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75-GHz SiGe Heterojunction Bipclor Transistors: GaAs
Performance in Si Technology?

J.M.C. Stork, J. H. Comfort, G. L. Patton, E. F. Crabbé, and B. S. Meyerson

IBM T. J. Watson Research Center, P.O. Box 218, Yorktown Heights, New York 10598

Abstract

$iGe HBT3s have der.'onstrated new device and cir-
cuit records, extending the speed of silicon bipolar
devices closer to a regime dominated by GaAs and
other compound semiconductor technologies. This
paper gives a review of recent results and describes
our present understanding in order to address the
potential merits of SiGe HBTs as an extension to
Si bipolar technology.

Device Performance

The record breaking cut-off frequency results of
SiGe and Si epitaxial base transistors (cf. Figs. | and
2) demonstrates the performance potential of Si
profile and SiGe bandgap engineering (1). As can
be seen in Figl, the combination of an thin
epitaxial base and shallow polysilicon emitter tech-
nology allows sub 50 nm base widths with low base
resistance and acceptable breakdown voltages. The
base doping at the emitter-base and base-collector
junctions is reduced to lower the electric field at the
junction, and thus succeeds in improving the
leakage and breakdown characteristics.  The
retrograded base profile at the emitter-basc transi-
tion would degrade performance in Si-only devices,
due to the reverse built-in field, retarding the
clectron flow. However, the Ge is used to overcome
this profile induced field by grading the bandgap
across the ncutral base. The field induced by the
bandgap grading of the Ge (see Fig. 4) increases the
velocity of electrons through the base, reducing the
base transit time component of the intrinsic profilc
delay according to (2)

7p (SiGe) AT (kT (0
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where AEgG is the bandgap gading across the
heavnly-doped portion of the neutral base profile.
Figure S shows the calculated transit time compo-
nents for a retrograde base profile, with and without
SiGe. As a result of the simultaneous reduction in
both base transit time and base-emitter junction
capacitance, very high frequency response is ob-
tained even at moderate current densities (see also
the data in Fig. 1).

The Lightly Doped Collector has been shown
(3) to improve the impact ionization breakdown of
the base-collector junction without penalty on cur-
rent density capability and cut-off frequency. As the
electric fiold is more uniformly distributed acroas the
junction region, the average velocity remains high,
but the energy the carriers acquire from the ficld is
reduced. An adcquate description of the average
encrgy can be obtained from the encrgy balance
equation directly using the following simplifying as-
sumptions (4): heat flow is ncglected and kinctic
energy is assumed to be negligible compared to the
thermal energy. If it is further assumed that the en-
ergy relaxation length 4, is constant, the second-
order moment of the Boltzmann equation can be
solved explicitly for the average energy as a convo
lution of the electric field and the exponential decay
length 4, as

(€ —x)
A

w

W(x) - W, = -g—qj; (&) exp { ydx  (2)

whete I is the clectric field and W, = (3/2)kT, the
energy at thermal cquilibrium. Although the aver-
age energy is not a perfect representation of the en-
ergy of the hottest electrons responsible for impact
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ionization, it gives an adequate prediction of the
breakdown voltage as shown in Fig. 6. Because the
maximum carrier energy is located deep inside the
base-collector junction, the multiplication factor of
Si and SiGe-base devices is essentially equal (cf. Fig.
7). Any difference in breakdown voltage is only due

Table 1

$i Sice
Apm?) 0.6x¢3 | 0.6x43

fy (GHz) 0 50
Ry(K0/%) 18 8

Ry () 80 80

Re (0) 18 8

BV V) 24 3.2

BVego (V) 1 1}

Conm (F/um)| 17 1.8

Cop.en (F/umd)| 0.9 0.9

Cen (F/um?) 78 6.3

Table 1 (ref 5)

Summary of device parameters of circuit
transistors
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Figure 1 (ref 1)

Measured cut-off frequency versus collector
current, for Si and SiGe devices, showing the
dependence on collector doping level.
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Figure 2

Reported cut-off frequency records in the
past decade (at RT). A rapid increase in Si
and SiGe performance is aoparent.

v 1 Y LI DI N
EmiHer lBou| Collector

ML e

0 100 200 300 400
Depth (nm)

Figure 3 (ref 1)

SIMS profile for the SiGe-base transistors of
Fig.l. The Ge grading is positioned precisely
in the most heavily doped region of the base
to enhance the base transit time.

to the usually higher gain of the SiGe transistors.
The net effect of reduced base transit time, nearly
equal (BV,po) or better (BV,yp,) breakdowu char-
acteristics compared to Si-only devices, presents a
significant paradigm shift of conventional

breakdown-speed trade-off as shown in Fig 7.
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Figure 4 (ref 2)

Energy band diagram illustrating first-order
design equations for graded-SiGe-base en.
hancements in gain and transit times.
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Figure § (ref 9)

Calculated transit time components for Si
(dashed) and SiGe (solid) profiles showing
reduction in both 7, and 7 due to the graded
Ge profile.

Digital Circuit Performance

Recently, the first circuit results using self-aligned
SiGe-base transistors (5 and 6) established new

oe o measured data
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Figure 6 (ref 4)

Base-collector voltage at which the base cur-
rent reverses as a function of collector doping.
The insertion of an l-layer increases the
breakdown voltage by 0.3-0.5 Volt.

world records (cf. Fig. 9) and demonstrated a 13%
circuit speed improvement in a direct comparison
with Si-base devices (cf. Fig. 10). The SiGe profile
was designed to produce transistors with fr= 50
GHz (50 % higher than the 30 GHz for Si) and
keep the collector capacitance low for better circuit
performance (see Table | for a summary of the Si
and SiGe device characteristics). The following
general relationship for the delay of a current switch
(7) can be used to understand the device optimiza-
tion trade-off's for circuit performance:

(ZXRb+RL)(2XChc+CL)
2‘RfT

1dOC

3

where f1, Rp, and Cp. are the cut-off frequency,
base resistance, and collector-base capacitance re-
spectively. For an ETL gate with emitter tollower,
CL = Cpe + Ce5, and Rp = Vi/l, inversely propor-
tional to the switching current.

