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Abstract—The specific aspects of SiGe:C HBT process and device simulation using TCAD are discussed.
Cut-off frequency f1 and collector junction breakdown voltage BV, dependences on carbon concentration
in SiGe base area are investigated. The boron and carbon profiles in SiGe base are obtained to provide a trade-
off between gain, cut-off frequency and break-down voltage. High values of f1 x BV, product were achieved.
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INTRODUCTION

Silicon-Germanium (SiGe) BiCMOS technology
is used for more than ten years to produce very high-
frequency ICs for variety of consumer electronics—
wireless local area networks, automotive radars, cellu-
lar phones, optical communications etc. [1—6]. SiGe
offers the opportunity to integrate a high performance
HBT with CMOS analog and digital functions on a
single chip. The main stream of improving the SiGe
BiCMOS technology is maximizing HBT perfor-
mance. There are several ways to improve SiGe HBT
parameters:

—formation of self-aligned structures to decrease
parasitic capacitances;

—use of selective epitaxy to achieve full self-
aligned device;

—optimization of germanium profile in base and
collector regions;

—incorporation of the carbon in base and collec-
tor layers to prevent a boron out-diffusion into the base
region and parasitic potential barrier near collector-
base junction;

—reduction of base and collector resistances;
—device layout optimization.

Simultaneous use of these methods allows to create
modern high speed HBTs. World-famous companies
IBM [1-3], STM [4], Philips [5], Hitachi [6], Sony
[7] etc. produce SiGe:C BiCMOS LSIs. Nowadays
the peak values of cut-off frequency f; are about 200—
230 GHz [2, 4] and the values of 300—350 GHz are
expected in nearest future [3].

! The article was translated by the authors.

One of the most effective technological options is
carbon incorporation in SiGe HBT’s base region.
A major concern in SiGe HBT fabrication is the
broadening of the SiGe base boron profile due to out-
diffusion of boron into neighboring Si emitter and col-
lector regions. This outdiffusion significantly degrades
device performance. An effective technique to sup-
press this is to incorporate localized substitutional car-
bon in the base of SiGe HTB.

Incorporation of low concentrations of carbon into
the base region of a Si; _,Ge, HBT can dramatically
suppress boron outdiffusion, thus paving the way for
further improvements in SiGe HBT performance. In
essence, it leads to reduction of the base region width
(see Fig. 1), that significantly increases the value of
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Fig. 1. SIMS profiles of boron in the base of SiGe HBT
with a carbon background (dashed line) and without car-
bon (solid line) [8].
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Fig. 2. Cut-off frequency ft vs. collector current for HBT

with a carbon background (dashed line) and without car-
bon (solid line) [8].

cut-off frequency peak fr (see Fig. 2) [8]. The diffusion
coefficient of boron in SiGe is reduced by more than
one order of magnitude. The reduced boron diffusion
also enables a much higher base doping to be used with
intrinsic base resistance value. Highly-doped SiGe:C
HBTs in comparison with C-free HBTs demonstrate
increased cut-off (f;) and maximum oscillation (f;,,,)
frequencies by 50—70%, and reduced RF noises and
ring oscillators delays. Moreover emitter dimensions
can be shrunk to reduce power consumption, without
loss in RF performance. Incorporation of carbon into

the SiGe base layer also reduces the strain, thus

improving the thermal stability of SiGe layer. This

means that the HBTs with carbon doping is less affected
by thermal cycling from CMOS platform technology.

SiGe:C HBTs exhibit leakage currents, which are suffi-
ciently low for reliable VLSI applications.

Many authors [8—12] have used TCAD systems to
study the parameters of modern SiGe HBTs with car-
bon doping base. Most of the existing studies for mod-
eling SiGe:C HBTs are exclusively focused on high
frequency and lower power performance.

In this study, we use the Synopsys Sentaurus TCAD
system for analysis of SiGe:C structures having poten-
tial to compete in analogue, mixed signal, RF power
ICs and Systems on a Chip (SoC) where a balance
between gain, cut-off frequency and breakdown volt-
age is necessary. The boron and carbon profiles in
SiGe base were obtained to provide a trade-off
between gain, cut-off frequency and break-down volt-
age. Large values of f; x BV, product were achieved.
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Fig. 5. Simulated SiGe HBT structure.
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Fig. 6. Simulated doping profiles of SiGe:C HBT for dif-
ferent carbon concentrations in base.
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Fig. 7. Simulated cut-off frequencies fT- vs. collector current.

DEVICE SIMULATION

The standard structure of SiGe:C HBT (Fig. 3) [1]
was simulated for different carbon concentrations in
the range of 10" cm—3—10% cm—3.

