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Abstract In this paper, we present a numerical modelling of a SiGe heterojunction bipolar transistor (HBT) at high
temperature, realized in an industrial BICMOS0.35um SiGe process, featuring high attractive performances in terms of
microwave and low-frequency noise. Electrical modeling is investigated, using, a commercial device simulator
SILVACO_TCAD (Silicon Valley Corporation) using macroscopic model Drift-Diffusion Model (DDM) coupled with the
thermodynamics model. This method solves the continuity equations for electrons and holes and is coupled with the Poisson

equation using a Scharfetter—Gummel approach.
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1. Introduction

The communication systems have become an important
issue for our daily activities. This development would never
have been possible without the constant development in new
technological fields. To best meet the requirements of
communication systems, much of these sectors have been
oriented towards the improvement of operating frequencies
and lower noise levels of semiconductor components and
electronic circuits [1]. At present, the components
heterojunction remain the best positioned candidate to fulfill
this request operating frequency and low noise level, among
these components, the heterojunction bipolar transistor
Si/SiGe/Si. The development of bipolar transistors
technologies heterojunction Si/SiGe displayed high potential
in terms of cutoff frequency offers real possibilities of
realization of very fast electronic circuitry [2].

In addition, thermal instability is a phenomenon particular
to bipolar transistors. Working at high power densities,
results in heat generation, which limits the performance of
the transistor [3].

Any semiconductor component is subject to self-heating
when subjected to electrical stress. Indeed, the increase in
temperature reduces the carrier mobility and change the
bandgap of making semiconductors and thermally dependent
on the output current of the transistor.

The use of HBT SiGe components in microwave
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applications that may be exposed to elevated temperatures
and operating to high current densities of the component
degrades electrical performance and may even cause
destruction of the device. The consideration of the
temperature and in particular of the self-heating effect in
Si/SiGe HBT heterojunction bipolar transistors is a
fundamental aspect to predict in a precise way these electric
characteristics [4], [5].

The overall goal of this paper is to study the static(Ic, Ig, B)
and dynamics performance of SiGe HBTs (f7, f,..x, T1) at high
temperatures (300 to 450 K), and considering the response at
different temperatures.

The electrical modeling is investigated, using, a
commercial device simulator SILVACO TCAD (Silicon
Valley  Corporation) using  macroscopic  model
Drift-Diffusion Model (DDM) coupled with the
thermodynamics model. This method solves the continuity
equations for electrons and holes and is coupled with the
Poisson equation using a Scharfetter—Gummel approach. All
important physical effects, such as band gap narrowing,
generation-recombination, and mobility dependent for the
temperature, are properly modeled and accounted in the
numerical simulation of the HBT SiGe device [6].

2. SiGe HBT Device Structure and DDM
Model

The studied structure is a SiGe bipolar transistor
integrated using a polysilicon emitter quasi self-aligned
structure with selective epitaxial growth of the base, similar
to the SiGe HBT investigated in ST-BiCMOS9 0.13-pm
technology (figure 1).
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This structure has a polysilicon emitter with a maximum addition, the interfaces between different materials must be
doping concentration of 1.5 x 10 cm™ at the poly/ properly described.
mono-silicon interface. The collector epilayer thickness is
chosen to be 600 nm with doping level peaks at
approximately 3. 10'® cm . The active base of the transistor o
is formed by low-energy implantation of the bore, leading SI??Istig)g?c
to a maximum doping concentration of 2.5 x 10" cm™ —_§
(figure 2). The SiGe base layer with a thickness of 30 nm is H STL ,
integrated using selective epitaxial growth. The germanium
concentration is graded, with Ge = 15-30%.
We present the development of the fundamental é ' : N+ N
equations for analyzing the electrical behavior of %DTI -
semiconductors. Our analysis is based on a macroscopic -
description of semiconductors with possible non-uniform
compositions. Various semiconductors differ in their

fundamental properties, such as band gap energy, carrier Figure 1. Schematic cross section of the investigated SiGe Heterojunction
mobility, and effective masses of electrons and holes. In  Bipolar Transistor [7]
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Figure 2. Concentration of doping in the various regions
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Figure 3. Mesh structure for a SiGe HBT
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The numerical methods considered here were first applied
to hetero-structures through the analysis of solar cells. The
model used here is called the DDM (Drift Diffusion Model).
The DDM links the ambipolar continuity equation for
electrons and holes with the Poisson equation [8].

Poisson equation:

V2¢=;—q(P—N+N25—NAT) M
S:c

Continuity equations for electrons and holes:

ON 1dJ
—=GR, + — 2)
ot q dx
P 1dJ
a—: GR,—— B 3)
ot qg dx
Current equations for electrons and holes
d
J,=—qNu, En “)
dx
do
- p 5
Jp=—qPu, s ®)
In the Poisson equation, N, and N, are the ionized
impurity concentrations of donors and acceptors,

respectively, € is the permittivity of the material, and ¢ is the
magnitude of the charge associated with an electron or hole.
The electron and hole current densities are functions of the
concentrations, carrier motilities (L, Hp), and the quasi Fermi
potentials of the electrons and holes, ¢, and ¢,, respectively.

