
Chin. Phys. B Vol. 23, No. 11 (2014) 114402

Collector optimization for tradeoff between breakdown
voltage and cut-off frequency in SiGe HBT∗

Fu Qiang(付 强)a)b)†, Zhang Wan-Rong(张万荣)a), Jin Dong-Yue(金冬月)a),
Ding Chun-Bao(丁春宝)a), Zhao Yan-Xiao(赵彦晓)a), and Lu Dong(鲁 东)a)

a)College of Electronic Information and Control Engineering, Beijing University of Technology, Beijing 100124, China
b)College of Physics, Liaoning University, Shenyang 110036, China

(Received 22 October 2013; revised manuscript received 8 April 2014; published online 10 September 2014)

As is well known, there exists a tradeoff between the breakdown voltage BVCEO and the cut-off frequency fT for a
standard heterojunction bipolar transistor (HBT). In this paper, this tradeoff is alleviated by collector doping engineering
in the SiGe HBT by utilizing a novel composite of P+ and N− doping layers inside the collector–base (CB) space-charge
region (SCR). Compared with the single N-type collector, the introduction of the thin P+ layers provides a reverse electric
field weakening the electric field near the CB metallurgical junction without changing the field direction, and the thin N−

layer further effectively lowers the electric field near the CB metallurgical junction. As a result, the electron temperature
near the CB metallurgical junction is lowered, consequently suppressing the impact ionization, thus BVCEO is improved
with a slight degradation in fT. The results show that the product of fT×BVCEO is improved from 309.51 GHz·V to
326.35 GHz·V.
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1. Introduction
SiGe heterojunction bipolar transistors (HBTs) have

emerged as a strong contender in various millimeter-wave
and radio-frequency (RF) applications, which is ascribed to
the rapid increase in cut-off frequency over recent years.[1–3]

The cut-off frequency fT can be improved by increasing the
collector doping concentration, which is mainly due to a re-
duction in the base–collector space-charge layer width, de-
creasing the collector–base (CB) transit time (τCSCL). How-
ever, it inevitably results in a decrease of the breakdown volt-
age (e.g., base-opened collector–emitter breakdown voltage
BVCEO) due to the enhanced impact ionization, which cer-
tainly affects SiGe HBT competitiveness in millimeter-wave
and radio-frequency power applications with respect to III–V
HBTs.[4] Therefore, the simultaneous optimization of both fT

and BVCEO in a given technology is challenging due to the
process limitations set by the requirements of the high speed
device. Currently, device engineers mostly devote their efforts
to improving BVCEO at the expense of fT.[5–10] In this paper,
a novel composite of P+ and N− doping layers deep in the
CB space-charge region (SCR) readjusts the electric field near
the CB metallurgical junction to lower the electron tempera-
ture, consequently suppressing the impact ionization, which
improves BVCEO with little degradation in fT, and thus im-
proves the well-known tradeoff between the breakdown volt-
age and the cut-off frequency in the SiGe HBT.

2. Simulation and calculation

TCAD SILVACO software is used to perform the two-
dimensional (2D) device simulations. Advanced parame-
ter models are applied to accurately simulate the effects of
the avalanche behavior in the SiGe HBT, such as the tem-
perature and concentration dependent carrier mobility model
(ARORA), parallel electrical field dependent model (FLD-
MOB), doping-induced bandgap narrowing model (BGN),
temperature and concentration dependent carrier generation-
recombination model (HNSAUG), and temperature dependent
models (SELB). The carrier temperature equation for the dom-
inant carriers is solved together with the electrostatic Pois-
son equation and the carrier continuity equations used in the
BlOCK and NEWTON iteration methods. Figure 1 shows the
cross-section of the SiGe HBT used in SILVACO/ATHENA,
and the doping profile for a standard SiGe HBT is shown in
Fig. 2.

In order to accurately model the avalanche behavior in
an SiGe HBT, the ionization coefficient is calculated via the
Okuto–Crowell model with the driving force derived from the
electron temperature Tn, which is regarded as an indication of
the electron kinetic energy. The electron ionization coefficient
αn can be expressed as[11]

αn(Eeff
n ) = a(1+ c(Tn −T0))Eeff

n
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× exp
(

b[1+d(Tn −T0)]

Eeff
n

)δ

, (1)

where a, b, c, and d are fitting parameters. The electron needs
to travel a longer distance in the electric field to gain enough
kinetic energy to produce the impact ionization. The electron
kinetic energy is mainly obtained near the CB metallurgical
junction, where the higher electric field rapidly accelerates
the electron.[12] Therefore, the decrease of the electric field
near the CB metallurgical junction can lower the electron ki-
netic energy and lower the electron temperature, consequently
suppressing the impact ionization and eventually improving
BVCEO.
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Fig. 1. (color online) Cross-section of SiGe HBT used in SIL-
VACO/ATHENA.
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Fig. 2. Doping profile of a standard SiGe HBT used in SIL-
VACO/ATHENA.

3. Result and discussion
For a standard SiGe HBT, the improvement of BVCEO

can be obtained by decreasing the collector doping concen-
tration, as shown in Fig. 3. BVCEO improves from 3.7 V to
5.7 V. However, it inevitably widens the CB SCR, giving rise
to a higher CB transit time (τCSCL), and therefore degrading
fT (see Fig. 4). The peak fT decreases from 70.6 GHz to
54.3 GHz.
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Fig. 3. Absolute value of the base current versus VCE for standard HBTs
with different collector doping concentrations.
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Fig. 4. Comparison of fT versus JC for standard HBTs with different
collector doping concentrations.

