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ABSTRACT
The aim of this paper is to present a comparison of electro-thermal performance of two HBTSs based on Si/SiGe and
on AlGaAs/GaAs, by means of an analytical electro-thermal model, already proposed by us, able to calculate the
temperature and current distribution for any integrated device, whose structure can be represented as an arbitrary
number of superimposed layers with a 2-D embedded thermal source.
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1. INTRODUCTION

One of the main differences between Si based VLSI and RF electronics is the choice of semiconductor materials and
transistor types. While Si is the only semiconductor used in VLSI, a wide range of alternative materials and devices
are present in RF electronics.

Heterojunction bipolar transistors (HBTs) have attained enough maturity as RF power devices due to their intrinsic
high-power density, linearity and efficiency [1]. Moreover HBTSs are actually used in very high speed applications.
They are capable of microwave performance up to 10 GHz. In order to push the frequency performance up to its
limit, the operating point of the HBT lies at relatively high current density, and this current density increases with
used semiconductor technologies. Therefore it is important to study the electro-thermal performance, because the
self heating appears, mainly in the base-collector depletion region, where both current and field are high.

In this paper we present a comparison of electro-thermal performance of two HBTs based on Si/SiGe and on
AlGaAs/GaAs, by means of an analytical electro-thermal model, already proposed by us [2-5]. In particular the
problem of the self-heating of transistors fabricated on GaAs substrates has been investigated since GaAs has a poor
thermal conductivity. Two problems arise as a consequence: firstly the electrical operating point is directly related to
the thermal design giving a significant change in the frequency response of the device; secondly, the chip reliability
could be lowered by the temperature increase causing catastrophic damage or gradual performance degradation.

The presentation of the paper is organized as follows. In Section 2 the state-of-the-art of thermal models is briefly
summarised, while in Section 3 a short description of the our electro-thermal model is described. The results and
relative discussion are given in section 4. The conclusions are described in Section 5.

2. STATE-OF-THE-ART OF THERMAL MODELS
A first classification of thermal models is based on the method used to solve the time-dependent heat equation for
transient analysis:

—pe TTEYED LG i (W Txy,2.0] = -Q(xy,2T0) &

or the steady-state heat equation:
V- [k (TVT (x y.2)]=—Q(x v.2.T) ¥

where t is the time, kyy(T) is the temperature-dependent thermal conductivity, c is the specific heat, p is the density
of the material, T(x,y,z,t) is the temperature field and Q(x,y,z,T,t) is the dissipated power density, which is both
temperature and time dependent.

There are two basic approaches to solve both (1) and (2), i.e. the numerical and the analytical technique. The
solution of (1) involves the Laplace transform in the analytical case or time-windowing techniques, which are very
time-consuming, in the numerical case. In the microwave frequency range the thermal phenomena are much slower
than the electrical parameter changes and so this paper addresses the solution of (2) in the steady-state condition.
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Numerical solvers of (2), based on the finite-element (FEM) [6], finite-difference (FDM) [7], transmission line
matrix (TLM) [8] or boundary-element method (BEM) [9] have been proposed, but all of them are characterised by
long numerical calculations.

Many authors have solved either (1) or (2) analytically and interesting solutions were obtained both with the method
of separating variables in Cartesian or cylindrical coordinates [10] [11] and the Fourier transform of the thermal
field [12]. In the former case the sum of infinite harmonic terms has to be truncated to be able to carry out the
calculation without loss in accuracy or taking a long computational time, depending on the number of terms to
include. In the latter case the 2-D back transformation is particularly critical.

One difficulty is to handle the non-linear nature of (2) where both kry and Q are temperature-dependent. Joyce [13]
introduced the Kirchhoff transform:

T(varz)_TO
A0(xy.2)= j k(t)dt ®)
0
To
S0 as to linearise (2):
V20(sy,9) = YD) (@
0

where AAX,y,2)=Ax,y,2)-To, &X,y,2) is the transformed temperature field, T, is the reference temperature and k is
the constant thermal conductivity, evaluated at a specific reference temperature To. In this way the solution of the
transformed problem with the unknown A@ is equivalent to the solution of the original non-linear problem with the
unknown AT, when the inverse transform is carried out [14].

Another classification is based on the level of coupling between electrical and thermal equations. A fully self-
consistent electro-thermal model was presented in [15], and a full 3-D hydrodynamic model was presented in [16].
However most simulators in literature do not take into account the feedback between current and heat generation.
An example of feedback based on a weak electro-thermal coupling was presented in [17] but, in this case, the main
drawback was the empirical model of the temperature dependence of the drain current which does not allow the
designer to understand the relation among a number of physical parameters such as geometrical lengths involved in
the layout, thermal resistance, average and peak temperature.

