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Abstract

This papermpresents 3D transmissiofine matriximplementation(TLMYor thesolutionof transient
heatflow in integratedsemiconductodevices. The implementatiorusesa rectanguladiscontinuous
meshto allow for localmeshrefinementThisapproachs basednaquadtreemeshingechniquevhich
canhave a complex geometryusingblocksof varying sizes. Eachsuchblock canhave a maximumof
two adjacenblockson ary verticalsideanda maximumof four blockson thetop or bottom.

The TLM implementatioris basedn a physicalextractionof aresistancendcapacitanc@etwork
andthenthe creationof theappropriateT LM matrix. Theformulationallows for temperaturelependent
materialparameterandanon-uniformtime stepping.

The simulatoris first testedusinga 2D exampleof a heatsourcein a rectangularegion. Using
this examplethe numericalerroris determinedandfoundto belessthan0.4%. Next, nonlinearitiesare
included,anda numberof non-uniformtime steppingalgorithmsaretested.Then,a 3D problemis also
comparedo ananalyticalsolutionandagaintheerroris very small. Finally, anexampleof afull solution

of heatflow in arealisticSi trenchdeviceis presented.
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1 Intr oduction

The solutionof the heatdiffusion equationusingtransmissiorine matrix (TLM) techniquess well estab-
lished[1 2]. A specificapplicationof TLM hasbeenthe solution of steadystateand transientthermal
responsesf integratedcircuit (IC) devices[3 4]. This problemis of substantiainterestdueto the needto
know maximumoperatingemperaturesor reliability reasonsindto developtemperatureonsistentnodels

of thedevice.
Thebasicequatiorfor describinghe heatflow in IC devicesis[6, 7]:

pCn o = V(S(T)VT) + gla,, % 1) 1)

wherex(T) is the temperature-depenutethermalconducwity, Cj, the specificheatof the material,p the
materialdensity andg(z, y, z, t) describeghelocal heatgeneration A simplistic descriptionof the prob-
lem to be solved is that of a small thin heatgeneratiorplate at the base/collectojunction of the device
undersimulationwhich is placedin a large semiconductosubstratecharacterizedy a constanthermal
conductvity, materialdensityandheatcapacity The boundaryconditionsaresomevhatproblematicput a
fixedtemperaturen the bottomof the semiconductoandthe assumptiorof eitherdevice “tiling” (leading
to a reflective boundaryconditionat the edges)or of a semi-infinitesubstratdeadsto a problemthat can
be solved analyticallyusinga Greens function approach.However, solving this equationfor realisticlC

devicesis complicatedoy a numberof factors:

1. Theproblemmustbesolvedin 3D, becaus®f thedominantrole of 3D heatspreadingrom thesmall

sourceinto the substrate.
2. Theelectricaldevice equationeadsto non-uniformheatgeneratioratthe base.

3. Thedevice metalizationrmustbe simulated.This is particularlycrucialfor substratesvith poorther

mal conductvities suchasGaAs.

4. Temperature-dependemgterialpropertieanustbeincluded.Both GaAsandSi exhibit temperature-

dependenthermalconductities andheatcapacitiesThis makesEq. 1 a honlinearequation.

Accountingfor the effectsdescribedbore necessitatethe useof a 3D numericalmodel. Someapplica-

tionssimply requirethe solutionof the steadystateproblemandthenthe extractionof aneffective thermal



resistance R, whichis definedasthe steadystatetemperatur@bose ambientdivided by the power dissi-
patedin the device. However, mary problemsrequirea full solutionof thetransientrespons®f thedevice.
TLM hasshawn itself highly appropriatefor solving time dependentransientheatflow problemsandis
particularlyattractie for multimaterialandnonlineamproblemsasary temperature@r materialdependence

of thethermalparametersanbelocally accommodated.

