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1
Introduction

In this introductory chapter, we give an overview of the motivation for the work in the
thesis. A summary of silicon-germanium (SiGe) bipolar transistor technology is intro-
duced with focus on present day industrial device applications. The advantages of the
silicon-germanium transistor technology over the other existing transistor technologies,
which makes it to a competing technology and suitable for industrial applications are
discussed. Tradeoffs in relation to other transistors application requirements such as
that of the peak cutoff frequency and breakdown voltages are discussed. The junction
breakdown mechanism in bipolar transistors is briefly discussed with focus on transis-
tor scaling and carrier multiplication for a biased transistor; this forms the foundation
for the work in the thesis. Some of the possible physical mechanisms present in junction
breakdown regime are presented together with their impact on the terminal transistor
characteristics. We briefly discuss modeling approaches in semiconductor devices and
their application in integrated circuit design process. The compact modeling process of
semiconductor devices which is commonly used in commercial integrated circuit design
tools is briefly introduced, with merits of having physic-based compact models in in-
dustrial applications. An example of a physics-based standard compact model used for
simulation of present day bipolar transistors is discussed; shortcomings in this compact
model in relation to the transistor characteristics in the weak collector-base breakdown
regime are demonstrated. Such observable model setbacks lead to the motivation and
purpose of the thesis, which are discussed here. The thesis outline is presented at the
end of this chapter.
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2 1. INTRODUCTION

1.1 SiGe HBTs for advanced RF applications

The rapid growth in the demand for faster and multi-functional communication systems
(e.g., low power portable cellular phones with (high-speed) internet connection) in the
recent years has motivated continuous research efforts for transistor technologies which
are capable of delivering: low power, high linearity, low noise, high-speed of operation,
and low production cost. Silicon-Germanium (SiGe) heterojunction bipolar transistor
(HBT) technology has emerged as one of the key technologies that can address most of
these concerns. Its integration into bipolar complementary metal-oxide-semiconductor
(BiCMOS) technologies to get SiGe BiCMOS technology [1, 2] has led to establishment of
such a technology as a leading contender for a host of circuit applications such as ana-
log, mixed signal, radio-frequency (RF), and millimeter-waves (mm-waves). Present-day
SiGe BiCMOS processes integrate high performance HBTs with modern CMOS devices
on a single chip, which provides cost-efficient solutions to many of the building blocks
of RF and microwave transceivers [3]. In this, SiGe has shown that it compares with the
high performance requirements achieved by III-V compound semiconductors e.g., GaAs
HBT while using Si-based fabrication processes similar to silicon CMOS [4, 5].

SiGe technology shows enormous potential for bringing all the benefits of Si semi-
conductor device technology firmly into the high frequency world of analog electron-
ics. The use of silicon provides better strength and thermal conductivity (than III-V de-
vices), large-scale integration, large wafer size (processing can be done on 12-inch wafers
which lowers the costs), and high-functionality density [6–8]. The fact that a standard
Si production line and most of the standard bipolar process modules can be used for
SiGe device fabrication, yields low production cost with high yield and excellent liabil-
ity [7, 9, 10]. Since the first SiGe bipolar devices were demonstrated in late 1980’s [11],
several RF circuits and systems [1] applications (such as wireless communication, power
amplifier, automotive, and fibre optics/cable communications) have driven advances in
SiGe (SiGe BiCMOS) technology [12].

The key foundation of the modern SiGe BiCMOS technology goes back to theoreti-
cal work of H. Kroemer on heterojunction transistors (HBTs) published in 1957 [13]. In
this work, it was postulated that with alloy grading, the energy bandgap could be altered
such that the electrostatic force could be overcome by a quasi-electric field, thereby en-
hancing carrier transport. Though this theory (of bandgap engineering) was well known,
the challenge of fabricating a very thin, high-quality SiGe layer in the base while main-
taining a good control over Ge fraction, boron doping, and layer thickness, greatly hin-
dered the realization SiGe HBTs until early 1990. This followed the studies done in later
1980s, which showed that a good heterojunction could be obtained if the SiGe layer was
thin and Ge content relatively low (< 30%) [14]. Such made it possible to overcome the
key barrier of a relatively large (∼ 4.2%) lattice mismatch between Si and Ge, which had
made it very difficult to form a heterojunction between Si and SiGe without generation
of misfit dislocations at the interface. A combination of these studies and the improve-
ments in the epitaxy techniques, made it possible to grow a thin, strained SiGe layer on
top of silicon without generation of misfit dislocations [15–19]. Significant steps along
the path to manufacturing of SiGe HBT included the first demonstration of high-fre-
quency (75 GHz) operation of a SiGe HBT in a non-self aligned structure during early
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1990 [10]. This result got significant worldwide attention, since the performance of SiGe
HBT was roughly twice what state-of-the-art Si bipolar junction transistor (BJT) could
achieve; thus it led to (ongoing) dedicated research on SiGe HBTs (SiGe BiCMOS tech-
nology), which resulted into a number of new applications (e.g., in wireless and optical
fibre communication systems, cellular handsets, and radar systems) for such devices.
Note that before the SiGe HBTs, heterojunction bipolar transistors were only available in
III-V compound semiconductor technologies such as AlGaAs/GaAs [20, 21].

