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Avalanche Multiplication in a Compact Bipolar
Transistor Model for Circuit Simulation

W. J. KLOOSTERMAN anp H. C. DE GRAAFF

Abstract—A new and simple weak avalanche model will be pre-
sented, valid in a wide range of veltages and currents. The proposed
model is derived by using the base-collector depletion capacitance for
predicting the avalanche current. The model needs only one additional
transistor parameter; the extraction method and temperature depen-
dence of this parameter are discussed. The decrease in avalanche cur-
rent at high collector current densities may originate from internal de-
vice heating, a voltage drop in the epilayer, or mobile carriers in the
depleted part. From experimental results we conclude that, below a
critical hot-carrier current, the decrease in avalanche current due to
mobile carriers is negligible.

I. INTRODUCTION

N a bipolar transistor, avalanche currents are generated

in the base-collector depletion region when the transis-
tor operates in the forward mode nearby the breakdown
voltage. For high-frequency transistors, the breakdown
voltage is low and avalanche currents are already gener-
ated below a collector voltage of 10 V. Therefore in cir-
cuit design accurate simulation of these effects is essen-
tial.

The following commonly used avalanche model was
proposed first by Dutton [1]:
L=k -(M-1)-1,

£

M= (1)
1 - (V('b/vtb())

where I, is the generated avalanche current, I, is the col-
lector current without avalanche (initial electron current),
and V,, is the external applied base-to-collector voltage.
The model parameters are k;, V4, and n. This empirical
model is only accurate at relatively low collector current
densities because the ohmic voltage drop and space-charge
modulation of the collector epilayer are not taken into ac-
count. Divekar and Lovelace [2] extended this model to
larger collector currents by making the parameters current
dependent, resulting in an avalanche model with seven
parameters. Poon and Meckwood [3] introduced a model
for weak avalanche that had a more physical origin. Based
on Chynoweth’s empirical law [4] for the ionization coef-
ficient
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the generated avalanche current I, was approximated by

xy _bn
K:IlIAFn'Xd'Enz-eXp<Em>

where X, is the depletion layer thickness, E,, is the max-
imum electric field around the b-c junction, «, is the av-
alanche coefficient and b,, is a critical electric field. Be-
cause /, is taken as being proportional to /, instead of the
collector current /., the generated avalanche current
should be much smaller than 7, (weak avalanche). The
appropriate electric field distribution is shown in Fig. 1.
In {3), E,, and X, were modeled as a function of V, and
I., taking into account space-charge modulation by mo-
bile carriers (Kirk effect). This resulted in a rather com-
plex and computationally expensive model with four pa-
rameters.

In the new avalanche model, we also start with (3).
However, in contrast to Poon and Meckwood, we directly
relate the depletion layer thickness X, and the maximum
electric field E,, to the collector depletion capacitance. So,
in theory the model of the collector depletion capacitance
determines the avalanche current and no extra parameters
are required. In practice, we need one parameter to obtain
the desired accuracy. The temperature dependence of this
avalanche parameter is investigated and a temperature rule
is established. We have extended the derived model to
high collector current densities by taking mobile carriers

(2)

(3)
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into account. However, from experimental results we
conclude that below the critical current for hot carriers,
the influence of mobile carriers is small.

II. MoDpEL DERIVATION

To derive the avalanche model we start with (3). The
new approach taken here is that X, and E,, are calculated
directly from the base—collector depletion capacitance. A
generally used depletion capacitance model is

_ C()c

= T S P
(l + V('[)'/Vdr)

where C,, is the zero bias depletion capacitance, V. the

diffusion voltage, P, the grading coefficient, and V., the

internal base—collector voltage. This internal V., is de-
fined by

(4)

G

Vf’b’ = Vcb - In : Repi (5)

where R, represents the unmodulated resistance of the
entire collector epilayer [5]; it is bias independent. The
depletion layer thickness X, follows from

€ Abase

C (6)

where ¢ is the permittivity of silicon and A, the area of
the base region. The product of X, - E,, is calculated by
integrating the electric field in the depletion layer. A gen-
eral approximating expression is

Xdz

X, -E = Vdc+ Vr'b’
d m I*P(

(7)

This expression is exact for a step junction (P, = 0.5)
and a linear graded'junction (P. = 0.33). The final ava-
lanche model follows from substituting (4), (6), and (7)
into (3)

o Vet Vew

I =
s = I b, 1-P,
cexp {—AVL - (Vi + Vo)™ '} (8)
with
“ b, Apse + (1 — P
AVL = € n base ( z‘)- (9)

P
C()c ’ Vd;

The expression for the avalanche current, as given here
by (8) and (9), is more general than {3, eq. (10)] because
it is not limited to one sided step junctions. The avalanche
parameter AVL is given by the model parameters of the
collector depletion capacitance. However, because of the
high sensitivity of I, with respect to AVL, it is preferred
to consider it as an additional parameter, in order to make
the model more accurate. Values for o, and b, can be
found in the literature [6]-[9]. We use for an n-p-n tran-
sistor o, = 7.05 x 10° cm™"and b, = 1.23 X 10° V /cm
and for a p-n-p transistor o, = 1.58 X 10° cm™' and b,
=2.04 x 10° V/cm.
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Fig. 2. Simulated avalanche current with different epilayer dopes.