Anotherconstrainton this type of problemrelatesto the efficiengy of the methodin the faceof a large
spatialdynamicrange.Theheatflow problemfor IC devicesis characterizetly very largethermalgradients
localizedaroundthe actve componentsvhich are relatively small regions (~1 pm) containinga power
source In theseregions,ahighdensityof meshelementss requiredo obtainanaccuratesolution. However,
it is alsonecessaryo solve for relatively large volumesdueto substratehicknessesvhich are typically
50-500um. Thesetwo requirementsnake the efficient solution of the heatequationfor 3D IC devices
only possiblewith a high degreeof meshrefinemenaroundthe device junctionsandmuchlargerelements

towardsthe edgesof the simulationregion.

The TLM methodis traditionally performedusing a continuousrectangulammesh. Clearly a uniform
grid spacingwould be inefficient becausevery mary cells would be requiredif forcedto usea fine mesh
throughout A nonuniformmeshcanbereadilyimplementedisingTLM, but thisis usuallystill continuous
sothatthefine meshrequirednearthe active devicesmustalsoextendthroughat leastpartof the substrate,
therebystill requiringan unnecessarilyarge numberof cells. Ideally, a multigrid or quadtree approach
shouldbe usedsuchthat local meshrefinementeednot extend beyond whereit is absolutelyrequired,

therebyallowing the minimumnumberof cellsin the calculation.

In suchmeshestwo or moresmallcells may be adjacentlonga singlesideof a larger cell. While this
allows the necessaryocal meshrefinementjt leavesa problemof how to connectall of the transmission
lines (TL’s) of the small cellsto thatof the large one. Sofar, threeapproacheso this problemhave been
made generallytreatingthe 2D case.[89, 10] Of these Pulko[10] andAit-Sadi[§] optedto connectall of
thesmallcell TL'stogetheratthe cell boundary ThesemeigedTL'sarethenconnectedo asingleTL from
thelarge cell. In effect, thisimposesa constantemperatureriterion over mostof the large cell boundary
whichis a qualitative changeo the problembeingconsideredWong[9 avoidsthis problemby connecting
only the TL of themiddlesmallcell to thatof thelarge one. Dependentoltagesourcesarethenconnected
to eachof the TL's of all of the othersmallcellsto linearly interpolatethe temperatur@alongthelarge cell

boundary This appeargo correctsomeof theinaccuracieintroducedby the earliermethods.[p However,
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somepotentialproblemswith this approacharethatdependensourcesanreducethe numericalstability of
the methodandalsothatsuchactive sourcesiolongerexplicitly consere enegy. Theformersituationcan
leadto problemswhenutilizing dynamictime steppingto improve efficiengy, andthe latter canintroduce
systematicerrorsinto the solution. A preferableapproachwould strictly staywith passie components$o

avoid thesedravbacks.

This paperwill describehe developmentof a non-uniformmeshingtechniquebasedon a 3D quadtree
mesh(QTM) approactanda TLM implementatiorusingthis mesh. A distinctfeatureof this approactis
thatmultiple transmissiorines areusedif necessaryo connectlarge cellsto eachof their smallerneigh-
bors. Suchan approachavoids imposingconstantemperatureslongthe cell boundaryand avoids using
unnecessargependensources.However, suchan approactresultsin avariablenumberof TL's for each
cell. Further this TLM implementatiorwill be usedfor both constantandtemperature-depenaematerial
propertiesandthetime stepwill ultimatelybe adjusteddynamicallyduringsimulationto reduceexecution
time. Resultsconfirmingthe accurag of this TLM approachwill be presentedandfinally afull transient

simulationof arealisticSi-basedrenchdevice will begiven.

2 Model Development

2.1 BasicTLM for Heat Flow

TLM modelingrepresenta physicalmodelof heatflow asa sequencef voltagepulsestravelling through
amatrix network of transmissiorines. By computingthe voltage(temperatureatthenodesconnectinghe
transmissiotines,anexplicit, unconditionallystablesolutionto thetelegrapher’s equation canbedescribed

by a setof equationghatareiteratedin a straightforvard manner
Thetelegraphers equationis givenby:

1% o’V
V3V = RiCa + LaCaz 2)

whereR,;, Ly and Cy arerespectiely, the resistanceinductanceand capacitanceer unit lengthin the
transmissionine andV is the nodevoltage. Equationsl and2 have a similar structure.ReplacingV’ with
T, settingR4Cy = pC/k, addinga currentsourceto the left handside of Eq. 2 andrequiringthe term
involving the secondime derivative to be nggligible resultsin a correspondendeetweerthetwo equations.

