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ABSTRACT. We study the noise behaviour of bipolar tran-
sistors for collector voltages close to and beyond the collector-
emitter breakdown voltage. We model the excess noise due to
amplification of shot noise and due to the impact ionisation it-
self, both for weak avalanche and for strong avalanche. Our
new model accurately predicts the measurements, without the
need for parameter fitting to noise data.

I Introduction

Bipolar transistors have been operated for a long time mainly
within the limits set by the collector-emitter breakdown volt-
age BVieo. The large increase in cut-off frequency has led to a
decrease of this breakdown voltage to only a few volts. As a re-
sult also the supply voltage has been reduced. Since, however, the
turn-on voltage of bipolar transistors has not changed very much
the freedom of making circuits within such a low supply voltage
has also been reduced. To keep some of the design freedom, more
and more designs use a supply voltage larger than BV e,. This in
itself is not a problem, as long as the impedance seen by the base
is low enough. The real limiting breakdown is then the junction
breakdown voltage BV.po. Operation above BV.¢, does, however,
lead to large avalanche currents and negative base currents.

Because the avalanche current is much smaller than the col-
lector current—even around and somewhat beyond BV ¢,— it has
always been assumed that the extra noise as a result of weak
avalanche can be neglected. For collector-emitter voltages be-
low BV,e, this is indeed a good assumption. Recently, however,
it has been shown experimentally [1] that for voltages close to
this breakdown voltage and especially for voltages larger than the
breakdown voltage this assumption is no longer true: the mini-
mum noise figure increases notably. It is therefore relevant for
circuit designers to have (compact) models that take this excess
noise into account. In Ref. [2] a theoretically expression for the
minimum noise figure was given based on a simplified equivalent
circuit, but no comparison to measurements was done. For a com-
plete model, not only the description of minimum noise figure is
important, but also the other three noise parameters, the equiva-
lent noise resistance and the real an imaginary parts of the optimal
source impedance, need to be described well. Below we give gen-
eral model equations for the description of the excess noise due to
avalanche that can be implemented into a compact model. Since
most compact models take only weak avalanche into account, we
will also give expressions in this limit. We will then verify our new
model against measurements.

II Theory
II.1 DC model
In Fig. 1 we show a schematic representation of the intrinsic tran-
sistor. We show the DC collector current |co and base current | gg
without avalanche and a separate avalanche current lgy. The
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Figure 1: Equivalent circuit of the intrinsic transistor with the

DC collector, base and avalanche currents and the total noise
sourcesic andig.

avalanche current can be expressed in terms of the collector cur-
rent |co and multiplication factor M as

lavi = (M — Dlco. (D

For this paper exact expressions for the currents and for the mul-
tiplication M are irrelevant and will not be discussed. The total
collector and base currents seen at the terminals are now

(2a)
(2b)

IC = ICO + Iavb
IB = IBO - Iavl-

I1.2 General noise model

It is important to realise that there are two separate effects that lead
to the excess noise. The first effect is solely due to the amplifying
nature of impact ionisation. Not only is the DC collector current
amplified, also the collector current noise is amplified. This by it-
self gives a contribution to the total noise. The calculation of this
part is rather trivial, since no new noise sources have to be con-
sidered. The second effect is the noise of the generated avalanche
current itself. In first order this is simply shot noise of the impact-
ionisation current. But because the generated noise current is also
amplified due to impact ionisation, the noise at the terminals is
actually larger than just shot noise.

In the intrinsic transistor we consider three current noise
sources: ico and igg describe the noise in the collector and base
currents before avalanche multiplication, and i1y, is the noise due
to the randomness of the impact ionisation process. The latter
noise source is uncorrelated to the other two, because it is due to a
separate physical process. The noise sources ico and i gg are given
by the noise model of the intrinsic transistor without avalanche



[3, 4, 5, 6, 7]. The expression for the noise in iy has to be deter-
mined separately [8, 9].

Our task is to calculate the total noise in collector current and
base current, also shown in Fig. 1. The extra noise i,y in the col-
lector current is the sum of the multiplication of the noise in the
collector current (M — 1)icg and the noise generated by the impact
ionisation ipp:

iavi = (M — Dico+ir1.- (3a)

The total collector and base current noise sources are then
ic =lico+ia1 = Mico +irL, (3b)
ip=1igo—iavi=1iBo— (M —1)ico—iLL. (3c)

From these it is simple to find the noise current densities:
S‘c = MzS‘co + SI.I.’ (4a)

S = Sig — 2(M=1) Re Sigiy + (M—=1)2Sig, + S, (4b)
Sgic = MSygicg = M(M = 1S, — Sy - (4¢c)

Note that we here explicitely took into account a correlation be-
tween intrinsic collector and base current noise sources due to de-
lay effects in the base [4, 5, 6, 7]. In Eq. (4) one can clearly distin-
guish the two effects mentioned above that lead to excess noise:
the effect due to avalanche multiplication of the original noise
sources and the extra noise due to the impact-ionisation process.
For MOSFETsS similar expressions have been given in Ref. [10].

