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Introduction

. Bipolar transistors traditionally have been used
for the fastest forms of silicon integrated circuitry,
such as the emitter coupled logic. (ECL) gate
configuration. Silicon bipolar transistors, however,
suffer from an inherent emitter efficiency /base resis-
tance trade-off which imposes limits on how far those
devices may be scaled. The advent of the strained
Si;—4Ge, alloy material system has made it possible to
bypass these traditional scaling limits by enabling the
development of narrow-bandgap-base Si/81,_,Ge,/5i
heterojunction bipolar transistors (HBT's). This paper
will describe the basic properties of Si,_,Ge, strained
layers, how HBT’s alleviate the current gain/base
resistance trade-off, and what impact they can have on
digital and analog silicon-based integrated circuits.

Fundamentals of Si,_,Ge, and HBT' s

Two desirable properties of bipolar transistors are
a high current gain (Io/Ig) and a low base resistance.
Since the collector current Iz and hence the emitter
efficiency are inversely proportional to base doping,
high current gains require a low base doping in homo-
junction transistors. However, virtually all other pro-
perties of the transistor desirable for submicron scaling
and high current densities require heavy base doping.
These properties include a low base resistance for fast
circuit operation, a reduction of high level injection
effects, and the elimination of punchthrough for thin
base widths,

This emitter efficiency/base resistance trade-off
can be overcome by making the emitter and base out
of semiconductors with different bandgaps. For exam-
ple, lowering the bandgap in the base presents a
smaller barrier to electrons in the emitter compared to
a homojunction device at the same bias condition with
similar dopings (Fig. 1). This will lead to a larger
electron current from emitter to collector (Iz). Since
the barrier for holes from the base to emitter in the
two devices is similar, the hole currents “which
comprise Iy should be similar. Therefore the current
gain (Ig/lg) will be much larger in the HBT than in a
homojunction device with similar doping. The high
current gain, however, can be traded off for a reduced
base resistance by increasing the base doping. In this
way, the basie emitter efficiency/base resistance trade-
off in homojunection transistors can be alleviated.
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Fig. 1. Band diagrams of an all-silicon
homojunetion transistor and a
Si/Si;,Ge,/Si narrow bandgap base HBT
illustrating the reduced electron barrier in
the HBT.

While the above principle has long been known,
its implementation requires that a high-quality, low-
defect heterojunction be formed on silicon. This had
been hampered by the lack of a suitable semiconductor
lattice-matched to silicon. Si;_,Ge, alloys have a lat-
tice constant larger than that of silicon because of the
larger size of the Ge atom. However, thin 5i,_,Ge,
layers can be grown lattice-matched to silicon by
growing them in a state of compressive strain. In this
state the lateral lattice constant matches that of sili-
con, while the vertical one is much larger [1]. These
strained layers are advantageous not only because the
strain eliminates defects such as misfit dislocations at
the S5i/8i;_,Ge, interface, but also because the strain
splits the usual degeneracies of the band edges. This
causes the bandgap of the strained Si;_,Ge, alloys to
be reduced even further from that of silicon than
would be expected from the presence of the Ge alone
[2]. For example, an unstrained Sig3Ge, 4 layer (which
would have an enormous number of defects at a silicon
interface) would have a bandgap ~ 90 meV less than
that of silicon. A strained SiyzGey, layer would have
& bandgap reduction (AEg) of ~170 meV compared to
silicon, however.,

In the Si/strained Si;_,Ge, system, the bandgap
offset is almost entirely in the valence band [3].
Therefore the increase in collector current for a given
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change in bandgap for the same bias and similar dop-
i AF,
ing can be approximated as losice = exp |- I:TG

Sl
[4]. For a compasition of SiyzGey,, this exponential
increase in emitter efficiency at room temperature is
approximately a factor of ~ 500. Achieving such
improvement requires careful consideration of the loca-
tion of the hetercjunction with respect to the doping
Jjunetion, however [5].
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Room temperature Gummel plots of I and Ig vs.
Vae for HBT's with varying amounts of Ge in the
base (and hence different bandgaps) are shown in Fig.
2 and Fig. 3 [8]. As the Ge content in the base is
raised, the collector current increases monotonically as
expected. Also important is that the base current does
not change as Ge is added to the base, as expected
from the band diagram in Fig. 1. Such base current
results require high lifetimes in the 5i,_,Ge, layers,
and to date have been obtained by Rapid Thermal
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Fig. 2. Collector current vs. Vgg for an all-
silicon control device and HBT's with vary-
ing amounts of Ge in the base (0-20%
graded, 7-20% graded, 13-15% graded, and
20% flat).
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Fig. 3. Base current vs. Vg for the devices
of Fig. 2.

Chemical Vapor Deposition (Fig. 3) [6], UHV-CVD (7],
and by MBE [8]. The design advantage of the HBT's
is also demonstrated in Fig. 4, which compares the
common-emitter characteristics of an all-silicon device
and a simultaneously fabricated Si/Sij gsGeg 4/Si dev-
ice with similar doping profiles. The base resistances
of the two devices are similar (~ 3.4 k{1/0), but the
gain of the HBT is much larger than that of the Si
device (160 vs. 8).
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Fig. 4. Common emitter characteristics of
(a) an all-silicon device and (b) a
8i/8ig g5Geg 14/S1 deviee with similar base
resistances illustrating the higher emitter
efficiency and current gain in the HBT.