OnceR,; andCy have beendeterminedy the physicalproblem,a requirementhatthe pulsestravel from



nodeto nodein atime stepAt¢ resultsin the comple transmissiorine impedanceZ = /Ly4/Cy being
equalto At/(CyAz) whereAz is thelocal distancebetweemodes.Therequirementhatthe seconderm

in Eq. 2 bengylectablethenbecomes conditionthat At be suficiently small.

With theseconditions,the transientheatequationcanbe solved in a TLM framework by iteratingthe

following steps:

Nodal Temperatures: At eachnoden, thetemperaturatthetime stepk, ,7'(n), is calculatedrom thelo-
calsourcesandtheincidenttemperatur@ulses, V¥ (n). Thesubscripb indicatesvhichtransmission

line the pulseis on.

Scattered Pulses: The scatteredemperaturepulses, V;’(n), are calculatedfrom the nodaltemperatures

andincidentpulses.

Incident Pulses: Theincidentpulsefor the subsequeniteration, .1 V;'(n), arecomputedrom the scat-
teredpulsesfrom the previous time step,accountingfor ary time stepchangesand differencesn

nodalseparation.

A substantiahmountof work hasbeendoneon TLM solutionsof heatflow, includingthedevelopmenbf
3D and2D modelsbasedon continuougectangulameshes[B Oneadwantageof TLM over corventional
finite differencetechniqueds greaterstability In particular this allows the time stepto be increaseds
the simulationprogressesowardssteadystate, therebyacceleratinghe computationsubstantially Incor
poratingthis into the TLM equationssimply requiressomeadditionalcomputationdor scatteringeffects
at cell boundarieslueto changesn thetime step[1Q, althoughcareis requiredto ensurethe secondime
derivative termin Equation2 remainssmall. Finally, by updatingresistancendcapacitancealuesduring
the simulation,nonlineartemperature-depenaematerialpropertiesare easilyincorporatednto the TLM

framework.
2.2 TLM onaQuadTreeMesh

A full descriptionof the 3D modelbuilding codeis describecelsavhere[1]. This modelbuilding code
will, givenanlIC technologydescriptionandlayoutinformation,automaticallygeneratea 3D modelof the
device, discretizethe model,andsolve for thetemperaturelistribution in the device. The basisof this code

is aquadtreemeshingechniquehatcreatesa complex meshgeometryusingrectangulablocksof varying
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sizes. The modelis createdsuchthat a block andits neighborsform a relatively simple setof topologies
wherebyeachblock canhave a maximumof two blockson ary verticalsideanda maximumof four blocks
on thetop or bottom. From theseblock topologiesa network of thermalresistanceand capacitancesan

be extractedrepresentinghe thermalequatiornto be solved.

Theessencef themultigrid quadtreemesh(QTM) is shawvn in Fig. 1(a). Thebottomright cornershavs
anareaof local refinementandareductionin meshdensityis obtainedby increasinghe block sizeaswe
move away from it. The primaryrequiremenbdbf a2D QTM is thattherecanbe at mosttwo smallerblocks
presenbnary sideof agivenblock. Thisallowsfor avery quickexpansiorof block size,but still minimizes
thenumberof local block topologies.Theextensionof this styleof meshingo 3D canbedonein anumber
of ways,but perhapghe mostobviousis to allow thetop andbottomof a block to have at mostfour smaller

blocksadjacentThisresultsin blocktopologiessuchasshavn in Fig. 1(b).

The fundamentabpproachto TLM modelingof the QTM is shavn for a 2D casein Fig. 2(a). At the
centerof eachblockis a temperaturenode,anda transmissionine from this nodeto all adjacenthodesis
created Eachtransmissiorine consistof two impedanceandtwo resistancegneof eachassociategvith
eachblock. Thisis shavn in Fig. 2(b) for two nodesdenotedasn; andn;. Although the associatiorof
R4Cy with pC/k allows for anumberof choicesin choosingthe valuesof R and Z of eachtransmission
line, a naturalchoiceis to usethe physicalvaluesof thermalresistanceand capacitancessociatedvith

nodalconnections.