Compared to the conventional Si BJTs, SiGe HBTs have got several key advantages,
such as high frequency performance, high-current gain, low noise figure, and increased
Early voltage. These advantages are attributed to the extra degree of freedom provided by
the introduction of a controlled amount of Ge in the neutral base. This enables bandgap
engineering in a Si system to obtain impressive performance metrics. A well-engineered
Ge profile in the base region of the transistor can effectively decouple key device parame-
ters that otherwise would lead to critical performance tradeoffs in standard Si BJTs; thus
resulting into improved overall performance of SiGe HBTs. This has led to SiGe HBTs
replacing Si BJTs in many present day bipolar transistor applications.

Effect of SiGe HBTs scaling on transistor performance

The standard figures-of-merit for dynamic transistor performance are the cutoff fre-
quency fT (the frequency at which the extrapolated common-emitter current gain of the
transistor becomes unity) and the maximum oscillation frequency fmax (the frequency
at which the unilateral power gain of the transistor becomes unity) [22]. The cutoff fre-
quency fT has an inverse relation with the emitter-to-collector transit time, τEC , and it
is usually described as [22]

fT = 1

2πτEC
= 1

2π

[
kT

qe IC
(CBE +CC B )+τB +τE +τC + WC B

2vsat
+ (RC +RE )CC B

]−1

, (1.1)

where IC is the collector current, CBE and CC B are the base-emitter and collector-base
depletion capacitances, respectively, τB , τE , τC are the quasi-neutral base, emitter, and
collector transit times, respectively, WC B is the collector-base depletion width, vsat the
saturation drift velocity, RC the parasitic resistance of the collector, RE the parasitic re-
sistance of the emitter, qe is the elementary charge, T the ambient temperature, and k
the Boltzmann constant. The maximum oscillation frequency is related to fT by

fmax =
√

fT

8πCC B RB
, (1.2)

where RB is the parasitic resistance of the base.
Expression (1.1) shows that to achieve high fT , the quantities in the square brackets

have to be minimized, and this is achieved in RF SiGe-HBTs by employing both vertical
scaling (to reduce the intrinsic delays in the device) and horizontal scaling (to reduce the
device parasitics). We note that vertical scaling largely consists of reducing the neutral
base, increasing the slope of germanium profile, and finally increasing the collector dop-
ing concentration [12]. On the other hand, horizontal scaling mostly consists of reducing
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the lateral emitter width [23]. Other than improving the device speed ( fT ), scaling also
improves other important figures-of-merit of the device such as noise performance [10].

By grading the doping of Ge through the base [10, 12], a built-in electric field is in-
duced across the base that decreases the base transit time (τB ) since charge carriers are
now accelerated across the base. This increases the maximum cutoff frequency fT of the
SiGe-HBT compared with a conventional Si-BJT. Addition of Ge in the base also leads
to an increase in the current gain (β), which can be raised beyond tens-of-thousands if
a typical doping profile of the Si-BJT is maintained. This increase in the current gain is
due to the fact that in SiGe-HBT the conduction band barrier is lower than that in Si-
BJT [10, 16, 17, 24], thus the concentration of the injected electrons into the base (for an
NPN transistor in forward active mode) is much higher (several orders of magnitude) in
SiGe-HBT than in Si-BJT. The current gain for a SiGe-HBT is expressed as:

βSiGe =βSi exp

(
∆Eg (x)

kT

)
, (1.3)

where ∆Eg (x), is the bandgap difference between the emitter and the base of the tran-
sistor, i.e., ∆Eg = Eg,Si −Eg,SiGe, with Eg,Si, the bandgap in the Si emitter and Eg,SiGe the
bandgap in the SiGe base. In SiGe-HBTs, ∆Eg (x) can be made much higher than kT ;
which would mean βSiGe will be much higher than βSi by a factor of exp

(
∆Eg (x)/kT

)
.

