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Abstract
A breakdown model for the output characteristics of the bipolar transistor (bjt) has been
developed. The behavioral modeling capability of PSPICE, a popular SPICE program (with
Emphasis on Integrated Circuits) was used to implement the macromodel. The model predicts
bjt output characteristics under breakdown conditions. Experimental data was obtained to verify
the macromodel. Good agreement exits between the measured and the simulated results.

Introduction

There is an increasing need for accurate modeling of the breakdown phenomena in
bipolar transistors. None of the commonly available versions of SPICE have a breakdown model
for the bipolar transistor. While the program is widely used as an electronic circuit design tool
by designers, users can not rely upon SPICE for the calculation of breakdown voltages, even at
a very basic level. The same deficiency exists with SABER, even though it is represented as a
more powerful circuit simulator. Breakdown calculations for the bipolar transistor can become
very complicated because of the interaction of external circuitry with the device breakdown
phenomena. Even if the applied voltages are far below the breakdown level, there is a possibility
of having large currents in the collector-emitter as a result of pre-breakdown effects. This may
have significant effects on circuit operation. Cases of complete failure of integrated circuits, due
to the lack of modeling the breakdown features, have been reported by industry [1]. The
necessity for the development of an effective bjt breakdown model to be used with circuit
simulators is thus felt.

Investigations into the physics of the breakdown mechanism and its mathematical
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formulation have been done by a number of researchers [2-5]. These works are based on the
assumption that in a pn junction, the avalanche multiplication of carriers initiates the breakdown
at a certain peak electric field. The value of the critical electric field determines the actual reverse
breakdown voltage. A semi-empirical formula for the avalanche multiplication factor M is used
in the calculations. The same approach is applied for the calculation of breakdown voltages in
bipolar transistors. Although the approach supplies results of the right behavior, itis not in a form
that can be easily implemented in circuit simulators. A macromodel, based on physical
breakdown considerations has been developed and implemented in a circuit simulator program
[6]. While the model predicts satisfactory results for the calculation of the breakdown
characteristics of the bjt, it causes convergence problems in some practical circuit applications
when it is implemented within the SPICE framework.

Considering all these limitations, there is a great need for a robust model which predicts
bjt breakdown characteristics under any circuit arrangement and which does not cause
convergence problems when implemented in common SPICE simulators. To determine if the
model is robust several conditions need to be met. The family of output characteristic curves and
the effect of the external base resistance on the breakdown voltage, BV,,,, should be simulated
by the model. Typically, the circuit designer has a knowledge of the breakdown voltages, BV,
and BV, measured at a specific current level |, (referred to as the breakdown current). The
parameters associated with the breakdown model can be extracted from these values and the
measured characteristic curves. Figures 1 and 2 show typical measured data for the breakdown
voltages BV, and BV, for an npn transistor for which the breakdown model parameters were
calculated.

Description of the Model

The best approach is to develop a model based on the physical breakdown phenomenon
of the device. To achieve this, two current sources are used to model the output breakdown
effects (Figure 3). In the collector-base junction, the reverse leakage current is increased as the
junction voltage increases and approaches the breakdown voltage. A current source flowing from
the collector to the base is used to approximate this current. With the base terminal open, the
current works as an effective base current that is amplified by the transistor action. In this case,
the bipolar action of the transistor greatly increases the overall collector current and the
breakdown voltage, BV, is lower than in any other configuration. On the other hand, if the base
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Figure 1. Typical measured breakdown characteristics

with base-emitter junction shorted. The npn transistor

of the linear array XQ2 was used.
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is shorted to ground, the collector-base leakage current is not amplified by the transistor bipolar
action. The increase in the collector current will then be limited to the increase in junction reverse
current. For this reason, the breakdown voltage for this circuit configuration (BV,,) is larger than
BV,,,. For other circuit configurations that have a net effective base resistance to the transistor,
part of this current will be fed to the base. The result is that the breakdown voltage of the
transistor will depend heavily on the resistive load seen by the base. Equation (1) shows the
functional form of the current source used to model the breakdown effect in this junction.

