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Abstract — We explore the low-noise behavior of both high-fr
and enhanced-breakdown SiGe HBTs, showing key differences
as a function of Vg, Both devices achieve values for Fpy, below
0.4, 1.2 and 1.4 dB at 10, 15 and 20 GHz, respectively, with
corresponding G, values better than 18.5, 14.5 and 13.2 dB. In
addition, the enhanced-breakdown device demonsirates the
ability to operate at 1 V higher V3 compared with the high-fr
device prior to the onset of avalanche-induced Fy, degradation.
Combined with a lower Ccg , this improved Veg range allows the
device to achieve higher gain for the same or lower noise.

I. INTRODUCTION

As S5iGe HBT performance has progressed in recent years
from below 50 GHz to beyond 300 GHz, a collection of
applications requiring high-speed devices has evolved in parallel.
One such collection is wired networking at increasing faster bit
rates. Building blocks for 40 Gb/s systerns have, for example,
been implemented successfully in 120 GHz SiGe BiICMOS [11.

In addition to wired applications, however, there are also
emerging wireless markets at higher frequencics, from cordless
tetephony at 5.8 GHz to wireless LAN and collision avoidance
radar in the 60-77 GHz spectrum. Evaluating new technologies
for these applications requires looking at RF figures of merit
beyond fy and fyyax, such as noise performance. 5iGe HBTs have
demonstrated excellent low-noise capabilities due to their
combination of high fr, high current gain (B) and low base
resistance (Ry) [2]. Most recently, IBM has reported a SiGe HBT
technology with fr and fy,x greater than 200 GHz capable of
low noise figure (Fqin) and high associated gain (G,) out to at
least 26 GHz [3]. This domain has, until recently, been exclusive
to IHI-V devices, particularly GaAs PHEMTs.

- The availability of a silicon solution for low noise at high
frequencies enables system-level integration. A SiGe device
library may include several active device types that can be comb-
ined in the same circuit, each tailored to specific design goals.
For example, in addition to a high-fy device, a S$iGe HBT library
may include variants that trade fr for breakdown voltage. Such a
device might be achieved by reducing or eliminating the doping
in the collector pedestal, improving breakdown in exchange for
an earlier onset of the Kirk effect and thus for a lower peak fr.
Since a §iGe HBT generally exhibits optimum noise properties
at less than 10% of peak-fr current (referenced to the high-fr
variant}, there is margin for an earlier Kirk effect onset without
impacting fr at typical low noise biases. Indeed, doing so could
result in achieving lower noise. Reducing the collector doping
decreases the collector-base capacitance (Ccg), improving gain.
Base depletion is also reduced, lowering Rg and thus Fyg,.

Further, while breakdown voltage as a measure of the safe
operating area of a device is generally accepted, the designer
may care about additional considerations in low noise design.
Since the physical mechanism for breakdown in an HBT is
avalanche, an inherently random phenomenon, noise can
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increase at collector-base voltages (V) below breakdown, even
if avalanche is not yet sufficiently strong to show evidence in the
I-V curves. The resulting performance drop sets an effective
upper voltage limit for low-noise operation beyond that
determined by the I-V curves alone. This knowledge of the noise
behavior of an HBT in the vicinity of breakdown, including
comparison between the high-fy and enhanced-breakdown
devices, is valuable information to the circuit designer.

This work explores for the first time the noise behavior as a
function of Veg of two types of HBTs built in IBM’s 200 GHz
SiGe HBT technology: a flagship high-fr device as well as an
experimental enhanced-breakdown variant. The results reveal the
impact of avalanche on noise. We report that the enhanced-
breakdown device is particularly attractive for low-noise,
showing identical or better noise figure to the high-fr device
while demonstrating reduced avalanche-induced noise and thus
permitting operation at higher Vg values for higher gain.

II. TECHNOLOGY AND EXPERIMENTAL SETUP

The vehicle for our study is IBM’s 200 GHz SiGe HBT, illus-
trated in Fig. 1, featuring a raised extrinsic base seif-aligned to
an in-situ-doped emitter [4]. In contrast with prior SiGe gener-
ations sharing a common film for intrinsic and extrinsic base, the
raised extrinsic base permits heavier doping for a large reduction
in Ry while maintaining low Ccp and thus high power gain and
fwax. By modifying the collector implant selectively, we create
two HBT variants, The typical fr and fyax performance of the
flagship device (highest collector doping) is shown in Fig. 2.
Peak fr and fyax (from unilateral gain} values are 200 GHz and
250 GHz, respectively. We also explore an HBT variant with
reduced collector doping achieving the fr and fyax performance
shown in Fig. 3. For this variant, the onset of the Kirk effect, and
thus the peak-fy current, varies considerably with Vey. This Vg
dependence is most pronounced beiween 0 V and 1 V, tapering
off by 1.3 V where the peak fy and fyax values are 75 GHz and
200 GHz, respectively. We note that fyax, arguably more critical
than f; for RF applications, is high despite lower fr as a result of
greatly reduced Ccg. Fig. 4 illustrates the forced-Ig output curves
of both variants for identical Iy steps. The high-fr HBT shows
greater Ic with a BVego of 1.8 V, while the medified-collector
device shows reduced I but an improved BVego of 2.8 V.

All devices were testéd on-wafer in an ATN noise
characterization system at 10, 15 and 20 GHz and over a range of
Ic and Vg values. Pad calibration structures were measured as
well, allowing de-embedding of pad parasitics. All fr, fiyax and
I-V data was taken on devices with an emitter area of 0.12 x
2.5 pm?, while noise characterization was performed using larger
0.12x20 pml devices more typical to low-noise design.