However, in normal device applications, such excessively large current gain is not nec-
essarily favored, as it leads to degradation in the breakdown voltages (which limits the
overall SiGe-HBT performance) without additional benefits for circuit applications [1,
10]. For most circuit applications, the current gain of about β= 100 is sufficient; so any
extra gain larger than this is not much desired [1, 24]. The real advantage in the device
design of SiGe-HBTs, however, lies in the fact that the extra current gain can be traded
for the benefit of RF characteristics of the device. A typically practiced trade-off is to
increase the base doping concentration in favor of enhanced operation speed [1, 5, 9].
The increased base doping will lower the current gain [25], but will provide benefits such
as reduction in the base resistance leading to low noise figure, reduced base layer width
without emitter-collector punch-through [16] leading to low τB , thus high peak fT , and
reduced influence of the Early effect [24]. As can be seen from (1.2) base resistance RB is
an important parameter in determining fmax, with a lower value RB necessary for achiev-
ing high fmax. Base resistance RB will be one of the key quantities of focus in Chapter 2
of this thesis.

Though vertical scaling of SiGe-HBTs results into high performance (in terms of max-
imum fT ), as we mentioned earlier it lowers the transistor breakdown voltages (BVC EO

and BVC BO), which has raised considerations for the circuit designers, mostly those for
high-power amplifiers [9, 26]. Present day advanced RF SiGe-HBTs typically show col-
lector-emitter breakdown voltage with an open-base BVC EO of around 1.5 V. This value
is not necessarily the upper limit of the voltage allowed across the emitter and collec-
tor in real circuit applications [1]; rather the collector-base breakdown voltage with an
open-emitter BVC BO imposes an upper limit for possible transistor operation voltage.
In most today’s RF applications which target moderate operation frequencies relative to
peak fT , usually the high peak fT is traded off for other benefits such as reduced power
consumption, high breakdown voltage, and reduced noise [23].
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An example of the tradeoff between fT and breakdown voltage is demonstrated in
Fig. 1.1 [23], which corresponds to four subsequent generation of Jazz SiGe BiCMOS de-
vices. Here, we can see that for each generation of these devices, a tradeoff between fT

and BVC EO is applied, where high values of fT are realized for lower values of BVC EO and
vice verse. Reducing the collector doping concentration [23] can lower the base-collector
field improving the breakdown but reducing fT . In practice, this is accomplished by
adding customized collector implant masks to create bipolar devices with higher break-
down voltages without impacting other devices built on the same wafer [23]. This tech-
nique is applied across the four generations of Jazz technology shown in Fig. 1.1. Here,
each subsequent generation supports devices with higher fT but also improves the trade-
off between fT and breakdown voltage (BVC EO) to realize high breakdown devices with
higher fT improving large-signal performance for applications such as integrated drivers
and power amplifiers [23]. Therefore, in designing the SiGe-HBT (for e.g., high power

Figure 1.1: Unity cutoff frequency fT verses BVC EO plotted for four Jazz BiCMOS generations (figure get
from [23]). Here, the devices are fabricated such that a tradeoff of fT for high breakdown voltages is achieved,
mostly by optimizing the collector doping enabling the integration of high speed and large-signal functions.

applications), a compromise has to be made between the requirements of breakdown
voltage and speed ( fT ). With regard to circuit and device prospective, these tradeoffs in
modern HBT device design need to be well understood in order to achieve maximum
transistor operation for a targeted application. An extended discussion of such tradeoffs
in relation to junction breakdown of SiGe-HBT, is presented in the next section.
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1.2 Junction breakdown mechanism in SiGe HBTs

For an NPN bipolar transistor biased in forward operation mode (i.e., base-emitter junc-
tion is forward biased (VBE > 0) and base-collector junction is reverse biased (VC B < 0)),
the electron current is crossing the collector-base (CB) high field space charge region.
In devices that have a high collector-epilayer doping Nepi, already under moderate val-
ues of VC B , around its peak the electric field E(x) may reach high values such that it
causes the incident electrons in the depletion region to obtain high kinetic energy. When
such electrons moving with high kinetic energy collide with the crystal lattice, the excess
energy may be transferred to a bond electron in the valence band, promoting this car-
rier to the conduction band while leaving a hole behind, thus creating an electron-hole
pair. This carrier generation process illustrated in Fig. 1.2 is known as impact-ioniza-
tion [10, 27]. In some instances, the generated electron during impact-ionization pro-
cess may gain enough kinetic energy due to the high electric field, and thus invoke an
electron-hole pair upon collision with the crystal lattice; this process commonly known
as avalanche multiplication [28] can go on, where the generated carriers by impact-ion-
ization lead to generation of other charge carriers in the presence of high electric field
(i.e., an avalanching process).

Figure 1.2: Schematic representation of an NPN bipolar transistor, in forward normal operation mode, i.e.,
base-emitter junction forward biased (VBE > 0) and collector-base junction reverse biased (VC B < 0). Here,
WC B is the bias dependent width of the collector-base depletion region. Due to high reverse collector-base
junction bias, the (absolute value of the) electric field E(x) (b) is distributed across the collector-epilayer, with
maximum value at the collector-base metallurgical junction. Such high electric field leads to generation of
electron-hole pairs by impact-ionization process.

