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Abstract

A technique useful for parameter extraction of
heterojunction bipolar transistors is presented. The
technique makes use of a 'tee' equivalent circuit based
upon the physical operation of the device. The technique
uses the device fy, determined by extrapolation of the
device h parameters, to establish the total emitter-to-
collector delay time from the experimental data. This
information is used to establish an equation that is used to
constrain the circuit elements, thereby facilitating the
parameter extraction procedure. The technique is easily
implemented using commercially available computer
software.

I. Introduction

Equivalent circuit modeling can provide valuable
design information for optimizing the RF performance of
solid state devices. In order to maximize the benefits from
this approach, however, it is necessary to determine a
suitable equivalent circuit topology and accurate element
values. To be useful as a design aid the equivalent circuit
must have elements that accurately represent physical
phenomena known to be important to device performance.
Physically based circuits, unfortunately, can be complex
with many elements and are, in general, difficult to
determine from terminal measurements.

In this paper a technique that has been developed for
the parameter extraction of heterojunction bipolar
transistors is presented. The technique makes use of a
emitter-to-collector delay time equation to constrain the
circuit element values in the optimization. In this manner
the circuit elements are forced to vary in a manner
consistent with the physical operation of the device. The
technique is demonstrated by application to state-of-the-
art InGaAs/AllnAs/InP HBTs fabricated by Hughes
Research Laboratories.
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II. Parameter Extraction Technique

As circuit complexity is increased the determination
of element values from terminal RF measurements
becomes increasingly difficult and, in fact, can become
impossible. For example, it is known that unique
parameter values cannot be determined solely from RF
terminal measurements for circuits with more than a few
elements [1]. Many combinations of elements can be found
that will result in ‘satisfactory’ agreement between
measured and model produced data. Many of the
solutions, however, are non-physical. For this reason, it is
desirable to independently determine as many element
values as possible from other measurements or
calculations. The techniques presented by Fukui [2] for
determining parasitic resistances from I-V data and by
Curtice [3] for determining parasitic impedances from
measured 'cold FET' data, where RF measurements are
made with the device biased at zero volts, yield valuable
information. In addition, knowledge of bonding pad
geometry can be used to determine estimated values for
pad capacitances. These techniques allow ‘reasonable’
element values to be established for some of the elements,
thereby providing a starting position for the optimization
process used to match model and measured terminal data.

Many elements, however, remain difficult to
determine. For example, the delay time associated with the
current generator in microwave/mm-wave device
equivalent circuits is relatively insensitive to device
performance at frequencies at which measured data is
generally available (e.g., 0.045-26.5 GHz with a
CASCADE Microprober and HP Automatic Network
Analyzer). This parameter, however, is very important in
determining the high frequency performance of the devices
[4]. For example, it has been shown [5] that the phase
delay associated with the current generator can lead to
high frequency negative conductance in the output and
greater than -6 db/octave roll-off of the unilateral gain.

The technique presented in this paper follows the
approach stated above and makes use of information
provided by the Fukui and Curtice methods. A novel
feature of this technique is the linking of delay times
associated with the physical operation of the transistor. It
is known that the total emitter-collector delay time can be
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defined from the sum of four separate delay times: the
base-emitter capacitance charging time (7c), the base
transit-time (7),the base-collector transit-time (7.), and

the base-collector capacitance charging time (¢ ). The total
emitter-to-collector delay time can, therefore be
expressed by the equation

Tec:Te+T],+Tc+TCI

The base-emitter and base-collector charging times are
given by the expression
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The emitter-collector delay time can be determined from
the measured data by converting the measured S-
parameters to h-parameters and projecting h,, to unity
current gain to determine the device fy. It can e shown
that h,; falls at a rate of -6 db/octave, even for circuits of
srgmﬁcant complexity, and deviates only at high
frequencies. At frequencies near f common-lead
impedance results in feedback between the output and
input circuits and an additional pole is introduced in the
characteristic function. This pole, however, has no effect at
the frequencies at which the S-parameters are measured
(i.e., up to 26.5 GHz).

