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Abstract

The collector epilayer is a crucial element in the behaviour of mod-
ern bipolar transistors. Compact models for its description, like
the Kull model, are therefore of crucial importance too. We give a
Mextram-based improvement to these models for quasi-saturation,
and show that the output conductance and the cut-off frequency
are much smoother. Apart from ohmic quasi-saturation we also in-
clude velocity saturation, which also leads to quasi-saturation (Kirk
effect).

1 Introduction

One of the effects that is not adequately described in
the widely used Gummel-Poon model is quasi-saturation.
Quasi-saturation (i.e. the internal base-collector junction is
forward biased, whereas externally it is reverse biased) de-
grades the performance of the transistor, and is due to ei-
ther ohmic voltage drop in the epilayer or to a voltage drop
caused by velocity saturation (Kirk effect). Many improve-
ments have been suggested over the years. One of the ma-
jor contributions is the description of ohmic quasi-saturation
by Kull et al. [1]. This epilayer model has been incorporated
in for instance Mextram [2] and Vbic [3]. The physical ba-
sis of the mode! is sound. However, we will show that in its
current implementations it has the disadvantage that it is not
very smooth in first and higher derivatives of the current w.r.t.
voltages.

We give an improvement to the Kull model that is much
smoother. We also include velocity saturation, based on the
same principles as in Ref. [2]. This results in a superior
description of measurements. As an example we compare
to measurements on a high-voltage transistor in which the
epilayer description is of crucial importance. This epilayer
model will be part of the new Mextram 504 release, but can
be implemented also in other models.

In Sec. 2 we analyze the Kull model. In Sec. 3 we show
our improvements and the comparison with the Kull model.
In Secs. 4 and 5 we add velocity saturation effects and cur-
rent spreading. Our experimental results are discussed in
Sec. 6. In Sec. 7 we describe the charge of the epilayer that
is needed for the cut-off frequency description.

2 Analysis of the Kull model

The Kull model [1] gives a good description of the currents
and charges in the epilayer, as long as it is quasi-neutral
throughout. The current is given in terms of the external and
internal base-collector biases V¢, and Vgg;. These volt-
ages determine the hole densities py at the base-collector
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junction and pw at the buried layer interface:
po = 3v/1+4 exp[(Vaci — Vao)/Vr] - §, (1)

pw = 21+ 4 exp[(Vacz — Vao)/Vr] - 3. (@

These hole densities are normalised to the epilayer doping
level Nepi. The parameter Vg is the built-in voltage of the
base-epilayer junction and has physically the value V4. =

VrIn(N2,;/n?). The current is now defined as

Ipi = (Vow + Veei — Veez)/Rey, (3

Vr {2po — 2pw — In[(1+po)/ (L +pw)]}, (4)

where for a 1D model Rey = Wepi/gpinNepidem is the low-
current ohmic resistance of the total epilayer. The expres-
sion for the current has indeed ohmic behaviour at low cur-
rents. It also describes injection of holes into the epilayer
due to quasi-saturation (base-widening, see Fig. 1), in which
case the normalised hole density at the base-collector junc-
tion po is of order 1 or (much) higher.
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Figure 1: Schematic view of the electron and hole densities
in the base-collector region. It also shows the thickness of

the epilayer W.p; and the injection layer ;.
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Within the Kull model we can calculate the thickness of
the injection region

T Vow
Wepi  Vow + Vbci — VBoa

(5)

The epilayer consists of two parts. The first part, between
z = 0 and z;, is the injection part, where the hole density
is comparable to the electron density. The second part, be-
tween z = z; and We,; is the ohmic part where the hole
density is negligible.

Using the equations (3) and (5) we can write

Veeci — VBce = Iepi Rev (1 — 23/ Wepi) - (6)



For low currents, when there is no injection (z; = 0), this
equation means that the voltage over the epilayer is just the
ohmic voltage drop.

For high currents there is an injection region. Equa-
tion (6) implies that the complete voltage drop over the epi-
layer is just the ohmic voltage drop over the non-injected
part (zx > z;) of the epilayer. This means that the voltage
drop over the injection region is zero, or at least small. This
can be understood when we realize that the internal base-
collector bias approximately equals Vq, rather independent
of the current. This behaviour can be seen in Fig. 2 which
shows the V¢ as function of the current I, for fixed Vpc,.
A small change in Vg¢; results already in a large change in
Po, in Vow, and hence in L.
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Figure 2: The internal base-collector bias Vgc; as function
of the current Ip,; for Ve, = —1, —=3V.

Note that there is an abrupt onset of injection (this is
the point where Vgc; becomes of the order of Vy4., or when
z;/Wepi Starts to rise as in Fig. 3). This leads to incorrect
higher derivatives of the current, which can for instance be
observed in distortion analysis. The parameters we used
come from the experimental results of section 6.
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Figure 3: The normalised thickness of the injection region
z;/Wepi as function of the current I.p; for Ve, = —1, =3 V.