II.3 The noise due to the impact-ionisation process

As mentioned above, the noise due to impact ionisation has a shot-
noise-like behaviour in first order. The noise current related to the
pair generation, however, also gets amplified due to impact ioni-
sation. The noise at the terminals is therefore larger than just shot
noise. It becomes extremely large when the junction is close to
junction breakdown, where the multiplication factor diverges. Be-
cause of this amplification of the noise, the total noise has to be
calculated based on the local value of the ionisation. Fortunately,
the resulting noise current can be expressed in terms of the multi-
plication factor [8, 9]. Note that when non-local avalanche is im-
portant the noise is reduced more than what can be calculated from
the decrease in the multiplication factor alone [11, 12, 13, 14], and
the expressions of Refs. [8, 9] are no longer valid. Since, how-
ever, non-local avalanche is as of yet not part of existing compact
models, we will disregard the effect on the noise also.

Below, we will use the expressions by Mclntyre [8], given for
diodes. In our case the initial current Ico contains only electrons
(holes do not enter the depletion layer, but they are generated in the
depletion layer). The noise in the collector current is then given by

_ 2
C:qucM3|:l+(l—k)(%) ] (5)

Here K is the ratio between the impact ionisation rate of holes and
that of electrons. The expression (5) already contains the multi-
plication of the noise of the initial current, which here has a value
2q coM?2. The rest is due to the noise from impact ionisation di-
rectly:

S;; =2qlcoM(M — D[1 + k(M — D]. (6)

For silicon the ionisation factor of holes is much smaller than that
of electrons: k < 1. (Note that this is not the case for all materi-
als.) The expression then reduces to [9]

S;; =29lcoM(M — 1) = 2ql.vM. @)

We will use this expression below for simplicity. For other materi-
als the impact ionisation of holes can be close to that of electrons.
This leads to larger values of M, but also to larger values of §;;
in terms of M. For the case k = 1 this gives

Sy, = 2ql.M?. (8)

I1.4 Explicit formulation

The expressions above are general and hold for any model for the
noise of the intrinsic transistor. Next we want to make the results
more explicit by expressing the results in terms of transistor cur-
rents and charges. For the noise sources without avalanche. we
use the results of Ref. [7]

Sico = 29lco, (9a)
Sz = 29l o, (9b)
Siglco = 20j 0 Quiff, Be- (9¢)

Here Quifr Bc is the part of the total diffusion charge attributed to
the collector side due to charge partitioning. For the noise at the
terminals of the intrinsic transistor, we then have, using Eq. (7),

Sc =2qlcoM@2M — 1), (10a)
S =2qlgo + (M — H(2M — 1)2qlco, (10b)
Sigic = 20j @ Qitr,BcM — 2M(M — 1)2qlco. (10¢)

IL5 Weak avalanche limit

The avalanche model being used in compact models is limited to
weak avalanche, where M — 1 <« 1, or |,y < lc. We find that in
practice M — 1 < 1.1 is the region where the models have enough
accuracy. Because the model for the calculation of the avalanche
current is limited to weak avalanche, we only need to take the noise
due to avalanche up till the same limit. Taking M — 1 <« 1 in
Eq. (10) the expressions simplify to

Slc = 2qlco + 6Qlav, (11a)
S = 2qlgo +2q9lav, (11b)
Sisic = 20j wQuir,Bc + 29j @ Quiff, Bc(M — 1) — 4qlay1. (11c)

One can clearly observe the excess noise additions when compar-
ing Eq. (11) to Eq. (9). The expressions given in Eq. (11) are
simple to implement in any compact model.

III Experimental verification
For measurements we used a SiGe transistor having a (drawn)
emitter size of 0.5 x 20.3um? and a double-sided base contact
from the Philips QUBiC4G process [15]. For this process a fully
scaled library is available. RF noise was measured using an Agi-
lent N8975A noise figure meter for a number of pre-characterised
source impedances. This allows us to measure a large number
of points and determine the accuracy of noise measurements, see
e.g. Fig. 5. Using open and short de-embedding structures the Y-
parameters of the device, measured using an Agilent E§364B vec-
tor network analyser, and noise sources are de-embedded to DUT
level [16]. Measurement results at a constant collector voltage of
Vce = 2.0V have already been presented in Ref. [7].