Ip = I (€*V® - 1) Q)

However, the breakdown action of the transistor is not completely modeled by the inclusion of
the reverse current for the collector-base junction. The forward collector current of the transistor,
initiated by the emitter-base forward biased junction, gets amplified by the avalanche
multiplication action of the collector-base junction. The additional component of the collector
current is proportional to the collector current with no breakdown effects (I, in equation 2). This
is the current that is initiated at the forward-biased emitter-base junction and injected into the
collector-base depletion region. To model the effect of this additional avalanche effect, a second
current source between collector and emitter is added.

lo = ¥ Iy (%% - 1) 2

l.; is the collector current without any muiltiplication effects. For any specific transistor,
parameters «, v, and I should be calculated from the measured breakdown characteristics. With
small collector-base voltages, both current sources |, and I, will diminish and the transistor
model will reduce to the normal Gummel-Poon model. At higher junction voltages, however, both
current sources will contribute to the overall collector current. The extraction procedure for the
breakdown parameters is described in an appendix at the end.

Results and Discussion
The breakdown parameters were calculated for an npn bipolar transistor used in the
design of a linear IC designed at Sandia National Laboratories. The device characteristics were
measured for a typical device and used for the breakdown parameter extraction procedures. A
set of Gummel-Poon parameters extracted for the same transistor were also used for the SPICE
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simulation. A PSPICE routine utilizing the complete macromodel of Figure 3 was then written and
used for simulation purposes. Figure 4 shows a typical set of measured and simulated output
characteristics of the device. More than one set of breakdown parameters can be calculated for
any bjt. They all satisfy the breakdown voltage requirements, but exhibit different degrees of
sharpness around the breakdown point. The calculated collector current does not actually go to
infinity <. BV_, because of the way the model is designed, but by proper choice of the
breakdown parameters, the |-V curve at that point can have the desired shape and the necessary
sharpness. Needless to say, the Gummel-Poon model would not predict any changes in the
slope of the characteristic curves without the breakdown model added to the transistor. Equally
important from a designer’s point of view is the breakdown voltage of the transistor BV,,, with
different values of base resistance R,. Figure 5 shows the measured data together with predicted
values of breakdown voltages by the model. It should be mentioned that in measuring
breakdown voltages instabilities were observed for several resistor values and the data obtained
was not very accurate. Similar types of difficulties have been reported by other researchers [1].
However, the overall features of the resulting curve are satisfactorily predicted by the simulated
results, and an acceptable level of agreement exits between the measured and simulated curves.
Both measured and calculated breakdown voltages decrease from a high value of BV, at R,=0
to a low value of BV, at R, open. The difference between the two curves is aiso partly due to
the fact that the model is not entirely based on physical phenomena and is semi-empirical.

Applications

The breakdown model was tested in two application circuits to see the difference in circuit
behavior response with and without the breakdown mode! implemented. Initially breakdown
parameters were extracted for a linear array npn transistor with BV, = 18 V and BV, = 40 V.
The simulator used was PSPICE which is a SPICE based simulator. The first test circuit shown
in Figure 6 is a Darlington configuration. A voltage pulse (5 Volts to 0 Volts) is applied to the
base of the input transistor, and the collector voltage of the output transistor is monitored. The
output signal is expected to go from a low level (saturation voltage) to a higher voltage level (off
state). Resistor Ry, is varied from 1 kohm to 100 Megohm. Figure 7 shows the effect of Ry, on
the output voltage waveform. If no breakdown model is implemented, the output voltage equals
50 Volts, the value of V.., irrespective of the resistance value for Rg,. This clearly is not the
expected response, since in reality both breakdown voltages (BV,,, and BV,,.) are below this



Collector Cument (A

T e
/;‘ j(* /}gg,LW.tﬂ“'- U —¢4
oy, < )(./C ?‘? o, -».f /_/’6
: S A A T
e o A
1.80E-03 T A A [0 measured results I}..f'é'/c,
L. 4" S
simulated results A p-("—"','k';'q', .
- («I/ ¢ ‘.,w T"‘/( <
1.20E-03 -+
Ib=2E6A
6.00E-04 -
0.00E+00 P— : : ; 1
0 5 10 15 20
Collector-Emitter Voltage (V)
Figure 4. Typical measured and simulated output charact

for the linear array npn transistor.