Dashed line: Kull model Eq. (5). Solid line: our model
Eq. (10).

3 Improvement of the Kull model

To improve the smoothness of the formulation we reverse
the order of the calculations in the Kull model. For fixed ex-
ternal base-collector bias we assume that the current I
is given instead of the internal base-collector bias Vgc;.
From the current and from Vg, we calculate the thickness
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z; of the injection region and from that the internal base-

collector bias. We use basically the same equations as the
Kull model. Hence we describe the same physics. The in-
ternal bias is used for further calculations of for instance the
(reverse) main current in the base and the base charge, just
as in other bipolar compact models.

3.1 Calculation of the thickness z;
We use Eq. (6) to calculate the thickness of the injection
region. When z; > 0 we know that Vgc; >~ Vg . In that case
we can write v v
Ti _q_ Ydc T VBCsz 7)

Wepi Iepi RCv
In Ref. [4] a similar expression is used. Equation (7) can only
be used when I, > I, with

Iqs = (Vdc - VBCIE)/RCV’ (8)

The current I, is the current through the epilayer at the on-
set of quasi-saturation. To use Eq. (7) also for currents below
I,s we replace I, by I where

1+ ay ln{l + eXP[(Iepi/Iqs - 1)/axi]}
1+ay In{1+exp[-1/as]}

I=1, 9
The parameter a,; has a smoothing purpose. Our experi-
ence is that it should be of order 0.3 for Si homojunction
transistors, and possibly less for heterojunction processes
like SiGe. When I, > I, we have I ~ I, as desired.
Observe that I is always larger than I, unless I, = 0, in
which case we have I = I,;. The thickness of the injection
region z; is now calculated using Eqg. (7) or by solving

Va. ~ VBez
RCV (1 - xi/Wepi) ’

for given Ve, and Lp;. This equétior?,\ as well as the ex-
pression for I, will be improved later-on to include velocity
saturation effects.

In Fig. 3 we have shown the result for z;/W,;. Note that
our result indeed shows a much smoother onset of quasi-
saturation then the Kull result. By changing a,; one can in-
fluence the abruptness by which z;/We,,; starts to increase.

I= (10)

3.2 The internal base-collector bias
Next we need to calculate the internal base-collector bias via
the hole density po. To this end we combine Egs. (3) and (5)
to get

Iepi Rey xi/Wepi = VOW: (11)
where Vow is given in Eqg. (4). From this equation we can
not calculate p, directly. We therefore approximate it with
the following

po+pw +1
po+pw +2

This approximation does not differ more than 5% from the
original equation for Vo over the whole range of py and
pw values. Using this second order equation we can now
calculate py from pw, I, and z;/Wepi. The internal base-
collector bias can be found from

Veci = V‘dc + VrInpo (po + 1)).

Iepi RCv xi/Wepi = 2VT (pO - PW) (12)

(13)
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Figure 4: Output characteristic for both the Kull model
(dashed line) and our model! (solid line) in the ohmic case.
Ig = 50 uA, 100 A, 150 pA, and 200 pA.

To compare the results of models for the epilayer one
needs to embed them in a complete compact model. The
epilayer model described here (including velocity saturation
effects described in the next section) will be part of the new
version 504 of Mextram. A test version has been imple-
mented in our in-house simulator Pstar. Keeping the rest
of the model the same and changing only the model for the
epilayer we are able to give a realistic comparison between
the Kull model and our new model. The results for the out-
put characteristics are given in Figs. 4 and 5 for the ohmic
case. As one can see the difference in the collector current
is negligible. There is a much larger difference when we look
at the output conductance. In the Kull model one can see a
kink when quasi-saturation sets in. In our new model quasi-
saturation is present also but its onset is not as abrupt. We
will see that the same holds for measurements. For higher
derivatives the difference between the two models becomes
even larger.
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Figure 5: Output conductance gou. = dIc/dVeog corre-
sponding to Fig. 4. Note the kink at the onset of quasi-
saturation in the Kull model.

4 Velocity saturation effects

The equations we presented above hold only when veloc-
ity saturation in the epilayer does not play a role. This is
true for currents smaller than the hot carrier current I, =
GNepi AemUsat, With vs,¢ the saturated drift velocity. For larger
currents we need another way of expressing the voltage
drop over the non-injection region. Note that the assumption
made in Ref. [1] of quasi-neutrality does not hold anymore in
the region z > z;. The Kull model is therefore inadequate to
describe quasi-saturation due to the Kirk effect.
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For large currents (I > Inc) the space charge resistance
SCRcy = WZ,;/2ev5a1Aern determines the voltage drop, in-
stead of the ohmic resistance R¢,. For intermediate currents
we need a weighted average of both resistances. Using an
interpolation like that of Ref. [2, Eq. (19)] we find for the cur-
rent at the onset of quasi-saturation (z; = 0)

_ V4 ~Vbea

I Va. — Veea + Ihe SCRey
@ SCR¢y :

Vac ~ VBcs + Ine Rey

(14)