Most of the general purpose commercial thermal simulators can perform the calculations for electronic components
and packaging using finite-element techniques or lumped parameters representing an equivalent static or dynamic
electric network. The main drawback of this kind of software is its generality that, for example in the specific case
of the analysis of heterojunction transistors, does not allow the comprehension and accountability of the phenomena
involved from both a thermal and electrical point of view.

3. BRIEF REVIEW OF OUR ELECTRO-THERMAL MODEL

The thermal model already presented by us [2-5] is able to calculate the temperature and current distribution for any
integrated device, whose structure, shown in Fig. 1, can be represented as an arbitrary number of superimposed m
layers with a 2-D embedded thermal source, so as to include the effect of the package.

For a complete model, the contribution of the mounting and die-attachment layers (see layers (c) and (d) in Fig. 1) to
the temperature rise and thermal resistance has been taken into account. The top path for the heat flux has also been
included, e.g. mould compound (see layer (g)), where natural convection between the package top surface and the
still air is the mechanism of heat loss.

The steady-state problem (2), with temperature-dependent thermal conductivity, is transformed to the simpler linear
problem (4) by the use of the Kirchhoff transform (3), by assuming kry(T) = ku(To) = ko. In this way the
transformed problem defined by the well-known Poisson equation is solved and the actual solution of (2) is obtained
by the inverse transformation. In the model the heat source is split into a number of elementary point sources. The
linearity, and consequently the superposition of the thermal effects due to the elements, is not applied to (2) but to
(4), which is mathematically correct. The overall solution of (4) is back-transformed to obtain the thermal field of
the non-linear problem described by (2).
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Figure 1. Typical electron device including coating, die attachment, mounting and heat sink.

The electro-thermal feedback is considered by evaluating the output current as a function of the local temperature in
the active region and iterating the solution of (4) using the actual value of Q(#), as explained in the following
subsection.

3.1 Electro-thermal model applied to HBT

In order to solve (4), we are referred to a typical HBT structure [1], in which we have used the name AlGaAs/GaAs
HBT for a device with GaAs as the base material and AlGaAs as the emitter. This is also the same for SiGe based
transistors.

In particular we have represented the device as a surface without any thickness, where X and Y are the dimensions
of the periodic cell, in which we have divided the device.

The overall heat source, which is located in the depletion layer at the collector, has been divided into a set of
elementary point sources located in the middle of each elementary XxY periodic cell.

The first step is to solve the electro-thermal problem, assuming the heat generation and the current as mutually
dependent for each single elementary device which is related to a single elementary heat source; finally the resulting

thermal field of the whole structure is obtained by the superposition of all the elementary fields.
The solution of (4) for a point thermal source can be expressed as [18]:

A0(xy,7) = Q(Xoi » Yoi »20i ) ©)
2mTO\/(X—XOi P +(y—yoi ) +(z-2;

where Xoi, Yoi and zg; are the coordinates of the i-th heat point source, x,y,z is the generic position in which the
temperature increase A&x,y,z) above the reference is evaluated and Q(Xoi,Yoi,Zoi) is the dissipated power of the i-th
elementary heat source.
The electro-thermal feedback can be implemented for each XxY subsection considering that Q can be assumed as the
temperature-dependent electrical power P(&(Xoi,Yoi,Zoi)) Of the i-th elementary device centred in Xqi, Yoi, Zoi and, thus,
corresponding to the i-th heat source centred in the same point.
The electrical power of the i-th elementary device is:

P(Xoi,Yoi,Zoi) = P(8) = le(&) Ve + 1c(8) Ve (6)

where Vge , the voltage drop between base and emitter, is temperature-independent, Ig and Ic are the base and
collector currents, respectively, of the elementary cell centred in Xq,Yoi,Zoi having temperature 8, and Vce , the
voltage drop between collector and emitter, is temperature-independent.
The dependence of the current-voltage equation, based on physical parameters, on the temperature was widely
studied in the past. The parameters that have been taken into account for their thermal dependence are the electron
mobility, saturation velocity, permittivity, energy band gap, threshold voltage and built-in voltage. The reader can
refer to for the empirical expression of the foregoing parameters [18].

4. SIMULATION RESULTS AND DISCUSSION

We have firstly extracted, by a MATLAB code written ad hoc, the Si/SiGe and AlGaAs/GaAs HBTSs I-V curves
versus bias using the Gummel-Poon model, whose parameters are those of SPICE simulator [19-21].
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4.1 HBT based on Si/SiGe

We have considered a HBT structure having X= 0.25 um and Y= 30 um for the emitter and X=50 um and Y= 300
um for the collector.