TABLE 1
CALCULATED AND EXTRACTED AVALANCHE PARAMETERS

Nepi Coc Vie P. | AVL AVL
em™? F/em? \Y calc. | extracted
3.101% 187.107'° 0.685 | 0.491 | 41.8 43.6

5.10'% 233.107° 0.692 | 0.490 | 33.4 34.0

1.10" 312.10°'° 0.761 } 0.489 | 23.9 24.8

The consistency of the model is checked by 1-D device
simulations. In the device simulator the avalanche current
is calculated directly, using numerical integration of the
electric field in the b-c depletion layer. The doping level
in the epitaxial layer has been varied from 3 X 10" to 1
x 10'® ¢cm™ with a thickness of 5 um. The depletion
capacitance parameters are determined according to @),
and the avalanche parameter is calculated from (9) and
listed in Table I.

The avalanche parameter is also directly extracted from
the simulated avalanche currents (the parameter extrac-
tion will be discussed in more detail in the next section).
The extracted value also is listed in Table I and in Fig. 2
the simulated avalanche current is plotted together with
the avalanche current predicted by the model, using the
extracted values for AVL. The extracted AVL parameter
agrees rather well with the calculated one, and the pre-
dicted V,, dependence of the avalanche current is also in
good agreement with the simulated data.

1II. MEASUREMENT SETUP AND PARAMETER
EXTRACTION

In the measurement setup the base-emitter voltage is
kept constant and V,, is increased until the base current I,
has significantly decreased due to avalanche (Fig. 3). To
avoid high current effects and internal heating, the base-
emitter voltage is set to a low value of e.g., 600 mV. The
difference between I, at low and high V,, is the generated
avalanche current. The parameter AVL can be extracted
by the usual least squares methods. The parameters P, and
V, in (8) are obtained from the base—collector depletion
capacitance measurement. The parameter AVL is not sen-
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Fig. 3. Decrease of I, due to avalanche. I, is the generated avalanche
current.

sitive to V,.. The grading coeflicient P, determines the
curvature of the base current with respect to V,,.

IV. TEMPERATURE DEPENDENCE

The temperature dependence of the avalanche current
is mainly due to the temperature dependence of AVL. The
temperature dependencies of «, and b, in the pre-expo-
nential term in (8) roughly cancel each other and can be
neglected compared to the exponential variation. In the
avalanche parameter AVL (see (9)) the product of Cy,. -
Vg; is temperature independent, so only the temperature
dependence of € - b, in the exponential term remains. For
different IC processes (from high frequency to high volt-
age), the temperature dependence of AVL was determined
(Fig. 4). The high-voltage device had 4,,, = 10 X 10 pm,
Nei = 1 X 107, W, = 9 ym, and the high-frequency
device had A,, = 2.7 X 4 pm, N, = 2 X 10", W, =
0.2 um. It became clear from these results that AVL in-
creases with temperature as expected. For all investigated
processes the avalanche parameter can be expanded in a
Taylor series around 7, = 300 K

AVL(T) = AVL(T.;) - (1 + NAT + NAT?)  (10)
where AT is the device temperature minus the reference
temperature. The extracted avalanche parameters are fit-
ted with A\, = 7.2 x 10™*and \, = —1.6 X 1075,

Rang [7] gives 6.43 X 107* as an empirical value,
whereas Hall [9] gives 8.3 X 107 as a theoretical value
for ;. These figures indicate that our value for A, is cer-
tainly plausible.

V. MobpEL VALIDITY

The avalanche model has been derived with the as-
sumptions that the collector current does not affect the
electric field distribution in the depletion layer and that
the thickness of the epilayer is larger than the thickness
of the depletion layer. The thickness of the epilayer is not
so critical because the maximum electric field remains at
the b-c junction as long as a certain critical current is not
exceeded (see (12)) and this field mainly accounts for the
generation of avalanche currents. In the situation of high
collector current densities (Fig. 5), however, the collector
current can decrease the maximum electric field (space-
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Fig. 4. The avalanche parameter versus temperature. The fitted curves give
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Fig. 5. Influence of space-charge modulation, temperature rise, and inter-
nal voltage drop. Curve a: Model calculations without temperature in-
crease and space-charge modulation (§ = 0). Internal voltage drop is
included in the model. Curve b: Same, but with temperature increase
(r, = 150°C/W). Curve c¢: Same, without temperature increase, but
with § = 1.

charge modulation), and this results in a decrease in av-
alanche current.

