However,
reducingthelengthhasa dramaticeffect asthedevice essentiall}changedrom aline sourceatlonglengths
to asquaresourceasthelengthapproachethewidth. A 250%increasen Ry, is foundfor areductionin the
lengthby afactorof 6. For an SOl structuretherisein the device temperatur@sthe oxide layerthickness
is increaseds of interest.As would be expecteda nearlylinearvariationis found with arisein maximum
temperaturédrom 305°C to 308°C asthethicknesss increasedrom 0.10m to 0.30um.

Figure13 shavs the sensitvity of avariety of devicesto heatflow throughthe baclendmetalization.To
determinethis sensitvity the emitter metallizationwas extendedand a fixed boundarycondition (300 K)
placedatit’'s far end(somevhatsimilar to having a bondpadat the endof theline). Thelengthof theline
to the emitterwasthenvariedfrom 2 to 60 micronsin lengthandthe device temperatureletermined.For
theSi deviceslittle effect canbe seeruntil thefixedboundaryconditionis very closeto thedevice. A GaAs
device onthe otherhandshaws a significanteffect dueto the highintrinsic Ry, of thedevice. Interestingly
the SOI device althoughhaving a large Ry, dueto the oxide layer doesnot shav asappreciablean effect.
The decreasén the strengthof the effect is dueto the heatgeneratiorregion beingin the channelof the
device. Thisresultsin anadditionalthermalresistanceo the heatflow to the sourceanddraincontactsand
thenthroughthe baclendmoderatinghe effect of alteringthebaclend.

3.4 GaAsPower Cell Model

The previous examplespresentedingleddeviceswith limited metalizatiorasexamplesof distinctive tech-
nologies. However, oncea technologyhasbeendefineda larger areaof the circuit canbe simulated. In

Fig. 14 a GaAspower cell is shavn in thetechnologydescribedabore. Shavn in this figureis the original
layout,a 3D modelashuilt by the simulatoranda temperaturelistribution. The power cell consistsf two

power transistorswith 40 and100mW of generateghower respectiely. Eachtransistoihasanemitterheat
spreadeandall metalizationis modeledincludinga NiCr resistor The maximumtemperaturén the cell

wasat thecenterof the L00mW transistorandwas105K above the backsideemperaturef 355K.

An aspecbf this simulationthatis of interestis thethermalcouplingbetweerthe two transistors.This
issuecanbe investigatedeasily and effectively usinga layout driven simulator suchasAtar, andwill be



exploredin thenext section.

3.5 Transient Analysis

To confirmtheaccurag of the TLM methoda transientsolutionfor the simplecaseof 3D block of Siwith
aheightof 50 um andawidth andlengthof 32 um wasdone.Thebottomfaceof theblock wasfixedat 300
K, andathin heatsourceregionwassituatedhearthetop of theblock. Theheatsourceof 25mW is centered
attheblock,is 8x8 pym in its lateraldimensionshasathicknessof 0.2 um andis 0.2 um from thetop face.
An analyticaltransientsolution of this problemis available (assumingemperaturéndependentnaterial
parametersyising Greens functions. A comparisorof the time responsef the modelandthe analytical
solutionis shawvn in Fig. 15. As canbeseerfrom boththeplot of thetemperaturéransienresponsandthe
residualerror the QTM TLM solutionis very accurateover the entireresponséime.

Finally, a modelof a Si trenchdevice is shawn in Fig. 16(a). The figure shavs 1/4 of the device which
hasa centrall ym x 20 pum emitterwith a collectorcontacton eachside. The technologyhasa PtSi/W
plug contactstructureandtwo aluminummetallayerswereincludedin the modelwith aW plug via. The
simulationregionis 64 um squareandthewaferthicknessvas100um. Thebacksidéemperaturevas300K
andthe power generatedh the device was1.75mW, uniformly generatedh aregion undertheemitter The
endsof the emitterandcollectormetalizatiorwerealsofixedat 300K. Thetotal modelconsistof 15,000
blocks. A simulationof thetransientresponsef this Si device is shavn in Fig. 16(b). Thetemperaturef
pointatthe centerof the base/collectojunctionis presente@sa functionof time.

4 Conclusion

This paperhaspresente@new thermalsimulatorfor integratedcircuit devices. Thesimulatorautomatically
producesan accurate3D modelof the device from layoutinformationwhich is appropriatelymeshedor
solving the non-linearthermaldiffusion equation. A 3D modelis built up from the surfaceof the semi-
conductorsurfacethat representdoth the substrateof the device andary metalizationthatis present. A
3D quadtreemeshis createdhat producesa fine meshat the heatgeneratiorregion of thedevice, but still
usesa moderatenumberof temperaturenodes.Fromthis modela network of thermalresistorsandcapac-
itors areextractedthat mathematicallyepresentshe modelwhich canbe solved to obtainthe temperature
distribution.