eristics



00000000}

SViW —o— WIS —a—

(wyo) gy
00000001 0000001 000001 0000t 000! 001 0! \
1 i ] 1 1 ] 1 1
J —-—
/Ul.‘ U
L
Z0OX NdN AVHYY YvaNI1 HOd4 H30A8
*51075]S91 9seq JO SaNTeA JUIFITP Yy3TM 26e3T0A UMODPYERIQ
103sTSueI3l 8yl 3Jo s3Tnsal peojeTnuis pue painseau 1eot1dAL °S aanbrd

Sl

0¢

ST

ot

Gt

ov

Sy

0S

(A130A



VCC = Ss0 Vv
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Figure 6. The Darlington amplifier configuration

simulated using the breakdown model.
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voltage level. On the other hand, when the breakdown model is implemented, the simulated
output signal varies as one would expect. In this case, as seen in Figure 7, the output level
strongly depends on the resistance values used. For smaller resistance values, the coliector
voltage settles to values below BV, = 40 V. As the value of Ry, is increased, the output voltage
approaches BV, = 18 V, as expected.

Tne second test circuit used for simulation was a current mirror circuit shown in Figure
8. A sinusoidal current source with a magnitude of 10 micro A in parallel with a 2.5 Meg Ohm
resistance is applied at the collector of Q,. The sinusoidal current will then periodically change
the collector voltage of the transistor. in the absence of a breakdown model in the simulation,
the collector voltage obtains a high level as shown in Figure 9. In reality, Q, will reach a
breakdown voitage at a lower level (which can be difficult to calculate due to the complexity of
the circuit on the base side of this transistor). This behavior is predicted when the breakdown
model is implemented. The peaks of the collector voltage in this case are much lower and closer
to the expected results. In fact the initiation of breakdown at voltage levels below BV, causes
increases in the collector current of Q, which in turn causes a voltage drop across tie large
collector resistance and keeps the collector voltage below the expected breakdown level.

The two previous examples are typical indications of the differences observed when the
breakdown model is used in simulations as compared to the cases when no breakdown model
is implemented. Without a breakdown model, results can be significantly wrong and deceptive
to the designer. The two examples indicate the impact of the breakdown model on the simulation
results and clearly show the possible differences in results when the breakdown model is used.

Appendix

Extraction of the breakdown parameters
The breakdown model of the bjt, as defined by equations 1 and 2, requires three
parameters to be extracted for each specific device. These are |, «, and y. Different methods
can be used for the extraction of these parameters. At least two methods were formulated and
used for this purpose. Each method is based on a certain number of

12



Vcc

I sinCwut)

Ql
10.E—6 A

£

X\

50 v

2.5E6 Ohm

<

Q2

Figure 8. The current mirror circuit simulated to

see the effect of the breakdown model on the circuit

response.

13



(Volt)

COLLECTOR VOLTAGE

40

35

30

25

20

15

10

f
~ " ﬂ /\
4 Without breakdown model
| .
\ /‘\ 7o\ : ‘\
With breakdown model N \ / \ \
e e e e e e o s s e e o o - - \ 1 : f -
i N \ h ) F
\ ; ‘,'. .' \ h
\ ., | ; '.\ ’i
- { t = |
0 0.002 0.004 0.006 0.008 0.01

TIME (Second)

Figure 9. Simulation results for the current mirror circuit showing

the effects of the breakdown model.

4



requirements on the breakdown model.

Method 1- This method was based on the requirements that BV, and BV, at a specified
current be satisfied and that the output characteristic curve should pass through a specified point
near the breakdown point BV,,. The approach works, but a general concern was that the
resulting output characteristics did not show the expected level of "sharpness" at the breakdown
point and after that. In other words, the measured output characteristics increased at a faster rate
after the breakdown point was reached. The shape of the output characteristics will depend on
the point picked on the measured curve. After choosing the requirements for the model, the next
step is to develop a method for the extraction of the breakdown parameters. Here is a
description of the method used for the parameter extraction procedure usir 3 the above
requirements.

To satisfy the BV, requirement at a breakdown current of |, we should have :

Iy = I ("% - 1) (3

Equation 3 is based on the assumption that at the breakdown point when the base is shorted
to the emitter, the major collector current flowing is the breakdown current as shown in Figure
10.