3. Electrical Characteristics

3.1. Static Characteristics
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Figure 5. Evolution of the mobility for SiGe HBT for = 300K, T = 350K,
T = 400K, 450K

This paper investigates the temperature dependence from
(300 to 450 K) of the DC and AC response of NPN SiGe
heterojunction bipolar transistors.

First, we describe the principal static characteristics (DC)
of a SiGe HBT, particularly the characteristics of the
Gummel plots and the current gain.

Figure 4 presents the collector current for various
temperatures (300 K to 450 K). The collector current
increases with an augmentation of temperature. This increase
in the collector current can be attributed to diminution of the
mobility at the high temperatures.

The figure 5 shows the evolution of motilities in an SiGe
HBT as a function of the temperature T = 300K, 350K, 400K,
and 450K. We note that the carrier mobility decreases with
increasing temperature.
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Figure 6 represents the variation in the base current in the
temperature range from room temperature (300 K) to (450
K). We observe a augmentation in the base current with an
increase in the temperature; in addition, The base currents
has an coefficient of idealities 1 is equal to 1.

The increase of the temperature (300K to 450K)
deteriorates the static gain of the transistor (p), this is caused
by the increase in collector current (I¢) and base current (Ig),
for high temperatures (over 300 K) the maximum current
gain is decreased and shifted towards lower voltages (figure
7).
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Figure 7. Evolution of current Gain B(Vgg) for SiGe HBT for = 300K,
T =350K, T=400K , 450K

The figure 8 shows the collector current Iz (Vce) for
different base currents and fixed for two temperatures: 300K
and 400 K. We can note that the I~ characteristics decrease
when the temperature increased.
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Figure 8. Characteristics for different values of constants I, 300K and
400K

However, as the maximum collector current density
decreases at high temperature, the self heating comportment
of the SiGe HBT becomes very important.

3.2. Dynamics Characteristics

In most RF and microwave circuit applications, it is the
transition frequency response fr that limits system
performance. fr depends essentially on transconductance,
intrinsic depletion capacitances and carrier transit times.

The unity power-gain frequency or maximum oscillation
frequency (fn.x) is a more relevant figure of merit for
practical and microwave applications, since it depends not
only on the intrinsic transistor performance, as f7 , but also on
parasitic of the device, e.g. the total AC base resistance.

These two fundamental cut-off frequencies, fr and f .y,
can be extracted from current and Mason gains, respectively,
and 4, and GMU (at 0 dB), themselves, directly calculated
from S-parameter-dependent formulae [9].

On the other hand, we simulated the dynamic
characteristics, the transition frequency fr and maximum
oscillation frequency f,,. to optimize the microwave
performance of HBT.

It is interesting to study the evolution of the current gain as
a function of the frequency. This current gain in (dB)
magnitude will determine the transition frequency f7 of the
device. For this reason, we set the intersection point at which
the modulus of the current gain is equal to 1 at (0 dB) as the
transition frequency.

The transition frequency fr decreases for high
temperatures, we observe that for T = 450 K, the minimum
value (fr) is approximately fr = 86 GHz Figure 9.
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Figure 9. Current Gain in (dB) as a function of the frequency T=300 K,
350K, 400K, and 450K

To use a HBT as an amplifier at high frequencies, it is
important to study the evolution of the power gain MUG
(Mason Unilateral Gain) as a function of the frequency
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because this determines the maximum frequency of
oscillation f,,,,. The maximum oscillation frequency is the
frequency where the Unilateral Power Gain is equal to 1.

In the figure 10 the maximum oscillation frequency f,,,.
also decreases at high temperature, f,, decreases from
324GHz for T = 300 to 132 GHz for T = 450K.
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4. Conclusions

The electrical performances of high-speed SiGe HBTs
based on a BiCMOSO0.13-um process were determined at
high temperatures.

We can conclude that the static and dynamic performances
of the HBT are degraded in high temperature. This work
allows validating the macroscopic model and thus provides a
thermal tool for characterization of the TBH SiGe.

We observed an increase in the base current and the
collector current with an augmentation in the temperature.
Similarly, the current gain () decreases at high temperatures;
this improvement is appropriate for decreases the carrier
mobility and band gap with increasing temperature.

We also studied self-heating effect in Si/SiGe HBT at high
temperatures on the dynamic characteristics of HBTs. The
augmentation of the temperature to 450 K enabled decreases
in the transition frequency fr and the maximum oscillation
frequency f,qx-
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