Figure 3(a) shawvs the basicgeometriesusedto calculatethe two resistorvaluesassociatedvith a link
betweeradjacentblocksin a 2D slab TheresistanceR;, betweermoden; andthe commonboundaryis
simply givenby R = L/(kW D) whereD is the thicknessof the slab,andW and L arethe widthsand
lengthsas shavn in the figure. For cells which are of differentsizes,the sameformula holds; however,
multiple branchesare neededandthe W usedin the calculationfor a given branchin the larger cell is
reducedto that of the correspondingsmallercell. This subdvision of the large cells resultsin several
parallelresistoravhoseequialentresistancés equalto thatwhich would have resultechadthe entirewidth
of the cell beenusedin a singleresistor Extendingthis to 3D just requirestreating D in the samemanner

asis donefor W

To calculatethethermalcapacitancassociatedavith eachnode thetotal capacitancén a blockis deter

minedby Cy,: = ViotpCh WhereV,,, is theblock volume,p the materialdensityandC}, the specificheatof



thematerial.As shavn in Fig. 3(b), this capacitanceanbe apportionedo eachtransmissiotine according
to the area(or volume)it correspondso. In 2D, thisis given simply asC},; /4 divided by the numberof

adjacentellsalongthecorrespondingdge.

Althoughthecalculationof theline resistanceandcapacitancewasdevelopedfor a2D mesh yery simi-
lar expressiong@redeterminedor the 3D case Theabove approacho theextractionof thetransmissiotine
resistancesorrespondsnathematicallyto the approachdescribedn [9] with the appropriateeductionfor
aquadtreemeshandanextensionto 3D. Oncethe capacitancebave beendeterminedtheline impedances

canbecalculatedusingZ,, = At/C,, for agiventime step.

The useof this formulationin 2D or 3D QTM resultsin a network of nodes(at the block centers)con-
nectedby transmissiorines. Unlike previous multigrid[8, 9, 10] approaches;onnection®nly occuratthe
nodes.We denoteeachline asa “branch” with the numberof branchesit eachnoden being B(n). Each
TLM nodein the problemcanbe describedashaving a nodetemperaturg7'(n) attime stepk andasso-
ciatedwith eachbranchb of the nodeis a resistancek,(n), animpedanceZ,(n), a scatteredemperature
pulse; Vi (n) andaincidentpulse, V}i (n). Also associateavith thenodeis acurrentsourceG(n) if heatis

beinggeneratedn theblock representely thatnode.A generalized LM nodeis shavn in Fig. 4.

UsingthestandardlLM approactandtheabore nomenclatureye obtainfor thenodetemperaturatthe

time stepk:
B(n) j
2, Vy (n) 1
T(n) = ————+G = 3
with,
B(n) 1
Y = _—— 4
> B + 7 @
thesummationgreover all branchegpresenatthatnode.
Thescatteregpulseon eachbranchis thengivenby:
Zp(n . Rp(n) — Zp(n
V) = kT () i) ) — 2] ©

Ry(n) + Zy(n) Ry(n) + Zp(n)

Theequationconnectinghescatteregulsesatthetime stepk andtheincidentpulsesatk + 1 musttake
into accountboth the scatteringat the discontinuityin Z at the block boundariesandthe scatteringdueto

time stepchangesTakingtheseinto accountve obtainarelationfor eachbranchof thenode:

k1 Vi (n) = £ Vi (n) 1y + £ Vi (n)po (6)



where

(1+ B)Zp(n)
Zy(n) + Zy(n')
Zy (n') — BZy(n)

Zy(n) + Zy (n')

Ty

(7)

p 8)

andg =, At/,_1At is theratio of the currenttime stepto the previous one. For the abore expressions:’

andb’ denoterespectiely thenodeandreversebranchat the endof thetransmissiotine.

