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ABSTRACT

A large-signal model is presented for HBT’s. The model ac-

counts for self-heating effects and is based on the Gummel-

Poon formulation. Full model compatibility with the com-

mercially available software package LIBRA is ensured. The

model incorporates temperature dependence for most of its

parameters and has been employed for the analysis of the

DC and microwave power characteristics of AIGaAs/GaAs

HBT’s. Good agreement between simulated and directly

meaaured DC and microwave characteristics support the va-

lidity of the model.

I. Introduction

A major obstacle for the employment of Heterojunction Bipo-

lar Transistors (HBT’s) in high power, high frequency appli-

cations is self-heating. This is known to cause degradation of

the device characteristics such as gain and can induce ther-

mal runaway. Technological solutions that provide thermally

stable HBT’s have been presented recently [1], [2], [3]. In-

corporation of self-heating effects in HBT large-signal models

has also been reported in the paat [4], [5], [6], [7]. Physically

based SPICE-compatible HBT large-signal models have, fi-

nally, been presented recently [8], [9].

In this paper, the Gummel-Peon based HBT large-signal

model is extended by incorporating self-heating effects and

temperature dependent model parameters, such as satura-

tion currents, current gain, junction capacit antes, built-in

voltages and band-gap energies. The new model is imple-

mented in the commercially available software package HP-

EESOF LIBRA. The model is, finally, validated by means of

load-pull measurements.

.

II. Temperature Dependent

Large-Signal Model

The AIGaAs/GaAs HBT used in this work was a power cell

with 5 fingers and a total emitter area of 300 pmz. Similar

to [6], the model described here is complete, i.e. includes

temperature dependence for most parameters. Moreover, it

is based on the SPICE2 model formulation [10] which served

as the basis of the large-signal analysis presented here.

The model was implemented as an user-defined SENIOR

MODULE in the commercially available microwave circuit

simulator, LIBRA and is shown in figure 1. Its features in-

clude high inject ion effects, a bias-dependent forward t ran-

sit time and current crowding effects. A full temperature

dependence for most of the model parameters like the zero-

bias junction capacitances, the band gap, the built-in volt-

ages, the device forward and reverse gains and the satura-

mtion currents was considered using standard SPICE pi oce- :
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dures, All model equations of the SPICE2 BJT model [10]

were rigorously reproduced, except the excess phase and the

flicker noise parameters. A thermal sub-circuit was included

and was coupled to the device so that HBT DC character-

istics could be modified in the presence of thermal effects.

The complete gain-temperature expression was employed as

shown below:

PN2) = PNI) (*)xT’f=p[$ (* - *)], (1)

where T1 and T2 are the substrate and device temperatures

respectively. Their difference, AT = Tz — TI results in a

voltage difference across the thermal resistance, R$h, as ex-

plained below. AE is a constant representing the band gap

difference between the emitter and base layers. As it turned

out, only one parameter, namely AE, was sufficient for the

analysis of thermal effects of the HBT under study. There-

fore, the parameter X~p was assumed to be zero for the

modeling purposes of this work.

The key point in the developed technique is the addition

of two pins to the transistor, which permit connection of a
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Figure 2: HBT macromodel for power HBT

current source to the HBT model in order to account for

self-heat ing effects. The value of this current source, 1P, is

equal to the power dk.sipated by the device and is given by,

V;B, v& ~.
+ (ICC – tEC)vce + J

RB ‘~+ Rc
(2)

This current source excites the externally connected ther-

mal sub-circuit which consists of a thermal resist ante, Rth,

in parallel to a thermal capacit ante, C$h. Figure 2 shows

the macromodel used in the analysis of the power HBT; The

thermal sub-circuit consists of RI = Rth and c1 = Cth. The

HBT DC characteristics can consequently be modified when

thermal effects are present by calculating the DC dissipated

power, evaluating the corresponding 1P value and then cou-

pl ing ]P to the HBT model through the thermal sub-circuit.

Moreover, the same circuit topology can be applied to indi-

vidual HBT fingers. One can in this way account for the tem-

perature rise due to heating by adjajent fingers and evaluate

therefore the overall thermal characteristics of MultiFinder

HBT’s. This approach allows an extension of the standard

HBT model available in LIBRA.

All node currents, charges and their derivatives were defined

in LIBRA. The latter not only involved voltage- but also

temperature-dependent quantities. The linearized (small-

signal) device model was developed, including temperature

dependent small-signal current sources parallel to the baae-

emitter and base-collector conductance. Finally, the deriva-

tives -#-, $ and ~ of the current source, lP, of the ther-

mal subcircuit were analytically calculated and added to the

model. The inclusion of these derivatives in the model al-

lowed better convergence of the harmonic balance algorithm.

III. Device Characterization and
Model Parameter Estimation

The device model parameters were empirically extracted from

DC data. The forward collector current parameters 1,s and

Vf were estimated by fitting of the forward Gummel-plot.

The saturation current, lSE, and ideality factor, % of the

base-emitter recombination diode were empirically specified

from the measured IB data. Similarly, the reverse operation

related parameters, ls~, q,, ISC and q. were det ermined from

the reverse Gummel-plots.