The simulations are based on the compact model Mex-
tram [17]. The avalanche model of Mextram has been described in
more detail in Ref. [18]. We added the excess noise due to impact
ionisation using the weak-avalanche result Eq. (11).
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Figure 2: Collector and base current as function of collector volt-

age for three values of the base-emitter voltage. Markers are mea-
surements, lines are simulations (solid for |¢, dashed for 1g).

In Fig. 2 we show the base and collector currents as function
of collector voltage at three values of Vgg. Close to Vcg = 4V
oscillations and snapback effects make it impossible to get reli-
able measurements for some base-emitter voltages. The break-
down voltage BV, is given by the voltage where the base cur-
rent vanishes. As one can see, the breakdown voltage depends on
base-emitter voltage, and is for this transistor around 3V at low
currents. The breakdown voltage increases for higher currents.

For modelling the excess noise due to impact ionisation an ob-
vious prerequisite is that the modelling of the avalanche current is
adequate. We therefore optimised the parameters of the avalanche
model [18] such that the avalanche current is predicted well both
for low and for high current levels. As we show in Fig. 2, we geta
good fit. Note that for correct modelling of the currents at higher
base-emitter voltage self-heating has to be taken into account.

In Fig. 3 we show the minimum noise figure that corresponds
to the DC curves of Fig. 2. We both show measurements and sim-
ulations. The minimum noise figure increases with collector volt-
age. This increase can be observed already for collector voltages
below BV eo. Simulations without the excess noise (dashed lines)
show a minimum noise figure that depends almost linearly on col-
lector voltage. When including the excess noise using Eq. (11) the
increase in minimum noise figure is modelled accurately. We show
the corresponding associated gain in Fig. 4. As one can see, the
associated gain is less sensitive to the excess noise, but the effect
is not negligible.

We show in Fig. 5 the minimum noise figure as function of
frequency for three values of the collector emitter voltage. At low
frequency the increase in minimum noise figure due to the excess
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Figure 3: The minimum noise figureat f = 2 GHz as function of
collector voltage corresponding to the DC measurements shown in
Fig. 2. Markers are measurements. Solid (dashed) lines are sim-
ulations with (without) taking the excess noise due to avalanche
multiplication into account, according to Eq. (11).
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Figure 4: The associated gainat f = 2 GHz as function of collec-
tor voltage corresponding to the minimum noise figure of Fig. 3.

noise is largest. At higher frequency the minimum noise figure in-
creases due a decrease in current gain. The minimum noise figure
is then less sensitive to the collector voltage. Note that without
taking the excess noise due to avalanche into account there is al-
most no Vcg dependence of the minimum noise figure (all dashed
lines are on top op each other).

To be able to compare our results with that of Greenberg [1]
we show in Fig. 6 the minimum noise figure as function of col-
lector current. We also observe the increase in minimum noise
figure for increasing collector-emitter voltage. The model predic-
tions are quite accurate, as before. Also in Fig. 6 we show the
equivalent noise resistance Ry, whereas in Fig. 7 we show the op-
timal source impedance Yop. The results prove that we are not
only able to model the minimum noise figure, but also the other
three noise quantities. Both the equivalent noise resistance as well
as the imaginary part of the optimal source impedance are almost
independent of the collector voltage. They are not influenced by
the excess noise discussed above either. For the prediction of the
real part of the optimal source impedance, on the other hand, we
do need to take the excess noise into account (again the dashed
lines are all on top of each other). The voltage-dependence of the
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Figure 5: Minimum noise figure as function of frequency at Vg =
0.85 V. Dashed and solid lines are as in Fig. 6 (dashed lines are
barely visible).

real part of Yop is responsible for the voltage dependence of the
associated gain, see Fig. 4.

IV Conclusions

We have shown that for accurate modelling of the noise for volt-
ages close to the breakdown voltages and beyond one needs to
take into account the excess noise due to impact ionisation. This
excess noise has two contributions: the noise of the intrinsic tran-
sistor is multiplied due to impact ionisation and the impact ion-
isation itself also generates noise. We have shown how to take
this effect into account within the compact model Mextram, but
it can also be added to other models. The results clearly show an
improved modelling of the noise of bipolar transistors at higher
collector voltages, without the need for parameter fitting to noise
data.
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Figure 6: Minimum noise figure and equivalent noise resistance as
function of collector current at f = 2 GHz. Markers are measure-
ments. Dashed and solid lines are as in Fig. 3. The dashed lines
(barely visible) are all close to the lowest solid line.
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impedance Yo, as function of collector current. Markers are mea-
surements, solid (dashed) lines are simulations with (without) the
excess hoise, asin Fig. 6.



