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Direct Extraction Technigque to Derive the Junction
Temperature of HBT’s Under High Self-Heating Bias
Conditions
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Abstract—A new technique is presented that can directly extract 140
the mean device junction temperature of heterojunction bipolar 120
transistors (HBT’s) under high self-heating operating conditions. A X Y 2
The method uses three trivial dc measurements of the device where 00 b T
. . . . S 0
the junction temperature is known to be the same. This paper de- < AR /
tails the technique and applies it to both closely and widely spaced £ 80 > \'" o
multi-finger HBT’s, and compares the results to methods already =) ~ \ ........
known. ~ 60 —T1 ~ ~~ ...........
Index Terms—Heterojunction bipolar transistors, power tran- a0 —f T2 ==
sistors, reliability management, semiconductor device thermal fac- -—T3
tors, self-heating, temperature measurement, thermal impedance. 20 va [va | vi
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HE reliability, and mechanisms affecting the stability of
the current gain, of a heterojunction bipolar transistafig. 1. 7. versesy.. for three ambient temperatures and consfant
(HBT) have been shown to be functions of both the collector
current density and the device mean junction temperature [fje characteristic negative slope at high power dissipation due to
The current density is easily measured, but the junction tegelf-heating. If the ambient temperature increagedecreases
perature is more difficult to find. One method for calculatingind thel-V curve drops to lower collector current levels. The
the junction temperature is to find the thermal impedance négative slope of the curve changes because the self-heating
the device and determine the temperature rise above ambigrdependent on the thermal impedance, which increases with
temperature by multiplying the thermal impedance by thsigher junction temperatures [5].
power dissipated in the device [2], [3]. However, in high power These previous methods all rely on fitting a linear relationship
dissipation HBT'’s, as used for power amplifiers, the thermaletween eithep or V;,. with the junction temperature, but the
impedance of the device is not constant but a function of baihearity with temperature was only within 10% and 4%, respec-
the power dissipation and the ambient temperature [4], [Sively [3]. A better way of determining the junction temperature
The method outlined in this paper bypasses the need to fingsao take a number of measurements at exactly the same junc-
thermal impedance and derives the mean junction temperattio® temperature where any nonlinear relationships betwieen
(at the specified operating ambient temperature and powgrli,., and the junction temperature become irrelevant.
dissipation) directly from three simple voltage and current Consider the curves in Fig. 1, where the collector cur¢ént
measurements. is plotted versus the collector-emitter voltagé..) for a fixed
base currentl; ), and three different base-plate ambient temper-
Il. EXTRACTION TECHNIQUE atures. Bias poin¥ is the nominal operating bias point for this
Previous methods to determine the device mean junction te'Fr'ET (from which the Worst-case_ power d'SS'pat'm’: Vile,
. . . ..-can be calculate)l and the ambient temperatufg is the am-
perature (via derivation of the thermal resistance) have e|tkber

used the fact that the current-g&jf) decreases with increasing. lent temperatur_e at V\.'h'fh the ope rating junctlon temperature
. . . is to be found. Bias poink is at a higher ambient temperature
junction temperature [3], [4], or that the base-emitter volta

g&};), and lower power dissipatiof¥’;), but has the same col-

(Vie), for fixed emitter current, is only a function of thejunctionIector current, and the same base current as bias @oiBlas

temperature [2], [3], [5], [6]. One consequence of this function- . : . X )
ality is that the current—voltagé-V) curves of an HBT shows poth Is atan |nterm.ed.|atelamb|ent tempgrat@ﬂ’gz), and an
intermediate power dissipatiqi), but, again, has the same

collector current, and the same base current as bias goift
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identical, and hence the current galns also identical. There- 500
fore, asg is known to be a function only of the junction tem- 480 |- — T;=130°C
perature and is the same at these three points, the mean device 460 - T,=188°C

junction temperature must also be the same. Experimental ob-
servations have shown thg,. is also the same at each of these
bias points, which adds weight to this supposition.