In Fig. 2 we have reported the 1¢-Vce characteristics at room temperature T = 300 K, for a base current varying from
1 mAto3 mA.
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Figure 2. Simulated I¢-Vce characteristics at T=300 K for a base current varying from 1 mA to 3 mA.

The obtained heat generated at the base-collector junction, by Eqg. (6), has been equal to 0.0702 W.

Now it has been possible determined the temperature increase due to self heating effect.

Fig. 3 shows the simulated average temperature T, at the BE junction versus time, in the time range 10°%+107s.

In the interval 10°+107 s, it clearly appears that the temperature increases more rapidly, tending to a saturation
value equal to 7.85 K.
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Figure 3. Simulated average temperature T, at BE junction versus time for Si/SiGe HBT.
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The electro-thermal feedback is shown in Fig. 4, in which we have reported the simulated output |-V characteristics
both at 300 K (blue lines) and at 307.85 K (red lines). This figure shows the well-known degradation effect on I-V
curves due to temperature increase.
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Figure 4. Simulated I-V characteristics both at 300 K (blue lines) and at 307.85 K (red lines).

We have considered a Si/SiGe HBT, whose structure is the same of the previous one, except for the dimension X of

the emitter, equal, in this case, to 2.5 um.

Fig. 5 shows the simulated average temperature T, at the BE junction versus time. For this device the saturation
value of Ty, is 4.55 K and this result allows to say that the self heating is in inverse proportion to the emitter area.
Moreover, as shown in Fig. 6, in which we have reported the simulated |-V curves both at 300 K (blue lines) and at
304.55 K (red lines), the device feels more the effects of temperature increase at high base currents, with a resulting

decrease of device efficiency.
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Figure 5. Simulated average temperature T, at BE junction versus time (X=2.5 um for the emitter).
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Figure 6. Simulated I-V characteristics both at 300 K (blue lines) and at 304.55 K (red lines).

4.2 HBT based on AlGaAs/GaAs

We have repeated the same simulations, considering now an AlGaAs/GaAs HBT, having X= 0.25 um and Y= 30
um for the emitter and X=50 um and Y= 300 um for the collector.

In Fig. 7 we have reported the 1c-Vce characteristics at room temperature T = 300 K, for a base current varying from
1 mA to 3 mA.. The obtained heat generated at the base-collector junction, calculated by Eq. (6), has been, for this
device, equal to 0.0508 W.

The temperature T, versus time is shown in Fig. 8, in which it clearly appears that T, tends to a saturation value
equal to 8.4 K.

The electro-thermal feedback is shown in Fig. 9, in which we have reported the simulated output I-V characteristics
both at 300 K (blue lines) and at 308.4 K (red lines).
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Figure 7. Simulated I¢-Vce characteristics at T=300 K for a HBT based on AlGaAs/GaAs
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Figura 8. T, at BE junction versus time for AlGaAs/GaAs HBT.
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Figure 9. Simulated I-V characteristics both at 300 K (blue lines) and at 308.4 K (red lines).

Also for this device, we have modified the emitter dimension (X = 2.5 um), obtaining that the saturation value of
T becomes 5.4 K, as shown in Fig. 10.
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Figure 10. T, at BE junction versus time for AlIGaAs/GaAs HBT (X=2.5 um for the emitter).

At last, in Fig. 11 we have reported the temperature T, versus time for two HBTs having the same dimensions, but
different substrates (Si, red line and GaAs, blue line).
It is easy to observe that Si substrate allows to have smaller values of T, with a transitory time shorter.
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Figure 11. T, versus time for two HBTs having different substrates (Si, red line and GaAs, blue line).

Finally, considering the Early effect, the breakdown voltage values in Si/SiGe HBT are relatively low due to their
smaller band-gap of the collector material. This makes it more difficult to use them for high-power applications [21]
[22], where AlGaAs/GaAs HBTSs are preferred. However, this problem can be reduced by the DHBT approach since
designing the collector—base junction as a heterojunction allows to use a wide band-gap material as the collector
material leading to high-breakdown values.

5. CONCLUSIONS

In this paper we have presented a comparison of electro-thermal performance of two HBTs based on Si/SiGe and on
AlGaAs/GaAs, by means of an analytical electro-thermal model, already proposed by us, able to calculate the
temperature and current distribution for any integrated device, whose structure can be represented as an arbitrary
number of superimposed layers with a 2-D embedded thermal source. In particular the problem of the self-heating of
transistors fabricated on GaAs substrates has been investigated since GaAs has a poor thermal conductivity.
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The electro-thermal feedback is considered by evaluating the output current as a function of the local temperature in
the active region.

Moreover it has been possible determined the temperature increase due to self heating effect, in order to evaluate the
average temperature T,, at the BE junction. In this way we have demonstrated that Si substrate allows to have
smaller values of Ty, with a transitory time shorter.
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