Extraction of thermal time constant in HBTswhereT is the junction temperatureand AE is the

using small signal measurements.
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Abstract
A novel method for finding the thermal time
constant of HBTs is proposed. It utilizes snsadinal
measurementsn the frequency domain of the
typical negativedifferential resistancefound in the
active region, i.e., normal bias conditions for the
device. In this way, non-linearitiesin the thermal
resistivity does not disturb the extraction and the
device needsonly to be characterizedn one bias
point.

Introduction

Different methods for finding the thermal time
constant of two terminal devices have been
proposed]][2][ 3], but to the authorsknowledgeso
far none has beensuggestedvhich operatesn the
frequency domain. Furthermore, conventional
extraction proceduresneed to achieve a strong
variationof powerdissipationduring the extraction.
The deviceneeddo be operatedundertwo different
biasconditions:at low powerdissipation(cold state)
and at high power dissipation (hsiaite).This means
that essentialparametersieedto be known over a
wide rangecomparedo small signaloperation.The
suggestedapproach does not suffer from these
shortcomings.

Theoretical background and description of
method
The proposedmethodutilizes the variationof HBT
current gain with temperature. In a first
approximation the thermally dependenpart of the
commonemittercurrentgain () for anHBT canbe
expressed by an exponential term:

AE,
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(1)

bandgap energy difference between emitter and
base,assumingthis is locatedin the valenceband
(for an NPN-type transistor). This is true for a
graded base GaAs HBT or for SiGe HBTs with
strainedbaselayers.Due to the thermaldependence
in eq. 1, HBTs will exhibit a negativedifferential
resistancen the (active,non-saturatedjegionof an
IV-curve since the internal power dissipationwill
heatthe device.This canbe seenin Fig. 1 (a) asthe
negative slope at collector-emittervoltages above
approximately 1 V. The device has then been
simulatedin a steady-state,e., eachbias point has
beenheld for a muchlongertime thanthe thermal
time constant(ty) andthe junction hasthusreached
a stable temperature.
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Fig.1 Collector currentversuscollector-emittewvoltageat a
fixed basecurrent. Employing thermal dependence
(a), assuminga fixed junction temperature(b). A
load line for a resistorin serieswith the collectoris
also shown. The inset showsschematicallyhow the
amplification of small signal input, vce, varieswith
frequency.Inset:(c) at low frequenciesthe slopeof
the load line very closely resembleghe slopeof the
IV-curve and thus creates amplificationof vee. (d)
at high frequenciesthe slope of the IV-curve has
changedto become positive and v¢c is therefore
attenuated. The thick curvetise smallsignaloutput,
Ve, and the thin curve (equal in the two caseskis v

If the samesweepis donein a much shortertime
(<<ty), it meanghatthe transientpower dissipation
within the device is not sufficient to alter the



junction temperatureand 3 will thus essentially
remainconstanthich canbe seenasa negligibleor
evena positiveslope(causedoy e.g.the Kirk-effect
and Early-effect) irthe IV-curve (seeFig. 1 (b)). By
varying the bias point with a sine wave arounda
fixed powerdissipationpoint (e.g.P, in Fig. 1), it is
possibleto find the transition betweensteady-state
and transientmode and thus also the thermaltime
constant.
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Fig.2 Schematiof the measuremergetup.Ontheleft side
the large signal setupwith a constantbasecurrent
(IB) and a modulatedcollector voltage (VcCHVveo)-
In the frequencydomain,vcc is a sinewave (a). In
the time domain (for later verification), vee is a
voltage step (b). On the right sideis a small signal
equivalentwherethe transistorhasbeenreplacedby
a frequency dependent resistor.

In the discussionbelow, signalswill be definedin

the following way: upper-caséettersfor signaltype
(i.e., V or I) denote time-independaenagnitudeand
lower-caseletters denotetime dependenceUpper-
case index denote complegtartof signalandlower-

case letters denote the modulating part. As an
example,the completesignal vc is then defined as
VctVesin(t) where Ve is the DC-part and
Vsin(wt)=v, is the AC modulating part.