The TLM solutionof the heatdiffusion problemrequiresonly the repeatedsolutionof Eq. 3, 5 and 6
with appropriatenitial andboundaryconditions. Two basicboundaryconditionsare needed:1) a fixed
temperatureon a block faceor 2) a zero heatflow condition acrossa block face. Implementingthese
boundaryconditionsrequiresreplacingEq. 6 for the branchegonnectedo a boundary Thefirst condition

requiregheimplementatiorof the following equatiorfor the branchconnectedo theface:
k+1Vy (n) = Vo — g V5 (n) (9)
whereVe is thefixedvoltageon theface.Thezeroflow conditionresultsin:
k1Vy (n) = (Vi (n) (10)

for ary branchwith areflective boundaryconditionattheend.

Theinitial conditionusedwasto assumehe device wasat a uniforminitial temperaturely. To impose

this condition,all initial incidentpulseswveresetto V;/2.

The above formulationassumeaonstanimaterialparametersit is, however, straightforvard to update
temperature-dependematerialparameterst eachiteration. An additionalrequirementfor an accurate
solutionis thatthesecondermin Eg. 2 involving a secondime derivative is negligible. Thisis essentially
arequirementor asuficiently smalltime step.A significantadwvantageof the TLM methodis the ability to
increasehetime stepsizeasthe simulationprogresseswardssteadystate. Theimplicationsof increasing

thetime stepon solutionaccurag will bediscussedbelow.

3 Results

In orderto evaluatetheaccurag of the TLM algorithmdiscusse@bove, the TLM solutionon botha QTM

meshandauniformmeshwerecomparedo ananalyticalsolutionfor anumberof representate geometries.



3.1 2Dslab

The first geometryconsideredvasa 2D slabwith a fixed temperatureon the left side anda squareheat
generatiorregion in the centerof the slab The otheredgesof the slabwereassumedo have a zeroheat
flow condition. The basicgeometryis shavn for botha QTM anda uniform meshin Fig. 5(a). The slab
dimensionsare64 pm by 64 um with a 16 pm squareuniform heatgeneratiorregion (100mW). For these
initial simulations the time stepwaskept uniform andwas at a value of onetenththe smallestRC time
constanpresentn theslab TheslabmaterialwasSi with athermalconductvity of 1.2 x 10~*W/um-K,

densityof 2.33 x 10 2g/um? andspecificheatof 0.7.7/g-K wereused.

A time dependenanalyticalsolutionfor this problemcanbe developed[12 usinga Greens function

approachThisleadsto thefollowing expressiorfor thetemperature:

ak w w Yn

T(.’I}, Y, t) _ 9 lyQ — U + — e—ow%t (2605(7ny)) (Sin('YnyZ) - Sin(')'nyl) )] (11)
2

n=1,2,...

m_;i;,sm o—aBht (2 sin(lﬂmx) ) (cos(ﬂmxz)ﬂ;cos(ﬂmxl) )]

wherew and! arethe slabdimensionsg is the power densityover the region definedby the cornerpoints

(z1,y1) and(z2,y2), Yn = nw/w, By = mn /2l anda = k/Chp.

In Fig. 5, the basicslabmeshgeometryis shavn for boththe QTM anda uniform meshof 32x32. This
QTM meshshavs an aggressie attemptat reducingthe numberof blocksand contains220 blocks. The
characteristi€@QTM meshstructurecanbe seen.Theuniform meshhas,of course,1024blocks.Also shavn
in this figure are grayscaladepictionsof the temperaturaistribution in the slabat timesof 0.1 us and15
uS. As canbe seenthetwo meshegproducevery similar distributions. In Fig. 6(a),a comparisorbetween
the two meshsolutionsandthe analyticalsolutionis shavn for the temperaturef a point at the centerof
theslab Thetemperaturés shavn asa function of time andit canclearly be seenthatthe solutionsfor
bothmeshesomparevery favorablywith theanalyticalsolution. However, the uniform meshsolutiontook

considerablyongerto compute.