Besides the emitter efficiency/base resistance
advantage, a second advantage of SiGe HBT's is that
the bandgap in the base can be graded by grading the
Ge content across the base. This provides a built-in
field which improves the base transit time. Using such
an approach, Patton et al. at IBM have achieved
current gain cutoff frequencies () of 75 GHz, roughly
50% higher than the best homojunction transistors
fabricated by conventional ion-implanted base technol-

ogy [9].

Digital Cireuit

The impact of the SiGe HBT's on digital circuits
such as ECL can be examined by performing SPICE
simulations using a baseline of a state-of-the-art con-
ventional process (gate delay = 27 ps). The main
device parameters that will be affected are the current
gain, base resistance, and cutoff frequency. For gains



over 100 (roughly the minimum required for circuit
noise margin and fanout considerations), little impact
of the gain on circuit delay was found. Increasing the
cutoff frequency above the baseline of 27 GHz without
decreasing the base resistance from its initial value of
11 kf}/O also had little effect (Fig. 5). The most
significant parameter was the intrinsic base resistance,
illustrating the importance of the HBT. By incor-
porating a device with an Rp; of only 500 {1 and not
changing the cutoff frequency of 27 GHz, a ~50%
reduction in gate delay from 27 to 14 ps should be
possible. Initial circuit experiments have shown only a
15% improvement in gate delay [10], but in these dev-
ices the base resistance was still rather large (8 ki1/0).
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Fig. 5. Circuit simulations of ECL gate
delay for various HBT designs.

Ultimate digital applications will require three
integration issues to be addressed, however. These are
a manufacturable approach to sell alignment of epitax-
ial base devices, a low extrinsic base resistance so that
one can benefit from low intrinsic base resistances, and
a reduced thermal budget (modified poly-emitter
processes, ete.) to prevent base dopant outdiffusion
and the resulting parasitic barrier formation [5], and
strain relaxation in the SiGe layer.

Analog Applications

The most significant impact of HBT's could be in
the area of high speed and high precision analog circui-
try such as DfA converters and op-amps. The perfor-
mance of such circuits depends eritically on the pro-
duet of current gain (J) and Early voltage (V). Phy-
sically, a non-infinite V, results from the fact that a
reverse-biased collector-base junction decreases the
width of the base and thus reduces the width of the
potential barrier for electrons. This leads to a higher
flow of electrons over the barrier (Ig), and hence an
undesirable dependence of I on the collector voltage.
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This effect can be suppressed in a Si/SiGe/Si HBT by
putting a low bandgap region on the collector side of
the base (Fig. 6) [11]. Since the collector current is
controlled mostly by the high barrier (near the emitter
in this device), and the eollector voltage will only
modulate the width of the low barrier near the collec-
tor, this device will have a very high Early voltage.
Conversely, placing the low barrier (low bandgap)
region on the emitter side of the base and the high
barrier on the collector side of the device, a very low
Early voltage should result (Fig. 7). Since the max-
imum barrier in the two deviees is the same,
experimental results of the two devices show similar
gain (1400-1800), but the Early voltage of the properly
designed device is ~ 20 times larger (120 vs. 6V)
(Fig's. 8,8). The resulting 3V, product of the device
of Fig.'s 6 and 8 of > 160,000 V represents an
increase of over two orders of magnitude increase in
this figure of merit compared to conventional devices
with similar frequency performance (Fig. 10) [12].
Furthermore, since this improvement can be achieved
with only very thin low bandgap Si;_,Ge, layers (high
x) near the collector jurction, the eritical thickness
concerns are significantly relaxed compared to those in
devices requiring a low bandgap throughout the entire
base,

Summary

Si;_,Ge, strained alloys offer an attractive hetero-
junetion solution to the emitter efficiency/base resis-
tance trade-off in silicon-based bipolar transistors. A
factor of two reduction in ECL gate delay should be
possible, although process integration will be an
important issue. In contrast with the possible factor
of two improvements in digital gate delay and ~ 50%
improvements in cutoff frequency, the largest impact
of 5i/8i;_,Ge,Si HBT's may be in the area of high
performance analog applications, where an increase of
more than two orders of magnitude in the in 3V,
products has been demonstrated.
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Fig. 6. Band diagram of a HBT with a
smaller base bandgap (SijqsGegas) close to
the collector than close to the emitter
(SipgsGeg 14), under zero and reverse collec-
tor bias,
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Fig. 7. Band diagram of a HBT with a

larger base bandgap (SijgsGep,,) close to
the collector than close to the emitter
(Sip 75Geg 95), under zero and reverse collec-
tor bias.
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Fig. 8. Common emitter characteristics of
the device of Fig. 8.

Fig. 9. Common emitter characteristics of
the device of Fig. 7.
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