The sum of the individual delay times is set equal to
the emitter-collector delay time as determined from fr.
The resulting equation serves to link and thereby constrain
the parameter variables of first order importance. The
equation is solved for the base transit-time, since the other
delay times are more readily determined. That is, the
emitter-base capacitance charging time is determined from
G, and Ry, and these elements are strong functions of
Sy;- Likewisé, the base-collector element values and delay
ties are strongly affected by S,,. Also, elements
associated with the current generator are affected by S,
Once these elements are determined the base transrt-trrne
is easily determined. This technique is readily
implemented using commercially available software. The

technique was implemented using TOUCHSTONE and
the constrained variable (delay time) equation was
formulated using the EQN block within this program.

I11. Results

The de-embedded equivalent circuit used in this work
is shown in Fig. 1. In order to match the experimental data
bonding pad capacitances and lead inductances are added.
The circuit results in excellent agreement between
measured S-parameters and those determined from the
model. For example, the normalized error function defined
as the sum of the differences between the measured and
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model data normalized to the measured data over the
frequency range of 0.045-26.5 GHz is less than 1% and
typically a few tenths of a percent for the mm-wave
transistors used in this work. These GalnAs/AlInAs/InP
heterojunction bipolar transistors were fabricated by
Hughes Research Laboratories and have f's in the range
0f20-50 GHz and f s in the range of 20- gO GHz. The t
and f_for a sing ¢ emitter transistor as a function o¥
collector current is shown in Fig. 2. The f .. and f; peak
at about 3 and 5 mA, respectively. Equrvalent c1rcu1ts
were determined for these devices at a variety of bias
conditions. The base-emitter resistance Ry, and
capacitance C, . and the base-collector capacitance & are
shown in Fig, % as a function of collector current%
collector voltage of V__ =17 v. The C,_ increases and the
Ry, decreases with f as expected %r an increasingly
forward biased pn junction. The base-collector
capacitarnce, Cior obtains a minimum value at a collector
current of about 4 mA, and then increases. The increase
in Cy is due to charge storage in the undoped collector
reglon due to base push-out (Kirk Effect). The base-
emitter resistance R, can be used to calculate the base-
emitter junction ideality factor, n, as shown in Fig. 4. The
ideality factor varies from a value of about 2 at low
collector current to a value of unity at high collector
current. This indicates that charge transport across the
base-emitter junction is dominated by recombination at
low current and thermionic emission at high current.

The delay times determined by this technique for a
transistor biased with Vce=1.70 v are shown in Fig. 5. As
indicated, it is possible to explicitly determine the
individual delay times, as well as all equivalent circuit
parameters. The base delay time is seen to be dominant.
The base transit-time is increased and the base-collector
transit-time is reduced as a function of collector current
due to base push-out and the corresponding decrease in
the collector region, in agreement with the determined
value for C .

IV. Conclusions

A technique useful for the parameter extraction of
heterojunction bipolar transistors has been presented. The
technique makes use of a delay time equatlon to constrain
the variables used in the optimization procedure. The
constraining equation forces the equivalent circuit element
values to vary in a manner consistent with the physical
operation of the device. = The technique is easily
implemented using commercially available software. The
information provided by this parameter extraction
technique yields considerable insight into the physical
operation of heterojunction bipolar transistors and
provides guidance relative to optimized device design.
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Fig. 1 HBT Equivalent Circuit

899

Frequency, GHz

Fig.

Capacitance, pF

70
60 [ fmax
50

40

330 r

\-
20 b \

L 1 ) L L s
0 4 8 12 16 20 24

Collector Current, mA

2 frandf . versus |, for a Single Emitter HBT

4 100
170
450
140

0.5
0.4

0.3 | 430

0.2 420

0.07

~
0.05 5 &
<44 @
0.04 [/ %
3
0.03 %
3
0.02 12
0.01 14
0.007 407
0.005 q05
0.004 404
0.003 {03

0.002 402

0.001 ) L L ) . L L : " : " 0.1
0 4 8 12 16 20 24

Collector Current, mA

Fig. 3 Cpe, Ry and Cy, versus I, for the HBT
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Fig. 5 Delay Times versus Collector Current