The circuit used for the measurementslescribed
abovecan be seenin Fig. 2. A DC voltage source
(Vo) is connectedria a resistor(R) to the collector
of the transistoranda constanturrentsource(lg) is

connectedto the base. By choosing appropriate
valuesfor Iz and V¢, a bias point in the active
regionis found (e.g.P in Fig. 1, theloadline is the
one of R). Around this point, the collector-emitter
voltageis varied by modulatingVcc with a signal
Vee Sincethis is a small signaloperation,it suffices
to studythe small signalequivalentcircuit, seeFig.

2, wherethe transistorhas beensubstitutedwith a
frequency dependentdifferential resistance((f)).

Usingordinaryvoltagedivision the magnitudeof v,

V., is found as:

d(f)
R+ 0(f)
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Cc cc

)

Since(f) canbe negative,V. canbe greaterthan
V.. At low frequenciesthis is the case and a
schematidescribingthis procesanbe seenin Fig.

1(c). Whenmodulatingwith higherfrequenciesthe
signal changesin shorter times than 1+ and the
junction temperature stays essentially constant.
There isthusno longerathermallyinducednegative
differential resistanceandthe electronicallyinduced
positive differential resistance prevails, instead
attenuatingthe signal, see schematicin Fig. 1 (d).

Plotting V. versusfrequencyin a Bodediagram,see
Fig. 3, allows extraction of t+ from the higher
characteristicfrequencyby finding its 3 dB-point,
assumingthe device hasno othertime constantsn

the same order of magnitude as the one-of
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Fig.3 Bodediagramof measuredfull line) andcalculated
(dashedline) output signal magnitude,\,, versus
frequency.Low frequenciesdenotethe steadystate
mode and high frequenciesdenote the transient
mode. The dotted straight line correspondsto
amplitudeof fed small signalamplitude(V in Fig.
2).

To achieve higher accuracy, an electrothermal
modelof the devicecanbe used.Sucha model has
been developed and shown to accuratebgel SiGe
HBTs from DC upto millimetre-wave frequencies
[4]. 1t usesa modified Ebers-Mollmodelwherethe
different physical processe®ccuringin the device



are as closesly as possible modelled with lumped
elements. Electron and hole injection are here
treatedseparatelysingdifferentdiodeswhich gives
an efficient way of modelling the temperature
dependence @.

To model junction heating from internal power
dissipation,an RC-network has been usedin the
model[4] wherecurrentandvoltagedrop hasbeen
related to internal power dissipation and device
heating respectively. A thermal resistance (Ry)
relates to the steady-statepart and a thermal
capacitancdCy) relatesto the transientpart of the
deviceheating.Together thesetwo partsdefine 1.
Thethermalresistanceanbe found eitherby direct
extraction[5] or by fitting to a measuredV-curve.
Using the electrothermalmodel in a setuplike in
Fig. 2, it is possibleto fit C; to the measuredurve
and from this calculatet;. The Harmonic Balance
simulationmethodwas chosenin orderto havethe
samesignallevels asin the measuremenand thus
facilitate the fitting procedure.

M easurements and verification
To verify the validity of this method,Si/SiGeHBTSs
with area of 1x2Qum? and5x20 pm* weremeasured
with the setup described above and C; was
extracted.A measuredand simulatedcurve of V.
versus frequency for a device with an area of
5x20um?® can be seenin Fig. 3. Due to parasitic
reactancedetweenthe baseand collector pads,the
attenuationat higher frequencieswas affected, but
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this has been accurately modeled and accounted for.

A measuremerin thetime domainof the 5x20 pm?
devicewas performedusing a setuplike in Fig. 2.
Thedevicewasfed a constanbasecurrent.A large-
signal voltage step increasedthe power dissipation
of the device and the large signal output, vc, was
then measured. From this resulting signal, a
temperature dependent collector current was
calculated. Using simulations with the extracted
thermal capacitancewe find excellent agreement
with the experiment in the temporal response.

Conclusion
A methodto find the thermaltime constantutilising
small signalmeasurementm the frequencydomain
hasbeenpresentedUsing an electrothermaimodel
of an HBT, the method has been verified.