We now have three ambient temperatures and associated
power dissipations that produce the same mean junction

440
420
400

Thermal Impedance°C /W

temperature within the device. ‘[ -7
360
1} = Tbase + 9Pdiss- (l)
340 | | | |
0 20 40 60 80 100

Taking the classical definition of device thermal impedadda ( . o
(1), and acknowledging that the thermal impedance at each bias Ambient Temperature °C

oint may be different, we have the following three equations.:
P y 9 q Fig.2. Simulated thermal impedance verses ambient temperature for two fixed

junction temperatures.

;=T +6P 2
temperatures are chosen to be equally spated|( 13 + AT
and1y = 1> — AT) then the solution simplifies to the expres-
T, =T+ 0,1 (3 sion
B P B FER &
T; = Ts + 0P, 4) E—TQ"FAT(E—E)/(E-FE—Q). (9)

To solve these equations, we must reduce the number of untpe spacing of the ambient temperatu¢esl’) is arbitrary

known variables by examining the dependence of the thermyalcayse the junction temperat& ) is not dependant on its
impedance on the other parameters. It is proposed that Ué\?ue, and this has been confirmed experimentally AGF
thermal impedance, for a fixed junction temperature, is a "”er%{nging from 16C to 40C. However. to minimize the effect of
function of the ambient base-plate temperature. In other worgisessurement error&y7 should be as large as possible while

the thermal impedance from a fixed junction temperature to ta@suring that bias poidt remains clearly within the saturation
base-plate is a linear function of the temperature dlﬁerence,r@aion of the transistdeV curve.

follows:

0(T;) = A + Bliase. 5) ll. ANALYSIS OF HBT 4x40 INGAP/GAAS DEVICES

This relationship was investigated using finite difference This technique was used to derive the mean device junction
thermal simulation of a typical HBT three—dimensionalemperature of two different layouts of InGaP/GaAs HBT's,
(3-D) structure, with the temperature dependent GaAs thermma@inufactured at Marconi Technology Ltd., Caswell, U.K. Each
conductivity. Fig. 2 shows the simulation results for a single, 49BT had four emitter fingers, of 40m in length and Zum in

um length, finger on a 10Am thick substrate. The simulationwidth, with one device (P4< 40C) having four widely sepa-
shows that, for fixed junction temperatures of 1a30d 188C, rated (50um) fingers, and the other device (4 40C) having

the thermal impedance is a linear function of the ambientosely spaced (fim) fingers. Both layouts were measured on

temperature of the base-plate. the same, 10@m thick, wafer. The devices were biased at a

Given that this relationship is correct, (5) may be substitut@@llector voltage of 5 V, a collector current of 80 mA, and an
into (2), (3) and (4) to give ambient temperature of 26 for determination of the junction

temperature . Bias poirft in the analysis is chosen to be the

T; =T+ (A+BI)P, (6) operating bias point at 26 ambient and this fixes the base cur-

rent for theV,. sweep. The same base current is also used for
the V.. sweeps at the higher ambient temperatures of 55, and
85°C. The resulting curves and analysis bias points are shown
in Figs. 3 and 4.

Three different devices of each type were measured, and
the mean junction temperature calculated for each one. The

Tj = Ts + (A + BT3)Ps. (8) resulting average from the three devices gave a junction tem-
perature of 105.& for the widely spaced P4 40C device,

We now have three simultaneous equations and three unknownd 182.8C for the closely spaced» 40C device. This shows
(4, B, and?}), which can be solved by the usual method to givthat the extra self-heating in the closely spaced devices leads to
the device mean junction temperatufg, If the three ambient a temperature increase of 712

Ty =T+ (A+ Bl) P (7)
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100 N. Bovolon gave a mean device junction temperature of @78

01 (o which is within 3% of the value derived using the new technique

80 {—- 7 .;.'.';'1:'.@,._..::; """""""""""""" (182.5C).

20 ~J \\\ ............. Previous methods have either been very complex in the
< 60 <~ \\ ............... required measurements or analysis [5], or not been valid at high
£ 50 1 X Y zZ =< power-dissipation levels [3]. The most comparable technique
L B [7] derives the junction temperature by extracting the thermal

40 25°C impedance first, which is valid only for that particular power

S o 550C dissipation, and then calculating the junction temperature.

