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Modeling Emitter Breakdown in GaAs-Based HBTs
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Abstract-— Emitter breakdown is commonly ignored in compact
HBT models. However, it can have a significant impact on the HBT
power performance. The aim of this paper is to present a compact
model that accounts for the effect. It is validated by lead-pull mea-
surements and applied to investigate the electro-thermal interaction in
mudti-finger HETs.

I. INTRODUCTION

Avalanche breakdown is one of the factors that limit GaAs
HBT power performance. Hence, a lot of work has been
spent on modeling the base-collector breakdown [1], [2], [3].
In forward operation, this junction is reverse-biased while
carrying the collector current, therefore, avalanche break-
down is expected to occur at this junction rather than at the
base-emitter junction. However, relatively high breakdown
voltages are easily achieved in GaAs collectors, therefore the
collector breakdown often is of minor importance in power
applications, in case of mobile applications with 3 V supply
voltage as well as for base station devices that operate with
supply voltages of 27 V. ’

On the other hand, emitter breakdown is commenly ig-
nored in compact models, since the base-emitter junction is
usually forward biased. This assumtion may not hold, if
the HBT is biased in class AB or B and is driven by rei-
atively high powers, while the base bias is supplied by a
high-impedance source. In this case, the voltage swing can
reach deep into the negative region. Also, the base-emitter
junction breakdown voltage is commonly low compared to
the base-collector one, Biasing the HBT at low quiescent
currents is important not only to reduce power consumption,
but sometimes also to prevent thermal destruction of the de-
vice due to self-heating. A low-impedance base bias sup-
ply in contrast can lead to destruction of the HBT due to
thermal feedback. Proper design of the bias circuit is there-
fore crucial for these two reasons, emitter breakdown and
self-heating, and the model should be capable to help the
designer to avoid breakdown.

‘While characterizing the HBTs, however, bias usually is
supplied by almost perfect stabilized sources. Therefore the
emitter breakdown may artificially limit the HBT power per-
formance in a way that will not be cbserved in a more real-
istic circuit set-up.

In this paper, we will first introduce the breakdown model
for a HBT unit cell, and point out the impact of this effect
on load-pull measurement. The model then is applied to in-

vestigate a multi-finger power cell operating at 26 V. Several
single-finger large-signal models are combined in order to
describe the thermal current crunching behaviour. The inter-
action of self-biasing, current crunching and emitter break-
down in power operation is investigated.

II. HBT MODEL

Unlike in case of collector breakdown, emiiter breakdown
cannot be modeled by a current muitiplication factor. This is
due to the fact that the emitter breakdown occurs when the
HBT is operated in off-state, with negative bias at both junc-
tions and corresponding extremely low currents. Instead,
the SPICE model for the similar case of diode breakdown
is adopted [4]. A breakdown current source is added in par-
allel to the base-emitter junction, as shown in Fig. 1:
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with the base-emitter saturation current Iy, the intrinsic
base-emitter voltage Vi, the emitter breakdown voltage
Vebo, and the thermal voltage Vip.
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Fig. 1. Intrinsic part of large-signal equivalent circuit.

This breakdown model is included in the FBH HBT model
[5], [6). that supports partition of intrinsic and extrimsic
base-collector diode, non-ideal base currents, self-heating,
current-dependence of base-collector capacitance and col-
lector transit time (i.e. velocity modulation and Kirk effect).
In order to calculate the thermal interaction between dif-
ferent emitter fingers inside a multi-finger power cell, the
model was extended with regard to the thermal subcircuit
shown in Fig. 1. An additional thermal port allows to ac-
count for mutual and self-heating of each finger by a thermal
resistance matrix.
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III. SINGLE-FINGER HBT

In this section, the model is applied to a conventional HBT
as used e.g. for cell phone handsets [7]. Load-pull mea-
surements are performed at 2GHz and Vo = 5V with
50 €} source resistance, and the load is matched in order to™
achieve maximum output power. Measured and simulated
output power and bias points are shown for various biasing
conditions in Fig. 2.
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Fig. 2. Bias and output power of unit cell HBT (emitter area 3 30 pm?)
at 2GHz, Vo g = 5V, measured (symbeols) and simulated (lines) as
function of available input power. Constant Vg g (--), constant {g
(=), constant /g simulated without base-emitter breakdown (- - -).