The paperfirst comparesesultsfrom the simulatorwith a commerciakimulatorFEM simulatorto con-
firm thatit accuratelysolvesthe steadystateheatequation. Threeexampletechnologiesarethenusedto
displaythe abilities of the simulatorto explore the effect of processandlayoutvariations.A completesim-
ulation of GaAspower cell consistingof two power transistoraandheatspreaderss presentedFinally, an
exampleof afull transientsimulationof a Si trenchdevice using15,000blockswas presenteddisplaying
thefull capabilitiesof the simulator
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Figurel: A schematigllustrationof the geometryof the heatflow problemfor GaAspower amplifier
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Figure2: Layoutto 3d model
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Figure3: Substrateonstruction.a) Theinitial high densityblock structureshawing a simplemasklayout.
b) Thesurfacestructurecreatedrom this high densitystructureafteriterative coarseningf themesh.c) A
substratdayer nearthe surfaceof the substrateshaving moremeshcoarseningd) A substratdayer near
thebottomof the substrateshaving increasedhicknessandfurthercoarsening.
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Figure5: Heatflows betweerblocksrepresentedy thermalresistors

(@) (b)

Figure6: (a) TLM transmissiotine links in aquadtreeand(b) detailsof asinglelink in thequadtreemesh.
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c) d)

Figure7: Typical meshdor asimpleheatsourcein a substrateegion. a) Atar andb) Patran.Detailsof the
heatsourceregion c) Atar andd) Patran
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a)

Figure8: Temperaturelistribution for a rectangulatheatsourcein a GaAs substratewith a fixed 355 K
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Figure9: Temperaturerofiles.a) Fromthe emitterdown into the substrateb) Along thesurface.
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Figurell: Sitrenchdevice operatingemperatur@safunctionof the positionof theheatgeneratiomegion.
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b)

c)

Figure14: Example3D GaasPawver Cell with metallization.a) Layout. b) Model. ¢) Temperaturgrofile.
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Responsédo the Review
In responseo the editorscommentsandreviewersremarksor manuscript®21and941:

e 921:“A 3D thermalsimulationtool for integrateddevices— Atar”, T. Smy, D. Walkey

e 941: “Transient3D heatflow analysisfor integrateddevicesusing TLM on a quadtree mesh”, T.
Smy, D. Walkey, S. Dew!

We wish to first thankthe reviewersfor their constructre commentslt wassuggestedhat921and941
shouldbe combinedand somematerialremored from 921 (reviewer 921:#1,point 2). We have taken this
approaclandproducedanev manuscriptHowever, 941wasafairly long andinvolved descriptiorof anew
implementatiorfor TLM on a 3D quadtreemesh.To allow the new manuscripto be of reasonabléength
we have addedto 921 a brief descriptionof the TLM transientsolution (referencinga submittedpaperon
the details). This hasallowed usto add somematerialto the resultssectioncontainingthe mostuseful
resultson transientanalysisirom 941. We have also,assuggestedby reviewer 921:#1,removed a number
of figuresfrom 941 andcondensethediscussion.

A numberof pointswerespecificallybroughtup by the reviewerswhich we will now address.

e Electrothermaleffects( 921:#1-point2921:#2-point1941:#2-point2)

Thereviewerspoint out thatthe electrothermal(ET) interactionwill effect device operationandthat
is verytrue. We have designedhe codewith theintentionof incorporatingeT effectsinto thethermal
calculationsWork is still ongoingandproving to bearich areaof investigation. Theresultspresented
herearestill relevantat moderategower levelsandclearlyillustratethe potentialof thetool.

e Temperaturénterpolation( 921:#2-point6921:#2-point3)

The plottedtemperaturesvereinterpolatedrom the 3D temperaturalistribution given by the node
temperatures.

e Applications(921:#1-pointl)
Currentlythetool is primarily for internaluse. We arein the procesf developinginterfaceswith
standard/LSI designtoolssuchasCadencelf interestis sufiicient thiswork will beaccelerated.
e Fig2. (921:#2-point2}- Fig. 2 is now referencedn the manuscript.

e FixedT BC’s (921:#2-point3)

The useof a fixed boundaryconditionon vertical sidesof the simulationregion causesan artificial
constrainbnthetemperatur@rofile. This canbeovercomeby usingavery largeregion of simulation
but thatis computationallyexpensve. A bettersolutionis to usezeroflow boundaryconditionsand
be awarethatthisimpliesmirroring atthatboundary



e FocusonBJT's (921:#2-point5)

The focuson BJT’s was primarily dueto the authorsindustrial experiencewith high powver BJT’s
whereself heatingis aconcernAs the paperis essentiallyillustratingthe varioususesof thetool the
useof BJT structuresseemsappropriate Thetool itself is of coursenot limited to BJT's andindeed
we arecurrentlyemploying it to look atlarge pover MESFETstructures.

e Thermalconductyity (941:#2-pointl} Theunitsfor thermalconductvity weremistypedusing“cm”
not “microns” accountingor thefactorof 10,000.

A numberof otherpointswerebroughtup by the reviewers,however, they eitherdealtwith materialnot
incorporatedrom 941into the new paperor materialremovedfrom 921.

Thanksfor you consideration.