20 o 85C In contrast to this, the new technique can derive the mean

10 device junction temperature directly, for high self-heating and

0 I Y I O I S B high power dissipation, and achieve this from three simple dc
6 1 2 3 4 5 6 7 8 measurements.
Vee/V The technique used by Bovol@t al.[7] also relies on small
Fig. 3. I. verses/.. of device P4x 40C, for ambient of 25 55°, and 85C, dlfferenc;es. n .the ambient wafer-chu_ck tgmpergtuﬂ‘eand
andT, fixed to give 80 mA at 5 V and Z%. power dissipation to ensure the logalinearity. This has the
effect of making any measurement errors large proportions of

140 the differences, which appear in the formulas' denominator.

120 - Accurate control of the chuck temperature during the compar-

ison measurements has given good agreement with the new

100 — technique in this case, but care must be taken to ensure that
< 80 measurement errors do not impact on the derived junction tem-
E perature. The new technique is less susceptible to measurement
L 60— errors as it does not depend on the three data points being close

20 for linearization of3 or Vj,., but effectively nulls3 variations

by taking measurement points at the same junction temperature.
20 The three data points in the new technique may be spaced at
o T much wider chuck temperatures because the relationship of
O 1 2 3 4 5 6 7 8 thermal impedance verses ambient chuck temperature for fixed
VeelV junction temperature (Fig. 2), is linear over a very wide range
of ambient chuck temperature.
Fig. 4. I. versusV,, of device 4x 40C, for ambient of 25 55°, and 85C, This new technique is limited to devices operated under high
and/, fixed to give 80 mA at 5 V and Z&. self-heating bias conditions, i.e., devices with sufficient negative
slope in theil—V characteristics such that the three points can be
IV. COMPARISON WITH ALTERNATIVE TECHNIQUES plotted within the saturation region of the transigtev curves.
This technique has been compared to other dc junction tem-
perature, or thermal impedance, measurement techniques. The V. CONCLUSION

technique used by D. E. Dawsat al. [3], using W, mea-
surements at constadi, is valid only where the power dissi-.
pation levels are low enough to give small self-heating effe
[7], as in the case of the widely spaced PA0C device. The
thermal impedance of this device derived by Dawson’s meth
was 179C/W, giving a mean device junction temperature o

96|'§>hc’ vt\{hich iﬁ_rete; Wilthin|9% of th;L%Vétgch_nique.l;l'h(etEi ith temperature. The results obtained are in good agreement
sel ) le? ‘N9 \;thh n etf: osteyspacte by D evice ,ma eti de_with the junction temperature derived by methods previously
caiculation of the junction temperature by Dawson's metho IlB’ublished [3], [7], but this direct extraction technique is less

appropriate. susceptible to measurement error
The technique used by Bovolat al. [7], which can derive P '

the thermal impedance at any dissipated power level, linearises
the 3 (or V4,.) variation with temperature, locally to the bias
point at which the thermal impedance is required. The valuesThe author acknowledges Marconi Materials Technology
derived for the P4x 40C device by this method were thermaltd., Caswell, and the Marconi Electronics Systems companies
impedance of 21°Z/W and mean device junction temperaturgho funded the HBT development work during which this
of 110°C, which is within 5% of the new technique. technique was developed. The author would also like to thank

As the new technique, as presented in this paper, and thatPhillips, R. Davies, |. Davies, M. Brookbanks, N. Peniket,
used by N. Bovolon [7] can be used at high power dissipati@nd B. Wallis for informed discussions regarding this technique,
levels and high self-heating, these two methods were compaegd P. Wallace, A. Blakeman, and J. Gatt for the measurements
for the closely spaced # 40C device. The technique used byhat allowed comparison of the various techniques.

A new technique has been developed to obtain the mean
unction temperature of a InGaP/GaAs HBT device under high
éﬁlf—heating or high power dissipation operating conditions.
The technique makes use of three simple dc measurements,

ere the junction temperature has been shown to be the
ame, and so does not rely on linearization of eithar Vi,.
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