When the DC base current I is fixed {(solid and dotted
curves), the output power increases slowly over a wide range
of input powers. Beyond a certain limit, above 16dBm in
our case, the output power increases dramatically. In this
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Fig. 3. Base-emitter trajectory of unit cell HBT (emitter area 3x 30 zzm?)
simulated at 2 GHz with {— ) and without (- - -) base-emitter breakdown,
Ig = 0.1mA at P, =15, 17.5, and 20dBm.

region, the output power is no longer determined by the qui-
escent bias point, but all measurements yield the same max-
imum output power. In this region, it is observed that the
DC collector current no longer is proportional to Ig, as one
would expect beforehand and as is the case for lower input
powers. At the same time, the base-emitter DC voltage Vgg
reaches a minimum value. This behaviour can be simulated
well with the new model including emitter breakdown (solid
lines in Fig. 2), while ignoring the breakdown effect leads to
significant deviations between measurement and simulation
in the second case (dotted lines).

The effect of emitter breakdown on the input trajectory is
clearly seen in Fig. 3. If a certain limit of input power is
reached, the breakdown occurs. On one side, V3, can not be-
come lower than the breakdown voltage value (-7 V for our
sample). This also limits the DC base-emitter voltage Vpg
at a value well above the breakdown voltage (Fig. 2b). On
the other side, the breakdown renders negative base current
swings possible, and consequently the forward mode base
current is allowed to increase. The DC value of the total
base current is still fixed by the source, but the positive cur-
rent now is allowed to increase its DC component due to the
new conduction part. The collector DC current increases ac-
cordingly, since only the positive current component is am-
plified.

Measurement and simulations performed with constant
Ver = 0V are also shown in Fig. 2 (dashed lines). Since
Vgg is fixed, emitter breakdown is not observed. While
no current flows without input power, a steep slope in I,
I and P, is observed once the input power is increased,
However, positive thermal feedback can occur. At fixed
Vpe. Ic increases with temperature which in return in-
creases self-heating. This well known effect can damage the
HBT, and a ballasting resistor is required in order to suppress
the feedback effect.

In this section, a small transistor was measured at low
Ver in order to isolate the breakdown effect from others
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such as collector breakdown or thermal current crunching.
While the HBT under test was driven very hard and almost
above its limits for real life applications, the conclusions
drawn from this example also hold for power cells. First
of all, the emitter breakdown voltage remains constant in-
dependent of the emitter area, therefore one can expect the
breakdown to gain importance with larger devices which are
operated at higher absolute power levels. Second, the kinks
seen in Fig. 2 in P,y and bias are a sign for emitter break-
down which would be extremely hard to measure directly in
a load-pull measurement. Finally, the model proves to be
accurate up to DC currents well beyond the onset of base
push-out effect, which is around J = 35 mA in the present
case.

1V. HBT PowER CELL

In this section, the model is used to gain insight into the
operation of ‘high voltage’ HBTs designed for base station
applications [8]. As an example, a power cell consisting of
eight emitter fingers of 3 x70 um? is investigated. The HBT
has a fishbone type layout, i.e. two rows of four fingers in
parallel, as symbolized in the inset in Fig. 4. Thermal man-
agement of these transistors is crucial, since they are oper-
ated at 27V up to output powers of 40dBm. In order to
simulate the mutual heating of the individual emitter fingers,
each emitter finger is modeled by a single compact transis-
tor model. Thermal interaction is accounted for by a thermal
resistance network which is determined beforchand using a
numerical thermal simulator [97], [10], [11].

