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Abstract

For the designand simulation of many
state-of-the-artdevices self-heatingeffects
mustbe consideed. Thisis a very difficult
task as thermal effectsare basically three-
dimensionakfectswhich cannot aseasily
be reducedto two-dimensionss it is pos-
sible for many purely electrical problems.
Furthermoe, the thermal active volumeis
mud larger thantheelectricalareaandthe
thermalboundaryconditionsare difficult to
measue. e proposea global self-heating
modelwhich is capableof accuiate consid-
eration of thermaleffectsandis becauseof
its computationalkeficiencyand robustness
sometimesvenbettersuitedfor someprob-
lemsthanthesolutionof thestandad lattice
heatflow equation.

1. Introduction

Dueto theeverincreasingpackaginglen-
sity of integratedcircuits, self-heatingand
thermalcoupling effects becomemore and
moreimportant.To accountfor self-heating
effects,normallythe lattice heatflow equa-
tion is solved. This altersthe device per
formanceby inclusionof thermaldiffusion
currentsandby thetemperaturegependence
of thephysicalparameter.g.,for theband
edgeenegies,recombinatioratesandmo-

bilities. However, this approachis prob-
lematicfor several reasons.First, the heat
spreadingvolumeis normally much larger
than the electrically actve area and ex-
tendsto several 100 ym®. Secondly ther
mal effects are real three-dimensionaéf-
fectswhich cannot easilybe approximated
by two-dimensionatross-sectionasis the
casefor purely electrical problems. The
two-dimensionalthermal boundary condi-
tions aredifficult to formulatebasicallyfor
two reasons:the Neumannboundarycon-
dition in the third dimensionfor the heat
flux equationcausesan overestimationof
the temperaturenvhich can exceed100 %
andthusrendergheresultsunusablesxcept
for first principle estimationd1]. This can
alsoleadto severenumericalproblemssince
theoverestimatiodeadsto locallatticetem-
peraturesluringsolveriteration,thatexceed
thevalidity of thelatticetemperaturelepen-
dent materialmodels. Secondly the ther
mal boundaryconditionsaredeterminedy
the thermalresistorsat materialtransitions
asmuchasby thebulk properties As these
unknavn thermalresistvities of industrially
relevantmaterials suchase.g. glueor ther
mal bumps, have to be verified by experi-
mentsaselfconsistentitting procedurend
variousassumptionsvill always be part of
applicationorientedsimulations. Thusthe
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Figurel. Latticetemperaturelistribution of
an BJT with the isothermalcontactmodel
for differentbiasvoltages.

thermalboundaryconditionshave to be de-
terminedwith respectto aspectsnormally
not includedin device simulationsuch as
neighboringdevicesor chip mounting.

For RF devices, even more aspectshave
to be consideredsincefor large signaluse,
part of the DC power is corvertedinto mi-
crowave power, sonotall DC power leaves
the devicesthroughthe thermalcontactsas
assumedby the DC self-heatingnodel.

2. Global Self-Heating M odel

To overcometheseproblemsve make use
of the obsenrationthatthe temperaturelis-
tribution inside the devicesis mainly con-
trolled by the thermalcontactmodels. This
is dueto the fact that the thermally actve
region is truncatedo the electricallyactve
region andthatthe outsideregion hasto be
approximatedy e.g.thermalcontactresis-
tances.If the thermalboundariesare mod-
eled by an isothermalcontactmodel with-
out knowledgeof the exactcontacttemper
ature,the resultingtemperaturalistribution
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Figure2. Latticetemperaturelistribution of
anBJT with thecontactesistancenodelfor
differentbiasvoltages.

will becompletelyunrealistig(Fig. 1). With
appropriatehermalresistancest the ther
mal contactsrealistic temperaturedistribu-
tionsareobtainedFig. 2)

Given the strong dependenceon the
boundaryconditions, we approximatethe
distributed device temperaturet a first or-
der by a spatially constantvalue. Focus-
ing ontheterminalquantitiesywe now usea
global self-heatingnodel (GSH) insteadof
the standardattice heatflow equation(SH)
to calculatethedissipategpower as

pP=>1Ic¢- Vg (1)
C

with I, andV beingthe contactcurrents
andvoltages. The spatially constantattice
temperaturés modeledas

T, =T¢c+P- Ry (2)

with R, beingtheglobalthermalresistance.
TheGSHmodelgivesonly two additional
unknowvns (77, and P) to the purely elec-
trical systemas opposedto the 33 % in-
creasen systensizefor adrift-diffusionSH



model. R, shouldbe equalto the effective
thermal contactresistanceplus an equva-
lent resistanceof the device which canbe
approximateds

w

Ry = Rijl + 3)

with w being the averagedistanceof the
thermalcontactto theregion wherethe heat
is generatednd A beingtheaverageareaof
the sectionconnectinghejunctionwith the
thermalcontact.x is thethermalconductv-
ity of theunderlyingmaterialwhichshavsa
strongtemperaturelependenci2] andmust
thereforebeevaluatedatanaverageemper
aturevalue. Of course,this formulais far
too simpleto give exactresultsandit is bet-
ter to considerR?, a merefitting parameter
only roughlyapproximatedy (3).