The ideal forward common emitter gain, @i, was adjusted to

obtain a good fit of the lC —VCE characteristics of the device

in the low current active region where thermal effects are

usually not significant. Finally, the reverse common-collector

current gain, Q,, was set to a value of 0.1 so that the IE//3,-

base current component could be kept small. The latter was

necessary since, the emitter current was smaller than the

total base current by more than two orders of magnitude.

Assuming that in the reverse operation mode the voltage

drop across Rc due to IE is much less significant than the

volt age drop across RB and Rc due to IB, one can easily

estimate the sum of the base and collector resistances from

the reverse Gummel-plots. This sum was estimated to be

RC + RB = 3.770 and the individual Rc, RB values were as-

sumed to be equal to 2 and 1.77 Cl respectively. The emitter

resistance was adjusted in order to obtain a good agreement

in the Ic — VCE characteristics between the measurements

and the simulation in the saturation region of operation. A

value of RE = 4.50 was found appropriate for thk purpose.

R,k and AE were chosen to be 150 K/W and 0.12 eV re-

spectively so that a proper negative slope could be obtained

fn. +he Ic – VCH characteristics. Values of the same order of

magnitude were obtained from temperature dependent char-
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acterization of other AIGaAs/GaAs HBT’s. Finally, a ther-

mal capacitance of cth = 10-9 sW/K was assumed in device

modeling giving a thermal time constant of 0.15 ps i.e. sig-

nificantly larger than the period of the applied RF-signaL

Table 1 shows all parameters used for the HBT macromodel

in LIBRA. Figure 3 shows the fitted and measured Ic —

Parameter Value II Parameter I Value II

Is 3.015 .1( .,
P, 0.1 w 1.3122

‘o. 1.0535 L.Q ] 1.238.10-18 A

11 1
.—-. u

,0-21 A II
B, I 49

I;c 3.279.10-13 ‘-I~p1 0.0

IKR 0.0 qe 1.734

‘% 1.96 VAF 0.0

v.~ 0.0 Rc 1.77680
R~ 4.5386 Cl RB 2(2

RUM 2fl Inn I 0.0

Tj 4 ps Tr 1 ps
XTF 0.0 CJE 50 fF

VTF 1.0 ITF 0.0

VJE 1.4 v MJ~ 0.5

CJC 350 fF XCJC 1
VJC 1.4 v MJC 0.5
FC 0.5 x.Tfl 0.0
x=~ o 0.0007
EG 1.43 eV ; 300 K

@ 1108 AE 0.12 eV

Table 1: Gummel-Peon large-signal model parameters

VCE characteristics of the tested device. The key DC model

parameters are also included in these figures. The results

demonstrate an excellent agreement between experimental

and simulated characteristics.

IV. Large-Signal Characterization
and Modeling

The power characteristics of the device were measured us-

ing electromechanical tuners by FOCUS MICROWAVE Inc.

The bias operating conditions were set at Ic = 10 rnA and

VCE = 6 V and the excitation frequencies were 8 GHz (one-

tone excitation) and 8 GHz and 8.0001 GHz (two-tone excita-

tion). The nonlinear products were measured using a TEK-

TRONIX 2755P spectrum analyzer. Measurements taken

under 50 fl Ioadlng conditions were used in the analysis that

follows.

The capacitive components of the HBT model were calcu-

lated using “cold” S-parameter measurements, i.e. measure-

ments under ~B = O and variable VCE conditions as pre-

viously described by the authors [11]. The parasitic pad

capacitances at the input and output of the device were

extracted from these measurements and were both deter-

mined to be CP1 = CP2 = 166 fF. The base-collector capaci-

tance, CBC was analytically calculated from bias dependent

S-parameter data [12]. Its zero-bias value was found to be

CjC = 350 f F. Furthermore, the forward transit time was

chosen as rf = 4 ps and the zero-bias emitter junction ca-
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Figure 3: Measured and simulated IC-VCE characteristics
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pacitance was chosen as Cje = 50 f F. Both rj and Cj,,

however, were not found to affect significantly the results of

the simulation.

The microwave power characteristics of the HBT were ana-

lyzed under single and double tone excitation using the large-

signal model presented above in conjunction with LIBRA’s

harmonic balance simulator. Five harmonics were used to

assist convergence of the algorithm.

Figure 4 shows the power of the fundamental and second har-

monics generated by the device under one-tone excit at ion as

a function of the available input power of the RF exci t a-

t ion, Pin. Figure 5 shows the power of the fundamental and
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the third order intermodulation (IMD3) components gen-~
. . . .

at ed under two-tone exclt at Ion condlt Ions. Good ag i mm,’~

between the measured and simulated data is shown by the

results of both figures and support the validity of the model.
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kme excitation

V. Conclusions

A Gummel-Peon large-signal model incorporating self-heating

effects was employed for the analysis of the microwave power

characteristics of HBT’s. The model has been incorporated

in the commercially available software package LIBRA. The

large-signal characteristics of AIGaAs/GaAs HBT’s were an-

alyzed by employing this model in a harmonic balance sim-

ulator. Good agreement between measurements and simu-

lations is shown for the DC and power characteristics and

suggests the suitability of the model for power analysis of

HBT’s. Model compatibility y with LIBRA allows employ-

ment of the model in power HBT circuit simulations which

account for thermal effects.
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