Simulations of the DC IV curves are shown in Fig. 4 for
HBTs with thermal shunt air bridges of 5 um (solid lines)
. and 20 pm thickness (dashed lines, cf. Fig. 5). Current
crunching is observed in case of 5 um air bridges. The effect
that takes place is that half of the HBT is effectively switched
off, and hot-spot formation takes place in the middle of the
other half (Fig. 4b). Class A operation is not possible in the
given case at Vg =26V for thermal reasons, even if hot-
spot formation can be suppressed. In order to investigate the
RF performance (Fig. 6), class B or AB biasing has to be
applied. Three types of biasing scheme are considered: Ig
fixed at 1 mA, and resistances of 502 and 200 {2 to ground,
(Vg = 0 with DC source resistance). The HBT under in-
vestigation 1s the thermally less stable one with the 5 ym air
bridges. However, current crunching turns out to be neg-
ligible under RF excitation, and is only observed at all near
compression when investigating the DC currents through the
individual emitter fingers (Fig. 6d). Regarding the biasing
scheme, a similar behaviour as in case of the unit cell is
observed. Again, emitter breakdown is responsible for, the
sharp increase of Iy and Fo¢ and also limits Vg to values
around —2 V, when g is fixed (solid lines). For compari-
son, simulations without emitter breakdown are shown (dot-
ted lines). In order to avoid thermal damage of the device as

300
250 [
200
E
(a) 2_150 I J
~ 100
50
0 : + . ’ )
0 5 10 15 20 25 30
Vee (V)
40 - — : :
L current of individual J
30} emitter fingers
ol X 283
Mb) 200 O UNSATTS ]
10 q
5-8
0 L 1 1 L L
Q 5 10 15 20 25 30
Vea (V)
Fig. 4.  Simulated DC IV curves of HBT power cell (emitter arex

8(3x70) um?, fishbone layout as depicted in the lower graph). 5 pm
air bridge (—), 20 zm ait bridge (--). a: ‘total current, b: collector cur-
rent of individual emitter fingers.

Fig. 5. Cut away of thermal simulatien stracture, showing two emitter
fingers with 20 pm thermal shunt air bridge. '

well as emitter breakdown, the bias voltage of 0V is applied
threugh 20062 (dash-dotted lines) and 502 (dashed lines)
resistances. It turnes out that in the 200 (2 case the break-
down is delayed but not suppressed, since the curves show a
slight kink arcund an available input power of 30 dBm, and
from here on follow the curves determined with constant I5.
In case of 50 €} source resistance, breakdown finally is sup-
pressed at the expense of a only slightly higher I and, con-
sequently, dissipated power.

The model gives insight into the complex electro-thermal
interaction in HBT power cells even in heavily nonlinear op-
eration and thereby also proves its numerical robustness.
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Fig. 6. Bias and output power of HBT power cell {(emitter area 8 (3x70) um?, 5 um air bridge) at 2 GHz, Vo g =26V simulated as function of available
input power, Constant Jg (—), constant [z simulated without base-emitter breakdown (- +), Vg = 0 with 2002 DC source resistance (--),

Ve = 0 with 5082 DC source resistance (--).

]

V. CONCLUSIONS

The impact of emitter breakdown on HBT power perfor-
mance is investigated and modeled. It is shown that the ef-
fect can tead to self-biasing and increasing collector current
despite fixed DC base current. Load-pull measurement and
simulations of a HBT unit cell show the enhancement in
model accuracy obtained by accounting for emitter break-
down. Moreover the model is used to track the electro-
thermal interaction in high-power multi-finger HBTs. Mu-
tual heating is accounted for by a thermal resistance ma-
trix which is determined by thermal simulation. The model
thereby- enhances simulation accuracy of HBT power per-
formance and also proves versatility as a means to analyze
thermal management.
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