Besides space-charge modulation, a voltage drop in the
epilayer and internal transistor heating may also result in
a lowering of the avalanche current. To investigate the
different mechanisms of avalanche current reduction we
first extend the model with space-charge modulation. For
a one-sided step junction the collector capacitance may be
written as

Ce = Cie™% - N1 = L /I (11)

Equation (11) incorporates modulation of the fixed ion-
ized donor charge N,; due to mobile hot carriers moving
with the saturated drift velocity (v, = 8 x 10° cm /s) in
the depletion region. Then the space charge is given by
[10], [11] Nepi - In/(q C Aot V) = Nepi (1~ In/Ihc)-
I, is a critical current for hot-carrier behavior, and it is
given by

Ih(' =q"- Nepi . Aem © Vs (12)

In linearly graded junctions the space-charge modula-
tion causes the maximum electric field to change its po-
sition but not its magnitute [12]; thus, I, is not affected.
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We can now rewrite (8) as

AW+ V) - (1 =0 - L/5)}" '] (13)

where now 6/1,. is an extra model parameter. Theoreti-
cally we have for a step junction P, = 0.5 and § = 1 and
for a linearly graded junction P, = 0.33 and § = 0. In
practice we will be somewhere in between. Fig. 5 shows
the influence of 6 on I,: in the same figure the measured
I, at constant external V,, is plotted as a function of /..
The use of (13) with # = 0 only shows a slight decrease
in slope due to the internal voltage drop (see (5)), whereas
6 = 1 gives too strong an influence with respect to the
measured I,. A good fit can be obtained with § = 0.2.
However, the measured base and collector currents of the
same transistor are plotted in Fig. 6. The observed greater-
than-exponential increase in collector current indicates in-
ternal heating. From the power dissipation the increase of
the internal device temperature is calculated as

AT = ry - 1. * V. (14)

Using the Mextram model equations [13], [14] and the
temperature dependence of its parameters, we can fit the
measurements in Fig. 6 for r, = 150° C/W. This is an
acceptible value for the thermal resistance of an encap-
sulated device under pulsed test conditions (HP 4145).
Similar results can be obtained with other device models
(Gummel-Poon). The measured I, values in Fig. 5§ can
now also be explained by the temperature increase given
by (14), and using (10). This latter explanation must be
the right one because Fig. 6 tells us that internal heating
does occur, and that leaves hardly any room for space-
charge modulation as an additional effect.

In a second example, the internal heating is kept small
(the temperature rise is less than 2°C). The emitter area
of this transistor is about 12 um? and the epilayer dope is
3 x 10"cm™? resulting in a lower V,,, for generating av-
alanche currents. The thickness of the epilayer is about
0.8 pm, and with the applied V,, the epilayer is fully de-
pleted. The transistor gain is very sensitive to the gener-
ated avalanche current, and by plotting the gain we can
observe accurately slight variations in avalanche current,
which are not perceptible in a plot like that in Fig. 5. At
medium current levels (I, = 10™* A), the gain is already
(Fig. 7) decreasing before it falls off due to high injection
and saturation (/. = 1073 A). The measured hyz again
increases at still higher I, due to increasing avalanche cur-
rent. The physical phenomena might be explained as fol-
lows. Because the epilayer is thin, the depletion layer ex-
tends into the buried layer. At medium current levels the
position of the maximum electric field remains at the b-c
junction, but its magnitute is lowered due to space-charge
modulation. For I, > I, the slope of the field changes
sign; the maximum now appears at the buried-layer side
and increases again with increasing current {11]. This kind
of electric field distribution is quite different from the one
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Fig. 7. Influence of avalanche current on current gain. At V,,, = 2 Vis [
~ 0. The model calculations are carried out for § = 0 and no tempera-
ture increase.
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Fig. 8. Measured and predicted /. versus V,, curves.

sketched in Fig. 1 and our avalanche model is not valid
anymore. However, for I, < I, the original model (see
(5) and (8)) still gives a good fit of the hpg decrease, thanks
to the incorporated internal voltage drop, although this is
probably not the right physical explanation. So, in con-
clusion we can say that for different IC processes, we can
describe, up to the current I, the decreasing avalanche
current by the internal heating or the voltage drop in the
epilayer. In most practical cases this is sufficient. It is
demonstrated once more in Fig. 8, showing measured and
calculated I, versus V,, curves with constant base current.
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In this example the doping of the epilayer is 10 times
higher, and the thickness is about two times larger than
in the previous one. We see good agreement between the
measured and calculated collector currents.

VI. CoNcLUSION

Weak avalanche in bipolar transistors can be accurately
modeled by using the collector depletion capacitance. The
model has the advantages of a relatively fast numerical
evaluation and the avalanche parameter can be extracted
easily. The model incorporates an internal voltage drop,
and the temperature dependence of the avalanche param-
eter is given. With this model we can accurately describe
avalanche currents in a wide range of voltages and cur-
rents (Figs. 5, 7, and 8). The decrease in avalanche cur-
rent at high collector current densities is ascribed to in-
ternal device heating or a voltage drop in the epilayer.
From experimental results we conclude that the decrease
in avalanche current due to mobile carriers is small below
the critical current for hot carriers ;.. The increase in av-
alanche current above I, is not described by the model.
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