The residualerror (the absolutedifferencebetweenthe analyticalsolution and the numericalsolution
normalizedo thefinal temperatureis alsoshavn for anumberof casesn Fig. 6(b). Shavn in this plot are

threeTLM solutionsandtwo solutionsbasedon a simplefinite difference(FD) approach(While both FD



andTLM producevery similar resultsfor a given mesh,the TLM methodhasthe potentialto do sowith
considerablylesscalculationby stretchingthe time step. This is discussedurther belon.) The minimal
erroris found for the highestmeshdensityanda uniform grid of 1024 elements.In this instancethe FD
solutioninitially shavs a largererrorfor the transientout by 5 us, theresidualerrorsarevery similar. The
low densityQTM with 220 elementshaws a larger steadystateerror by a factorof about4, with the FD
solutionagainhaving a larger error initially. An intermediateQTM meshof 350 elementausinga TLM

solutionreduceghe error to only around2.5 timesthat of the high densityresult. It is importantto note
thatfor all casegheresidualerroris lessthan0.4%of the normalizedransientandlessthan0.5 K for an

absoluteerror

To enablean easyevaluationof the effect of the quadtree meshon the spatialtemperaturalistribution,
thetemperaturdnasbeenplottedin Fig. 7 in the x andy directionsthroughthe centerof the slabfrom one
edgeto the other Thetemperaturgrofile is plottedfor threedifferenttimesduringthe evolution to steady

state.As canbe seenpothmeshegproduceareasonablyaccuratesolutionthroughoutheregion.

Theresultsdescribedhbore indicatethata 2D QTM meshessentiallyproducessaccuratea solutionfor

thetemperatur@asa uniform high densitymesh with areductionin the numberof blocksby afactorof four.

3.2 Non-uniform time stepping

Oneof themainadwantage®f TLM over FD simulationmethodds the ability to reduceexecutiontime by
optimizingthetime stepduringthe simulation.In this sectionwe explore somesimplemethodof altering
or controllingthetime stepduringthe simulation.To characterizéheerrorpresentn thesimulationduring

thetransientanerrorparametewasevaluated[$. The parameteusedwascalculatedusing:

€ = ‘QLdCd (

¥T(n) — 251 T(n) +_s T(n)) ‘ (12)

At 1 At

which wasaveragedover the heatgeneratiorregion to calculatee,,.. This parameters a directestimation

of thesizeof thesecondleriative errortermin Eq. 2.

A variety of algorithmsfor stepsize growvth wasinvestigatedusingthe QTM of 220 blocks shavn in
Fig. 5. The mostobvious methodof increasingthe stepsizeis a uniform growth rate given by At =
(1 + G)x—1At whereG is afixed andtypically lessthan5%. Fig. 8(a) shavs the transienttemperature
responsatthecenterof theblock andthe averageerror, e, for threedifferentgrowth rates.The smallest

gronth rateof 0.5%follows theanalyticalcurve very well. Increasinghe growth rateto 5% causesnerror
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to develop in the steeppart of the transientwhich thendisappearss steadystateis approached Further
increasinghe grownth rateby a factorof 2 producesa large overshootandthenoscillatorybehaior asthe
solutionmovestowardssteadystate. The plot of averageerror parameteclearly shavs theinaccurag of
thesolutionathighergrowth rates.For G = 0.5%, theerrorparametestaysessentiallybelav 10~#, andthe
solutionis well behaed. For the large growth rates,eq,e quickly becomesatherlarge introducingerrors
in theinitial partof the transient. For the growth rate of 10%, the error parameteis large for the whole

simulation rangingbetweerl0—3 and10~2.

It was noticedthat for longer simulationtimes, the absolutesize of the time stepwould becometoo
large, producingerrorsandoscillationsin the solution. An approacto minimizing both solutionerrorand
executiontime is to usea moderategrowth ratebut limit the time stepto a maximumvalue. In Fig. 8(b),
theresultsof this approacharepresentedA growth rateof 1% wasusedandthreesimulationsare shavn
correspondingo a maximumtime stepof 20,50 or 100timesthesmallestRC time constan(r,,,;») present
in the slab The plot of the temperaturdransientshavs that whenlimited to 20 times7,,,;, the solution
closelyfollows the analyticalresult. Using 50 or 100 7,,,;,, producesncreasingerror; however, the solution
doesstayrelatively closeto the correctanswerandapproachethe correctsteadystatevalue. The effect of
fixing thetime stepcanclearlybeseenin theplot of theaveragecerrorparametewith adampedscillation
occurringin eqye from the point at which the time stepstopsgrowing. After this point, the errorbecomes

progressiely smaller exceptin the caseof 1007,,;,, indicatingthatthis fixedtime stepis too large.