At very high currents, 14 oc Fax, which re-
aches from an estimated maximum of 33 GHz for
Si to 45 GHz for SiGe devices (cf. Fig. 11) Im-
provements in  Fpgy are aclicved with self-
alignment schemes to reduce Cp, and C,,, and can
be further reduced by designing the device layout for
minimum base resistance, i.e. long, narrow emitter
stripes. The corresponding required currcnt does
not allow for high levels of intcgration however.




Picasecond Electronics and Opoelectronics

Instead, much better efficiency is obtained when the
capacitive term Rz x (CL + 2 x Cpe) is approxi-
mately equal to the profile contribution
(1 + Re x ls/Vs)/2nfT. It can easily be seen that
higher fr at the expense of high base resistance
and/or collector capacitance has minimal impact on
circuit performance. The mcasurements on un-
loaded ring oscillators support this conclusion as
shown in Fig. 12.

Minimum parasitic capacitances are even more
important to reduce the power-delay product at low
current. In this regime the performance of the verti-
cal doping profile is no longer dominated by the
base and collector transit times, but rather the spe-
cific junction capacitance is key to reduce power and
delay. As discussed above, for the same basewidth
delay, lower base-emitter junction capacitance can
be obtained, to further improve the speed of ECL
digital circuits,

Other Applications

For analog or other applications not limited by
power, the designer can use the additional degree of
freedom of the Ge profile more liberally to match
the circuit performance to the intrinsic transistor
profile  capabilities. As  expected from
Equation (1), the fr cut-off frequency has been
shown (8) to increase from 75 GHz at room tem-
perature to 94 GHz at liquid nitrogen temperature
(cf. Fig. 13). Note that the speed of the Si devices
also increased at low temperature, albcit only at ex-
tremely high current density. This trade-off between
speed and current density is a fundamental differ-
ence between the various material systems for device
operation. As can be seen in Figs. | and 14, SiGe
achicves higher speed than Si (but less than InGaAs
based HBTs for example) for a given current den-
sity, while higher profile speed through conventional
scaling always requires higher current denaity. Due
to the fact that a thinner base demands higher base
doping, the base-emitter capacitance per unit area
is increased. Thus a Liigher current density is re-
quired before the ~apacitive junction charging time
equals the shorter base transit time (cf. Fig. 5).
Since the collector doping should be designed to
support this current density, it too has to be raised.
This in tum increases the base-collector capacitance,
which hinders circuit speed (see Fquation (3)).
Another important factor for analog applications,
namely current gain, can be controllcd independent
of the base doping:

B (S) P pi (S
f (SiGe)

=y (S1Ge) AEyg
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where AE,(pg) is the bandgap reduction due to the
Ge at the bass-emitter depletion edge. This profile
design flexibility allows for lower noise and higher
Early voltage designs.
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Measured and calculated multiplication fac-
tors for Si and SiGe-base profiles using
A= 80 nm for the energy calculation.
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Measured /7' and BV(ep values illustrating
the speed-breakdown trade-off for implanted
and epitaxial Si base and SiGe base devices.
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Reported unloaded ECL ring-oscillator speed
records versus year, showing a doubling
about every three years.
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Figure 10 (ref 5)
Comparnison of ECL delay of Si and SiGe
transistors detailed in Table 1.

Discussion

The advantage of SiGe for profile design is that it
provides an extra degree of freedom to work within
the design constraints of base resistance, cut-cff fre-
quency, and breakdown/leakage (9), since the base
transport time can be reduced without changing the
doping profile. The additional flexibility of device
optimization using Ge depends on the application.
Digital ECL logic has probably the least leverage,
but push-pull circuits are expected to benefit much
more from high /T transistors. On the other hand,
it ia cloar that the even the intrinsic device potential
of SiGe HBTs is not as great as that of, for example,
AlGaAs-InGaAs HBTSs, primarily because of the

Si-like electronic properties of low perceritage SiGe
alloys. On the other hand, it is indeed the compat-
ibility with Si technology that makes SiGe technol-
Ogy 80 exciting: an extra degree of freedom is
available to Si technology, allowing better device
design optimization and making inroads in applica-
tions which are out of reach for pure Si, while cap-
italizing on the vast technology base of Si
technology. However, the technology challenge of
integrating strained epitaxial-basc devices into exist-
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Figure 11 (ref 9)
Simulation showing f7 (solid lines) and
SMAX (dashed lines) dependence on zero bias
intrinsic base resistance. The structure of the
devices detailed in Table 1 was assumed.
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Comparison of ECL delay of “high® f7-Rps
Che wad Tow” f7-Rpj-Che SiGe devices. The
circuit perfformance with the higher /' device
is actually the slower of the two.



Picasecond Electronics and Optoelectronics 115

100 Y vyvvryrreg v Yyoryorrrg Y
L Ne=8x10"7em™3
V¢.=1V

3 bbbl sl [T WY | P W WY
1 5 10 50
'c (MA)

Figure 13 (ref 8)

Collector current dependence of /T at 298K
and 8SK for Si and SiGe devices. In both
cases, peak /7 and maximum current density
increase with lower temperatures.
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Figure 14

Reported record f7° versus current density
comparing the intrinsic potential of 111-V and
SiGe HBTs with Si homojunction transis-
tors.

ing processing techniques and &chicving adequate
control of all the critical paramecters is an enormous
engineering challenge.
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