1. EXPERIMENTAL RESULTS

Figs. 5 and 6 illustrate typical Fys, and G, performance vs. ¢
between 0.5 and 8 mA for both HBT variants at 10, 15 and 20
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(GHz. Since Iy remains below 3% of I under all test conditions,
Ic can be considered equal to Ig. To establish a baseline for noise
in the technology, we focus initially on Vg = 1 V, a bias below
breakdown in either device yet above the value at which the
enhanced-breakdown device shows large Vep dependence in fr
and fyax. For the high-f1 device, the best observed Fy;, values at
10, 15 and 20 GHz are 0.4, 1.2 and 1.4 dB, with correspending
best G4 of 18.5, 14.5 and 13.2 dB. In comparison, the enhanced-
breakdown device actually shows about 0.1 dB lower Fpy and
0.7 dB higher G, at all three frequencies. This behavior reveals
the benefits of trading fy at currents outside the needs of the
application for tower Ccp and Rp.

Exploring noise performance as a function of V¢p reveals
additional differences between the two device variants. Finding
qualitative behavior to be identical at all measured frequencies,
we take a detailed look at the data for 15 GHz. Fig. 7 plots Fy
vs. Ic between 0.5 and 8 mA for the high-f; device variant for a
range of Vep values from 0 to 1.75 V. Since Vpg is approx-
imately 0.8 V over the tested I range, Vg spans from 0.8 to
2.55 V. This range covers the region below, through and beyond
BV o, permitting us to explore the impact of avalanche on noise
as we cross through this voltage limit benchmark, We note that
Fuin shows little dependence on Vg for values of 0.75 V and
below, with the data wraces overlaying. However, Fy, rises by up
to 0.1 dB once Vg reaches 1 V (corresponding to Vee = BVero),
with the degradation increasing as a function of L. The increase
in Fpp with Vg becomes more dramatic with still higher Vg,
reaching 1.0dB at Ve = 1.75 V for an I of 6 mA.

In contrast, the enhanced-breakdewn device shows liitle such
increase in Fpy, with Ve, as illustrated in Fig, 8 for Vep values
up to 2 V. In fact, the first noticeable rise in Fyy, occurs at Vg =
2V, a full volt higher than the point of similar degradation in the
high-fr device. This improvement in Vcp dependence is
consistent with the 1 V difference in BVcgg values. While the
enhanced-breakdown variant shows immunity against increasing
noise at high Vcp, it suffers from a phenomenon not seen in the
high-fr devices, At Veg = 0 and 0.5 V, Fyy, rises rapidly at the
high end of the I range. The onset of this rise is delayed as Vg
increases, disappearing by Vep = 1 V. This behavior is due to the
large V¢ dependence in the onset of the Kirk effect, observed in
Fig. 3 and absent in the high-fr variant. Thus, while the high-fy
device is limited to Vg values in the O to 1 V range for best Fyy,,
the enhanced-breakdown device is best suited for operation with
Ve between 1 and 2 V, a1 V shift.

The implications toward gain for this shift in optimum Vg
range are illustrated in Figs. 9 and 10, which plot G, vs. I for
the high-fr and enhanced-breakdown devices over the same
conditions considered above. We note the impact of early Kirk
onset in the form of reduced G, in the enhanced-breakdown
device at Vcp below 1 V. More significantly, we note that the
gain improves as a function of Vg in both devices, due to the
decrease in Ccp that accompanies the increased depletion into the
collector. Both variants show similar G, values at higher Vcg.
However, since the high-fy device experiences a large amount of
Fi degradation at such Vg values, designers would avoid these
biases. Thus, the enhanced-breakdown device enjoys an
advantage in gain resulting from its ability to leverage higher
Vg without Fpy, degradation.

To better understand the mechanism by which F, degrades
with Vg, particularly in the high-fr device, we consider the
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behavior of Ip. Since holes generated by impact ionization are
known to exit the base as a negative current, I is a measure of
the magnitude of avalanche within the device. Fig. 11 plots I vs.
I for the same Vg steps explored in the discussion above, We
note that Iy is positive and independent of Vg at values below 1
V. This is the normal forward bias regime in the absence of
avalanche. At Vep values of 1 V and higher, however, Iy
becomes negative and increases in magnitude with both
increasing Vg (higher electric field) and increasing Ic (more
electrons to initiate impact ionization). Indeed, the increase
mirrors that of Fy;, suggesting that the noise figure degradation
is a direct result of avalanche.

We explore this connection further by plotting the change in
Fpuin On a linear scale (rather than in dB) vs. the change in base
current, with both quantities referenced to their Vg = 0 values.
Fig. 12 shows such a plot for Ic = 5 mA. We observe a strong
lincar dependence, indicating that the increase in Fuy, is the
direct result of avalanche.

IV. CONCLUSIONS

The ability to create multiple variants within a SiGe HBT
family allows tailoring by application. In particular, 2 modified-
collector device variant with higher breakdown and lower Ccp
and Ry allows not only for improved Fo, at lower Vg but also
operation at higher Vep bias for improved gain without noise
degradation due to avalanche. Such a device improves the
flexibility of IBM’s 200 GHz SiGe HBT technology and
suggests great promise for the realization of low-noise circuits in
silicon, competitive with GaAs HEMT technologies at the higher
frequencies of a variety of emerging wireless applications.
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