Finally, athird approactio time stepcontrolwastried which involved monitoringthe errorparameterin
thiscaseijf eq,. becamdargerthan5 x 10—, thegrowth ratewasheldconstanuntil it againdroppedbelon
this threshold afterwhich it wasallowedto increaseagain.In Fig. 8(c), the resultsfrom this approachare
shawn for four differentgrowth ratesof 1, 2.5,5 and10%. As canbe seenfrom the plots, this methodis
quite successful A high growth rate of even 2.5 or 5% canbe usedwith a goodresultobtained. A 10%
gronth ratedoesproducesomeerrorin theinitial partof thetransientbut even for this extremecasethe

erroris well behaedin thelatterpartof thetransient.

Of the above techniquesmonitoringthe error parametemwasthe mostsuccessful.Of course the point
of growing the time stepis to reducethe numberof iterationsusedto simulatethe transientresponseo a
particularvalueof ¢. In Fig. 9, the total numberof iterationsasa functionof ¢ is presentedor four cases
which producean accuratesolution. Thesecasesare: a uniform time stepof 0.17,,,;,, @ uniform growth

rate of 0.5%, a growth rate of 1% anda maximumtime stepof 207,,;,, anda growth rate of 2.5% and
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a constraintof 5 x 10~* on the error parameter As can be seen,the last caseproducedthe minimum
numberof iterationsand thereforeminimal executiontime; however, all the non-uniformtime stepping
algorithmsproducea very dramaticdecreasén the simulationtime. Theabove algorithmsareby no means

eitheroptimalor comprehense, but do indicatethe large advantageof using TLM with non-uniformtime

stepping.
3.3 Nonlinear materials

To investigatethe accurag of the simulationwith respectto nonlinearmaterial properties,the 2D slab

problemdescribedabore wassimulatedwith atemperature-dependethermalconductvity givenby:
k= kg(1 + ke1 (T — Tp) + kea(T — Tp)?) (13)

wherekg = 1.45 x 107*W/um-K, k;g = —4.5 x 103K, kee = 107°K~2 andT, = 300K for
Si. In Fig. 10(a),the transientresponseén the slabcenterfor constantandtemperature-depenatethermal
conductwity is shavn. The importanceof including the nonlinearitycanclearly be seen. Unfortunately
thereis no analyticsolutionto the nonlineartransientproblem,so that numericaltechniquesare required
for eventhe simplestgeometries.The secondplot in Fig. 10 shavs the time evolution of the temperature
profile in the z-directionthroughthe slabcenter Althoughit is not possibleto get an analyticalsolution
of the transientresponsef the non-lineartemperature-dependeproblem, it is possibleto get a steady
statesolutionusinga Kirchoff transformation[1B This analyticalresultis alsoshavn in the secondplot,
andit canbe seenthatthe simulationsdo smoothlyapproactthe steadystateanalyticalsolution,providing

confidencen thenon-linearTLM solution.

4 3D block

Theadwantageof the QTM is mostdramaticallyillustratedfor a 3 dimensionaproblem.In Fig. 11,aQTM
for a 3D block of heightof 50 ,m anda width andlengthof 32 um is shavn. The bottomfaceof the block
wasfixedat 300K, andathin heatsourceregion wassituatednearthetop of the block. The heatsourceof
25 mW is centeredat the block, is 8x8 um in its lateraldimensionshasa thicknessof 0.2 yum andis 0.2

pm from thetop face. Theblock materialis Si.