To have the breakdown conditions satisfied with the base open, the breakdown voltage
should be BV, with a collector current of |,,. Figure 11 shows the currents flowing under this

circuit configuration and we have :
lov=1ln + 1oy + 1o

Ibv = ,F (eav,,,_.') + B IF(aan_.') + ch1(eavw—1) (4)

where 8 is the forward current amplification factor of the transistor. Making the simplifying

assumption that V, = V,, = BV, at the breakdown point (with base open), and noting that |,

~Bl. (e® B¥°*° - 1), equation 4 can then be written as follows :
Ib

v 1
= ( -B+1))
Y I (Ve - 1) B (6% BV _ 1)

This equation is simplified by substituting for |, from equation 3 and also assuming that e* 8V°*°
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> > 1.0 which will justify ignoring the term 1 as compared to the exponential terms. The new
form of this equation will then be :

v = (8% BV~ BVad _ (n.q)) _B?:E?‘: (5)

The third equation needed for the calculation of the breakdown parameters is formed by forcing
the output characteristics to pass through a certain point. This point should be chosen close to
the breakdown point so that breakdown characteristics will be dominant. We designate the
device voltage and current corresponding to this point as V., and |, and write the general
equation for the transistor current as follows :

Ic=lfb+lc1+lco

If the measured data points V,,, and |, are chosen so that the device is not deeply into
breakdown, then |, can be ignored with respect to the other two terms. We also make the
simplifying assumption that V., = V.., that, is the base-emitter voltage is ignored with respect
to the collector-base voltage. From the measured data, we have the value of the base current
lom for th(,elgata point and the above equation can be rewritten as below :

/

em ™ oy + le =

B lyn+ Y B lpy (e*Vbm - 1)  (8)

To solve for the three unknown parameters, the general approach is to delete the parameter y
from equations 5 and 6 which gives a nonlinear equation in the form of ¢'. By defining a new
variable y = e'*, the equation will be changed to a new simpler form and can be written as

yr=a+2 @
y

where a, b, and p are real variables depending on the breakdown voltages and breakdown
current as well as the additional measured data point used in the calculations. This equation can
be easily solved with numerical methods which supplies the value of y and hence «. No
convergence problems were ever observed for several cases tried. The calculated value of « can
then be used in equation 3 to calculate I and in equation 6 to calculate y.

18



Method 2 - In order to improve the shape of the simulated curves in the vicinity of the
breakdown point, a second approach was developed. In order to meet the breakdown
requirements defined in the first method, equations 3 and 5 have to be used again. The third
equation needed for the solution of the parameters, however, will be different from equation 6.
Figure 12 helps understand how the next condition is imposed on the output characteristic curve.
With the base open and no input currents, the collector current rises exponentially after BV, o0
At a voltage point of V., = n BV,,,, the current will be |, = m . By choosing proper values for
n and m, the sharpness of the curve after the breakdown point will be controlled. Both n and m
will be larger than unity. Good characteristics were obtained from values of n = 1.1, m = 2.5 -
3.0. A simple program was written to supply sets of breakdown parameter values forn = 1.1 and
m ranging from 1.1 to 4.0. As the m value increases, the curves will show more "sharpness" after
the BV,,, point. This method of parameter calculation shows more natural and acceptabie
breakdown characteristics.

The new condition supplies a new equation as shown below as opposed to equation 6.

1= (met (=TI - (pet)) s (6)

Deleting y between equations 5 and 8 and definingy = e™" * #¥**°, a new nonlinear equation
will be obtained. This equation can be arranged as shown below and a simple numerical
approach can solve it.

yP' - myPEN =g 1 - B+1 (9)
y
where
P - BV, - BV,
(n - 1) BV,
and
po - BV, - n BV,

(n-1) BV,
Typical calculated values for the breakdown model parameters are : | = 1.3023E-9, a =
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0.30092, and y = 0.00766. Figure 5, shown previously, is a typical comparison of measured and
simulated results which use these parameters in the breakdown model. Figure 13 shows the
effect parameter m has on the “sharpness" of the output characteristic curve. For n=1.1, different
breakdown parameters can be calculated as m is varied from 1.5 to 3. As indicated in Figure 12,
sharper curves can be expected as larger values of m are used in the parameter calculations.
Still, for each set of parameters, the breakdown voltages BV, and BV, are the same. However,
Figure 13 clearly shows the changes in the output characteristics for different values of m. For
the npn transistor in the linear array used for extraction purposes, a value of m = 2.5 was
chosen as the best value supplying the closest output fit between the measured and simulated
results.
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