The current [ is still given by Eq. (9). When there is injection,
the resistances must be corrected since the non-injected re-
gion becomes smaller. Similar to Eq. (10) we now find, defin-
ing y; = 1 ~ z;/W,p, the equation

Vge = Vaea + Ine SCRey yi

I Vi — Vbee
Vic = VBoe + lhe Rey 37

SCRCV y12

, (19)

with n = 1. This leads to a third order equation for y; or z;.
This equation can be solved and an explicit formula can be
given. We have found however that we can simplify it to a
second order equation without loss of accuracy, by taking
n = 0. This is easier for the implementation in a circuit simu-
lator. Using the thickness z; we calculate pg and the internal
base-collector bias from Eqgs. (12) and (13). This means
that our description of the injection region (z < z;) is not
influenced by velocity saturation.

Note that in the limit I,. — oo we get the ohmic result
back from the previous section. In the other iimit I,c — 0 we
get I = (Vac — Vaez)/[SCRev (1 — 7/ Wepi)?]- The relation
between the current and the thickness of the injection region
is now quadratic instead of linear, as in Eq. (6).

5 Current spreading

The derivation we have given above contains the same
physics as the Kull model [1] for the ohmic case or the pre-
vious Mextram model [2] when including velocity saturation.
Up to now it is a one-dimensional model. To take current
spreading into account the most important change is due
to the fact that the three high current parameters no longer
have their one-dimensional value. Instead they get an effec-
tive value, as described in [2].

6 Resuits

To compare our model with measurements we used a 0.6 x
5.4 um? NPN-transistor from a 12V BiCMOS process. The
DUT contains 5 transistors in parallel. This transistor has
been characterised completely forthe CMC benchmarking
effort [5], including temperature scaling. The epilayer pa-
rameters are: Vg, = 0.68V, R¢, = 1501, SCRey, = 12509,
lhe = 4mA, and a,; = 0.3. Results of the output characteris-
tics are shown in Figs. 6 and 7.

As one can see the current is modeled well, although
the current densities are already high (as can be seen from
Fig. 8). Also the output conductance is described reasonably
accurate. Neither in the measurements nor in the model do
we see a kink such as described by the Kull model in Fig. 5.
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Figure 6: Collector current for Ig = 50 pA, 100 pA, 200 A,
and 400 uA. Markers are measurements, lines are the
model. The dotted line shows the current 1,;, which is al-
most independent of the base current. For currents above
I, the transistor is in quasi-saturation.
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Figure 7: Output conductance gowt = dI¢/dVcg corre-
sponding to Fig. 6. The dashed curve shows the result from
the old epilayer model for the Ig = 50uA.

7 The epilayer charge
For a complete description we also need an expression for
the charge in the epilayer. To calculate it we use the Moll-
Ross relation that is used in many models for the current
in the quasi-neutral base. Here we use it for the injection
region:

Lpi = s (¥204/V7 — e¥20=/"7) Quo/Qepic  (16)
The saturation current g and the zero-bias base hole charge
Qg are either parameters of the intrinsic model or can be
calculated from other DC parameters. We can rewrite the
equation using Egs. (1), (2), and (12) to get an expression
for Qepi

QVT Z;

. = §— 17

er Tepi Rev Wepi (pO + pw +2), ( )
Rev \° Weni

Tepi = Is Qo <2VT> Cde/VT . E)}—: (18)

Flexibility is enhanced when 7.,; is made a parameter itself,
instead of being a function of DC parameters.

In quasi-saturation the expression for the epilayer
charge becomes Qepi = Tepi (i/Wepi)® Iepi. This equation
was first given in Ref. [6] and is used in Ref. [4]. We use the
full expression (17) for the charge because it also describes
the charge in the case of hard saturation (where the current
is small) as well as in reverse mode.
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Figure 8: Cut-off frequency fr for Ve = 0.5, 0.8, 2.0, 5.0V
(bottom to top). Markers are measurements, solid lines are
from the new epilayer model, and dashed lines are from the
old epilayer model.

With the expression for the charge we can calculate the
cut-off frequency fr, shown in Fig. 8. The cut-off frequency
fr is related to the total transit time 7 = dQ/dI.. Since
in the old epilayer model the collector current is not very
smooth (as can be seen from its first derivative go.t) one
cannot expect the cut-off frequency to be very smooth ei-
ther. This can indeed be observed in the plot of fr. Also the
improvement can be observed.

8 Summary

We have given a compact model for the behaviour of the
collector epilayer of a bipolar transistor. It includes base-
widening and quasi-saturation due to an ohmic voltage drop
as well as due to the Kirk effect. The excess charge is also
described.

We have shown that compared to, for instance, the
Kull mode! it gives a much smoother behaviour, which can
already be seen in the first derivatives like go,,s and fr.
Smoothness is particularly important for higher derivatives
which determine the distortion behaviour. The new model is
in very good agreement with experiments.

The epilayer model will be part of a new Mextram 504
release, but can be implemented also in other models.
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