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Abstract -- In this paper, we review recently published SiGe
BiCMOS technologies for RFIC design. Performance and
integration trends in SiGe HBT’s are discussed. Performance
of passive devices, such as an inductor, plays a key role in RF
design. We review approaches to realize high Q inductor on a
Si substrate. Finally, interaction of HBT performance with
design is illustrated through LNA design

I. INTRODUCTION

SiGe based BiCMOS technology has become a key
technology for RFIC design as evident by product and
technology announcements from several companies. The
goal of this paper is to review advanced SiGe process
technology from the perspective of designers and to
provide an overview of the key aspects of the technology,
which are important in the RFIC design process. The
details of the fabrication technology can be found in
process technology intensive papers [1-16].

II. MODULAR SiGe PROCESS TECHNOLOGY

Digital CMOS technology is the driver for core
semiconductor process modules, such as development of
advanced lithography or ultrathin gate oxide, and is
generally a generation or two ahead of the BiCMOS
technology. Hence, a cost effective way to deliver
BiCMOS technology is to provide a modular integration
of SiGe HBT into mainstream CMOS technology. Figure
1 shows an example of modular integration approaches
adopted by several companies including Motorola [1-3].

There are RF performance drawbacks if modular
integration is done on low resistivity substrates which are
used in CMOS processes for latchup immunity. The low
substrate resistivity negatively impacts the inductor Q and
increases RF loss. The RF performance is improved by
migrating the baseline BiCMOS process to a higher
resistivity wafer. In addition to cost reductions, modular
integration of HBT’s enables reuse of CMOS design
blocks. Several recent publications [1-3] showed that
modular integration of HBT’s doesn’t have any significant
impact on the parent MOS characteristics further
reinforcing the concept of digital design reuse.
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Figl.  Modular integration approach adopted by
Motorola [1].

III. SiGe HBT PERFORMANCE TRENDS

Aggressive lateral and vertical scaling have led to
tremendous improvement in raw performance of SiGe
HBT’s (Fig 2). Figure 3 shows a plot of unity gain cut-off
frequency (f) versus BVceo. For 2.5-3.0 V designs, an fr
of 50 GHz is typical and for 1.8-2.0 V designs fr’s of
100 GHz are beginning to appear.

120
A;=0.25x10.0pm?
100 T
A=0.25x0.50 pm?
T 2] fi
1
.2 60
. fy  ass,
~ 1, ) P \
W+ 40 L% : e '
/’ ,/ll 1
20 ’/ - .
Py Pie v B
el e - Nen (N
0 - — - -
1E-6 1E-5 1E-4 1E-3 1E-2 1E-1

Collector Current (A)

Fig2. fr and fyax versus collector current SiGe:C HBT
devices (Vce=2V) integrated on Motorola’s 0.18 um CMOS
technology. [1]
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Fig3.  Shows performance of SiGe HBT’s reported in BCTM
and IEDM conferences between 2000-2001[1-16]

Peak cut-off frequency is a useful benchmark when
SiGe HBT’s are used to design very high-speed digital
circuits. For low noise applications, such as LNA’s in a
wireless transceiver, low current performance of HBT’s is
critical. The noise minima in an HBT occur at a low
collector current density (around 0.1 mA/ pmz), because of
competing contribution of thermal noise and shot noise. A
review of fr versus collector current for the HBT’s shown
in Fig 3 reveal that the cut-off frequency at 0.1 mA/um’
collector current density is around 20 GHz for most of the
technologies even though peak cut-off frequencies vary
significantly between them.

A more useful indicator of performance for low noise
application is fjax, which includes the effect of base
resistance. Aggressive lateral scaling and advanced

processing techniques, such as carbon doped base layer [1-
2], have led to significant reduction in base resistance.
Figure 4 shows a plot of fr vs. fiyax for the transistors of
Fig 3. For low noise applications, such as a 2 GHz LNA
for wireless handsets, an HBT with 50 GHz fr and highest
possible fyjax would be desirable.
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Fig4.  fuax of HBT’s in Fig 3 are plotted against fy

IV. PASSIVES

Commercially available SiGe technologies come with
a full array of passive devices. Table 1 lists a
representative sample of passive devices in 0.18um
BiCMOS technology at Motorola [1].

TABLE I

KEY PASSIVE ELEMENT PARAMETERS
Resistor Polysilicon TFR
Sheet ohm/sq 1500 50
Resistance
Linearity ppm/V 75 10
TCR ppm/C -1400 -100
Mismatch 1 sigma <1% <0.5%
1/f corner Hz - <50
Capacitor Gate MIM
Specific fF/u m2 8 1.6
Capacitance ‘
Linearity pm/V - -15
TCR ppm/C - 8
Mismatch 1 sigma - <0.05%
Inductor Plated Copper
Q @2 GHz 18 for L=3nH

High Q inductors are key to most RFIC designs. For
example, power loss and phase noise in a VCO decrease
quadratically as Q increases. On the other hand, Si
substrate is more lossy as compared to semi-insulating
GaAs. Hence, designing high Q integrated passives in Si
based technologies is challenging.