It was shown [13, 14] that the physical parameters
inthe Si; _,_ ,Ge,C, base: diffusivity, band gap energy,
recombination rate, carrier lifetime differ from the
same parameters in Ge and C-free base of HTB.
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Fig. 8. Simulated reverse-biased characteristics at collec-
tor-base junction.

In device simulation we have used suitable physical
models for mobility, band gap narrowing, avalanche
breakdown, Shockley-Read-Hall and Auger recombi-
nation. To describe the relation of Si; _ ,Ge, band gap
(AE,) with Ge content x the dependence shown in
Fig. 4 was chosen [15]. The difference between simu-
lated and experimental data is less than 5%.

The values of boron diffusivity in SiGe base were
determined from experimental data and corrected for
every level of carbon doping [8, 9, 13, 16].

In papers [9, 10] boron and carbon diffusion in
SiGe:C layers under different actual process condi-
tions, typical for BICMOS processes, was studied. The
authors used two approaches to take into account the
influence of carbon on boron diffusion:

(1) experimental carbon profile was used as input
data in technological simulation and boron diffusivity
was corrected according to carbon concentration in
base region [9];

(2) the additional differential equations describing
the effect of carbon on boron diffusion were incorpo-
rated in TCAD general diffusion model [10].

We have used the Synopsys Sentaurus process sim-
ulator which doesn’t has diffusion models describing
coupled boron diffusion in the presence of germanium
and carbon. So in this work the first approach was used
for SiGe:C HBT process modeling.

The results of simulation are the following:
(1) SiGe HBT structure (see Fig. 5);
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Table
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Carbon concentration C, cm™3

Peak of boron concentration in base region Ngyax, cm™
Base width W}, nm

DC current gain

Peak of cut-off Frequency f1, GHz

Collector-base breakdown voltage BV g, V

J1 x BVpo product

0 5% 10" 1020
3x10'8 7 % 10'8 3% 10"
60 30 17
90 100 150
47 63 72
7.9 6.7 6.0
355 420 432

(2) doping profiles of SiGe:C HBT for different
carbon concentrations (see Fig. 6);

(3) corresponding values of peak cut-off fre-
quency fr (Fig. 7) and collector junction breakdown
voltage BV, (Fig. 8).

It should be pointed out that in SiGe:C HBT with
carbon doping level increasing simultaneously with
the rise of cut-off frequency peak f; significant degra-
dation in breakdown voltages BV, is observed. There-
fore investigation of dependence of BV, on carbon
doping level of Si, _, _ ,Ge,C, base is one of the goals
of this work.

Figure 6 illustrates the degradation of the base
width of HBT structures width decreased from 60 nm
(for conventional SiGe HBT, C = 0) to 18 nm (for
SiGe:C HBT). For carbon concentration C = 5 x
10" cm™3 the peak concentration of boron in base
region is 7 x 10'® cm™3 (profile 2), and for carbon C =
10%° cm~3 this peak value is about 3 x 10" cm™ (profile 3).

Figure 7 presents the dependences of cut-off fre-
quency peak f; on collector current density for various
carbon profiles. The maximum value of f; rises from
45 GHz for C = 0 (profile 1) to 63 GHz for C =5 x
10" cm=3 (profile 2), and to 72 GHz for C = 10? cm™3
(profile 3).

Figure 8 presents current—voltage curves of
reverse-biased collector p—mn-junction. Breakdown
voltages are shown: 7.9 V for conventional SiGe HBT
without carbon introduction, C = 0 (profile 1); 6.7 V
for C = 5 x 10" cm™3 (profile 2) and 6.0 V for C =
102 ¢cm~3 (profile 3).

The values of f x BV, product are given in the
table. It is seen that balanced combinations of main
parameters for SiGe:C HBT are achieved for both car-
bon concentrations 5 x 10'° cm— and 102 cm—3.

CONCLUSIONS

The features of SiGe:C HBT structures were inves-
tigated. The effects of carbon doping in SiGe base
were introduced in the technological model to take
into account the features of SiGe:C HBT. These
effects were built-in Sentaurus Synopsys TCAD in the
form of empirical dependences of diffusivity and band

gap in base and p—n junctions regions on carbon concen-
tration.

It was shown that introduction of low amount of
carbon dopant into Si; _,_,Ge,C, base region notice-
ably increases the value of cut-off frequency f; from 45
to 72 GHz, but at the same time decreases breakdown
voltage of collector junction BV, from 7.9 to 6.0 V.
For practical reasons the compromise combinations of
base width W/, carbon concentration C, and peak boron
concentration Ngyax Was chosen to provide high val-
ues of cut-off frequency fr and reasonable values of
breakdown voltage BV,,. High values of f; x BV,
product, important for analog and RF power applica-
tions, were achieved. The results are in good agreement
with experimental data published in [1, 4, 17].
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