As with the 2D slab,an analyticaltransientsolutionof this problemis available (assumingemperature

independeninaterialparameters)iesultingin a solutionsimilar to Eq. 11, but with a triple sum. Figure
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11 presentshetemperaturdalistribution of the block usinga QTM modelwith only 1974blocks. However,
if a uniform z-y meshwereto be used,the numberof nodeswould be 122,880,assuminghe samenon-
uniform meshingin the z direction. A comparisorof the time responsef the modelandthe analytical
solutionis shawvn in Fig. 12. As canbeseerfrom boththeplot of thetemperaturéransienresponsendthe
residualerror the QTM TLM solutionis very accuratever the entireresponsgime. A spatialtemperature
distribution is shavn in the secondigure. Both the analyticalandQTM TLM solutionfor the temperature
at the centerof the block down throughthe depthof the block are presented.The agreemenis excellent,
lendingconfidenceao the 3D extensionsof the QTM TLM approach.The situationanalyzedhereis very
similar to the final device simulationsto be investigatedconsistingof a block of Si with a backsidefixed
temperaturandasmallthin heatingplateatthetop of theblockrepresentingheheatingatthebase/collector

junctionof amicroelectronidevice.

5 Full Sitrenchsimulation

Finally, a modelof arealisticSi trenchdevice is shavn in Fig. 13(a). The figure shawvs 1/4 of the device
which hasa centrall pum x 20 um emitterwith a collectorcontacton eachside. The technologyhasa
PtSi/W plug contactstructureandtwo aluminummetallayerswereincludedin the modelwith a W plug
via. Thesimulationregionis 64 um squareandthewaferthicknessvas100um. Thebacksidegemperature
was300K andthe power generatedn the device was1.75mW, uniformly generatedn aregion underthe
emitter Theendsof theemitterandcollectormetalizationwerealsofixedat300K. Thetotal modelconsists

of 15,000blocks.

A simulationof thetransientresponsef this Si device is shavn in Fig. 13(b). Thetemperatur®f point
atthe centerof the base/collectojunctionis presentedsa functionof time. TheFig. 14 shavs the change

in thetemperaturgrofile at four differenttimes.

6 Conclusions

This paperpresent22D and3D TLM implementation®f the solutionfor heatflow, ultimatelyin realistic
integratedsemiconductodevices. Theimplementatioris basedn a quadtreemeshwhichis very efficient
at localizedmeshrefinement. Model building codewill, given an IC technologydescriptionand layout

information, automaticallygeneratea 3D modelof the device anddiscretizethe model. The basisof the

13



guadtreemeshingtechniqueis to createa modelconsistingof differing size blocks,suchthata block and
its neighborsform a relatively simplesetof topologies wherebyeachblock canhave a maximumof two

blockson ary vertical sideanda maximumof four blocksonthetop or bottomof a block.

From this physicalmodel, a generalizedTLM implementationis formulatedby extracting a physical
resistancandcapacitancaeetwork. Theformulationallows for non-uniformtime steppingandtemperature-

dependentnaterialparameters.

The TLM implementationwas first testedfor a simple 2D problemfor which an analytical solution
is obtainable. A direct comparisorbetweenthe QTM TLM solution, uniform meshsolutionsand finite
differencesolutionsshaved the QTM meshTLM solutionworks very well. A humberof algorithmsfor
optimizingthetime steppingwereinvestigatedvith the bestfoundto bea straightforvard monitoringof an
error parameterlt wasfoundthatincreasinghe time stepduring simulationcould reduceexecutiontime
by up to 100times. Thisis ontop of the reductionfactorresultingfrom usingthe QTM over a continuous

mesh.

A simple 3D situationwasalsoanalyzedandit wasfoundthata QTM of 1974blocks(versus122,880
blocksfor a uniform z-y mesh)produceda very accuratesolutionwith lessthan0.5%error Finally, an
exampleof a full simulationof a Si trenchdevice using 15,000blockswas presenteddisplayingthe full

capabilitiesof the simulator
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Figure4: A generallLM nodefor aQTM mesh.
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Figurell: Grayscaleepresentationf thetemperaturelistribution at 100 s in arectangulaBD solid using
aQTM mesh.Thedarkestregionscorrespondo atemperatureiseof 65 K . Dueto thesymmetryonly one
guadranbf theblockis shavn.
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