Two models are mainly used to ana-
lyzetheelectricalpropertief semiconduc-
tor devices, both of which canbe derved
from Boltzmanns transportequation: the
drift-diffusionandthemorecomplec hydro-
dynamic transport model. Both models
give an additionaldiffusion currentcaused
by carrier temperaturegradients. For the
drift-diffusionmodelthe carriersubsystems
are assumedo be in thermal equilibrium
with the lattice temperaturewhereasn the
hydro-dynamic model carrier temperature
relaxationto the latticetemperatures mod-
eled by an enegy relaxationtime. Both
transportmodels normally assumea con-
stantlattice temperaturdout canbe consis-
tently extendedto non-constanlattice tem-
peratureg3]. As thetransporimodelis not
relevant in the following contet, the sim-
pler drift-diffusion modelhasbeenusedfor
theexample.

3. Example

TheGSHmodelhasbeenmplementedn
thedevice simulatorMINIMOS-NT [4] and
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Figure3. Outputcharacteristiof the BJT
for Ip =2 — 8uA.

verified against measurementand the SH
model. Furthermore simulationtimes and
cornvergencepropertiehave beencompared
to the purely electrical systemwhich has
beensolvedatT;, = 300 K (T300model).
The example device is a state-of-the-art
Double Base Bipolar Junction Transistor
(BJT). Despite of propertemperaturede-
pendenciegor the physical parameterg$b]
a proper model for the polysilicon Emit-
ter contactis of fundamentalmportanceto
achieve good accurag. We implemented
themodelgivenin [6]. Theoutputcharac-
teristicis shavn in Fig. 3 wherethe GSH
modelwith R, = 800 K/W andthe SH
model delivered the same results (within
2 %). Furthermoreat canbe seenthatwith-
outconsideratiorof self-heatingeffects,the
simulation deviates significantly from the
measurement. For an average operating
pointthecornvergencepropertieof the GSH
modelaresimilar to thatof the T300model
whereaghe SH modeltakes20 % moreit-
erationsandtwice aslong in termsof CPU
time (seeTable 1). This advantageof the



Table1. Computationadetailsfor the ex-
ampleBJT (Vogp =5V, Ip = 8 pA).

Method System-Size CPU It

T300 4956 33s 26
GSH 4958 37s 27
SH 6738 62s 31

GSH modelbecomesven moresignificant
for higher biases. In addition, the GSH
model is approximatelyas robust as the
T300modelandwe wereableto find asolu-
tion evenfor very high device temperatures
werethe SHmodelalreadyfailed.

Ontheotherhand,oneshouldbeawareof
the simplificationsintroducedby the GSH
model. As the device temperaturds the
samefor the whole device, the additional
componentn the diffusion currentcaused
by temperaturgradientss neglected. Fur-
thermore,it is obvious that no information
abouthot-spotdnsidethedevice canbe ex-
tractedfrom thesesimulations.

However, strongjustificationfor the GSH
modelis the finding, that differentdevices,
includingcomple deviceslike SiGeandin-
GaP/GaA#BTsandInGaAsHEMTSs, have
been accuratelysimulated using different
transporimodels.

4. Conclusions

We haveinvestigatedtheimpactof acom-
putation time efficient approachto cover
self-heatingeffects on device and circuit
performance. It was shavn in a realis-
tic examplethat self-heatingis dominated
by the resistve thermal boundary condi-
tions. Thus, the lattice heat flow equa-
tion can be substitutedby a global self-
heating model with nearly no loss of ac-
curay in the electricalterminal character
istic. This obseration is of fundamental
importancein the caseof mixed-modede-

vice simulationsvherethermal-couplinggf-
fects dramaticallyincreasethe compleity
of the problem. Using this approximation
the problemcan be solved in considerably
lesstime with reasonablyccuratenclusion
of thermaleffects. The benefitgprovided by
this approachcan be even betterexploited
in three-dimensionadlevice simulationsas
there the reductionin the numberof un-
knownsis olbviously evenmoresignificant.
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