The improvement of BVCEO is ascribed to the lowered
electric field near the CB metallurgical junction as the collec-
tor doping concentration decreases (see Fig. 5), and it also
means that the kinetic energy of the electrons that get ac-
celerated to near the CB metallurgical junction is decreased
correspondingly.[13,14] As a result, the peak Tn near the CB
metallurgical junction is lowered accordingly (see Fig. 6). Due
to the exponential dependence of αn on Tn, αn near the CB
metallurgical junction is lowered significantly, as shown in
Fig. 7. Meanwhile, the lowered electric field near the CB met-
allurgical junction causes a part of the higher electric field to
be somehow shifted deeper into the CB SCR, which does not
increase Tn and αn near the CB metallurgical junction.[15]

To readjust the shape of the electric field, a novel way
of improving BVCEO is to use a composite of P+ and N−

doping layers inside the CB SCR. In addition to the collec-
tor doping, all other doping profiles of the devices are kept the
same so that an unambiguous comparison can be made. Two
novel collector dopings called ColA and ColB are presented,
as shown in Fig. 8, which are obtained respectively by only in-
troduction of P+ (2×1016 cm−3) doping layers and inserting
a composite of P+ (2× 1016 cm−3) and N− (8× 1015 cm−3)

doping layers inside the CB SCR for a standard SiGe HBT
with the single collector doping of NC = 1×1016 cm−3. Fig-
ure 9 shows the absolute value of the base current as a function
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of VCE for HBTs with a standard (NC = 1× 1016 cm−3) col-
lector doping, ColA, and ColB. Compared with the standard
(NC = 1×1016 cm−3) collector doping, BVCEO with ColA is
improved by 0.1 V, only a 1.8% increase, while BVCEO with
ColB is improved by 0.4 V, a 7% increase, which is a magni-
tude of clear importance to circuit designers.
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Fig. 5. Comparison of electric field for standard HBTs with different
collector doping concentrations.
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Fig. 6. Comparison of electron temperature for standard HBTs with
different collector doping concentrations.
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Fig. 7. Comparison of ionization coefficient for standard HBTs with
different collector doping concentrations.
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Fig. 8. Doping profiles of HBTs used in SILVACO/ATHENA includ-
ing a standard (NC = 1× 1016 cm−3) collector doping and two novel
collector dopings called (a) ColA and(b) ColB.
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Fig. 9. Absolute value of the base current versus VCE for HBTs with a
standard (NC = 1×1016 cm−3) collector doping, ColA, and ColB.

Figure 10 shows the comparison of electric field for HBTs
with a standard (NC = 1×1016 cm−3) collector doping, ColA,
and ColB. Compared with the standard collector doping, the
thin P+ layer of ColA can provide a reverse electric field
weakening the electric field near the CB metallurgical junc-
tion without changing the field direction, and the additional
thin N− layer of ColB can further decrease the electric field
near the CB metallurgical junction. Furthermore, the P+ and
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N− doping layers inside the CB SCR cause the higher electric
field to shift deeper into the CB SCR. As a result, the electric
field near the CB metallurgical junction with ColB is the low-
est, and the electric field near the CB metallurgical junction
with the standard collector doping is the highest. Therefore,
Tn and αn near the CB metallurgical junction with ColB are
the lowest, and Tn and αn near the CB metallurgical junction
with the standard collector doping are the highest, as shown in
Figs. 11 and 12.
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Fig. 10. Comparison of electric field for HBTs with a standard (NC =
1×1016 cm−3) collector doping, ColA, and ColB.
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Fig. 11. Comparison of electron temperature for HBTs with a standard
(NC = 1×1016 cm−3) collector doping, ColA, and ColB.

In addition, compared with the standard collector doping,
the peak fT with ColB is decreased by 0.8 GHz, caused by
the composite of P+ and N− layers inside the CB SCR, which
introduces some net charge into the CB depletion region, lead-
ing to widened CB SCR and increased τCSCL,[16] and the peak
fT with ColA is decreased by 0.3 GHz, caused by the P+ layer
inside the CB SCR, which introduces more net charge into the
CB depletion region. However, slight degradation occurs at
a higher current and is often ignored in many circuit applica-
tions. Furthermore, the product of fT×BVCEO with ColB is

the largest; it is improved from the 309.51 GHz·V of the stan-
dard collector doping to 326.35 GHz·V.
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Fig. 12. Comparison of ionization coefficient for HBTs with a standard
(NC = 1×1016 cm−3) collector doping, ColA, and ColB.
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Fig. 13. Comparison of fT versus JC for HBTs with a standard (NC =
1×1016 cm−3) collector doping, ColA, and ColB.

4. Conclusion
Compared with the single decreasing collector doping,

which is often used in the standard SiGe HBT, a novel col-
lector doping is presented to improve the well-known tradeoff
between the breakdown voltage and the cut-off frequency in
the SiGe HBT. A composite of P+ and N− doping layers in-
side the CB SCR decreases the electric field and lowers the
electron temperature near the CB metallurgical junction, con-
sequently suppressing the impact ionization. As a result, com-
pared with the standard collector doping, BVCEO is improved
and the product of fT×BVCEO is increased.
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