Approaches to generate high Q inductors are: a)
reduce resistance of the coil, b) make the dielectric layer
underneath the coil as thick as possible, ¢) reduce
substrate loss, d) if possible, connect the inductor
differentially to reduce capacitance to ground. The first
two items are in the technology offered whereas the last
two items are under the control of designers. Most of the
SiGe BiCMOS technologies [1-18] offer a thick Al top
metal layer of thickness 3-4 um for inductor design. In
Motorola’s 0.18 um BiCMOS technology, a 10 um thick
electroplated copper with sheet resistance of 2mOhm/sqr
is used for inductor design. Figure 5 shows SEM view of
an eclectroplated copper inductor and its measured
characteristics.

Moving inductor coils to a -higher level of
metallization improves Q but it requires an additional
metal layer and is not cost effective. Using a higher
resistivity substrate can reduce substrate loss but
excessively resistive substrate makes CMOS devices more
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Fig5.  SEM cross-section of an electroplated inductor built on

top of the last metal layer. A Q >20 can be achieved with a 3nH

inductor [1].

prone to latch-up. Alternatively, deep trenches underneath
the inductor can be used to reduce substrate losses.
Another interesting technique to improve inductor Q is to
connect the inductor differentially [19]. An improvement
of Q factor by 30% was observed by exciting the coil
differentially (Fig. 6).
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Fig6.  Single port excitation shorts capacitance to ground on
one of the ports whereas differential excitation puts the
impedance to ground in series.

MIM capacitors offered in all SiGe BiCMOS
technologies [1-16] have a high Q and excellent linearity,
which makes it suitable for RFIC applications.
Capacitance density in SiGe technologies range between 1
to 2 fF/um’ and some MIM caps are as high as 5fF/um’
[20]. Q factor in excess of 50 can be achieved at 2 GHz.
Higher MIM cap density can also be realized by stacking
MIM capacitors on multiple metal layers.

V. DESIGN ISSUES

In order to derive maximum benefit out of a given
technology, design of RFIC blocks has to be tuned to a
particular technology. We will illustrate the interaction of
technology with design through the design steps of a
2.1GHz common emitter LNA where emitter length of the
LNA is varied to obtain noise and power match [21-23].

The first step is to analyze a unit device to determine
the bias condition for minimum noise. Figure 7a shows
that for a 0.25x10 um HBT, the minimum NF attainable is
approximately 0.6 dB at a current of 0.2 mA. However, to
realize 0.6dB NF, we need to drive the amplifier with
800 Ohm source impedance as shown in Fig 7b. For a
50 Ohm source impedance, we need to connect 16
emitters in parallel and bias it at 3.2 mA to achieve noise
matching. Figure 8 shows that the optimum bias is about
4mA.
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Fig 7 a) Simulated Minimum Noise Figure in a 10x0.25 um
HBT; b) Optimum source resistance for noise matching.

Front-end RFIC’s in wireless transceivers are typically
preceded by SAW filters. To reduce power consumption
and attain minimum noise figures in LNA’s, one could use
a high impedance SAW filters. For example, to noise-
match the above transistor to a 100 Ohm SAW, one would
use approximately 8 emitters and bias it at 2 mA. A series
inductor in the emitter and another -at the base of the
transistor enable power matching once the noise matching
is done [23]. The measured noise figure on ICs will be
somewhat higher because of the losses in the inductors
and bond wires, and due to the impact of interconnect
parasitics. Since, the transistor will be operating at low
current levels to minimize noise, particular attention has to
be paid to the layout of the circuit to minimize
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interconnect crossover capacitances, some of which will
act like miller capacitance and reduce gain. Effective
substrate isolation of LNA’s, such as use of p+ guard ring
or isolated pwell, is also critical in p- substrates to reduce
" noise coupled from other blocks in the IC [24]. In wide
band receivers, higher IP3 spec might require increase in
current but by optimizing near the noise minima, impact
of increased bias current on NF is minimized.
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Fig 8 Triangles are NFmin, circles are NF. Two NF figure
plots are for 100 ohm (A) and 50 ohm (B) source impedance.

VI. SUMMARY

We surveyed key components of SiGe BiCMOS
technology. Modular integration of HBT on a CMOS
platform was found to be the common trend to reduce cost
and aid reuse of models and designs. Design of a high Q
integrated inductor is a challenge on Si substrate. Design
based as well as technology based techniques have to be
adopted to improve Q factor of an integrated inductor. For
low noise RFIC design, often quoted peak performance
metrics, such as peak, fr may not be a good benchmark.
We should focus more on low current performance where
noise is at its minimum.
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