The amount of generated carriers by impact-ionization largely depends on the elec-
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tric field distribution E(x) in the collector-base depletion region (see example in Fig. 1.2
(b)). The field E(x) is affected by the collector-base junction bias VC B , the collector cur-
rent IC [29], and the junction doping concentration Nepi. This electric field can be de-
scribed by Poisson’s equation [22]

dE(x)

d x
= ρ(x)

ε
, for 0 < x <Wepi (1.4)

where ε is the permittivity and ρ = qe (Nepi −n + p) is the charge density, with qe the
elementary charge, n the electron concentration, and p the hole concentration. Here,
the base is assumed to be highly doped with respect to the collector-epilayer (which is
usually the case in SiGe-HBTs), thus the depletion region exists mostly in the collector-
epilayer (i.e., we assumed a mono-junction). Due to the high electric-field in the C-B
depletion region (above 3×105 V/cm [16, 30]), the drift velocity vd of the electrons can be
assumed to be saturated (i.e., vd = vsat), and the hole concentration can be assumed to
be negligible. In such a case, the charge density can be written as ρ = qe Nepi−(|JC|/vsat),
where |JC| is the collector current density. Thus, the field gradient (1.4) can be rewritten
as [29]:

dE(x)

d x
= qe Nepi

ε

(
1− IC

Ihc

)
, (1.5)

where we define the (well known [25]) hot-carrier current Ihc = qe Nepi AE vsat, with AE

the emitter area. Over the ohmic region of the epilayer (see Fig. 1.2), the electric field is
low enough (in comparison to that in the depletion region) to prevent velocity satura-
tion. In such regions, the net charge density is zero and the number of electrons equals
the dope Nepi, with a negligible number of holes also available [31]. The integral of the
spatial electric field E(x) over the collector-epilayer width, gives the voltage drop across
the collector-base junction (i.e., VC B +VdC , where VdC is the junction built-in voltage),
i.e., the area under the curve in Fig. 1.2 (b). This shows that a modulation of the exter-
nal bias VC B directly affects the junction electric-field distribution and thus the rate of
avalanche multiplication.

Other than the VC B and Nepi, the electric field distribution in the collector-epilayer
can also be modulated by the collector current IC . At high base-emitter voltage VBE ,
more charge carriers (electrons for NPN transistor) are injected from the emitter into
the C-B space-charge region; this leads to a variation of the net charge density, and thus
the electric field gradient (see (1.5)) [25, 32]. For low and moderate VBE the peak of the
electric field is located at the C-B metallurgical junction as demonstrated in Fig. 1.2 (b),
and under the local field model, the electron and hole impact-ionization coefficients are
highest at the C-B metallurgical junction. When VBE increases, the peak electric field at
the C-B junction decreases gradually, due to the high electron injection from the emit-
ter, this will decrease the impact-ionization rate. With further electron injection, the
peak electric field decreases until a uniform distribution is attained (at IC = Ihc), and at
this point, impact-ionization at the C-B junction reaches a minimum [33]. As the charge
carrier injection increases further (i.e., at IC > Ihc), a peak electric field appears at the
collector-buried layer region (see Fig. 1.2). The field starts to rise again at very high VBE

and collector current densities (i.e., at IC = IK , where IK is the collector current at onset
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of Kirk effect [34]), in which case impact-ionization rate would increase again due to the
increased peak electric field at the collector-buried layer interface [22]. For IC > IK , the
electric field in the C-B space-charge region will be approximately zero and this will lead
to diffusion of holes from the base into the collector-epilayer, a mechanism known as
base push-out, which degrades the transistor performance [17]. With increased electric
field strength at the collector-buried layer interface (or junction) due to increased col-
lector current (i.e., high electron injection from the emitter into the collector), avalanche
breakdown at this junction may finally occur. This is commonly known as the onset of
second breakdown [35], which is destructive as the holes generated by avalanche mul-
tiplication at this junction are accelerated by the high field into the collector-epilayer.
Due to base push-out, the collector-epilayer is already flooded with holes from the base,
thus the holes generated in the collector-buried layer junction by avalanche multiplica-
tion will act as an additional base current; this will lead to injection of more electrons
from the emitter in order to maintain a quasi-neutral condition in the (thick) base. This
will lead to a positive-feedback loop, and such mechanism is usually destructive. Sec-
ond breakdown mechanism will not be addressed in the thesis, thus we will not discuss
it further.

As demonstrated in Fig. 1.2, for an NPN transistor biased in normal forward opera-
tion mode, the generated electrons and holes in the collector-base space charge region
by impact-ionization drift to the quasi-neutral regions under the influence of the junc-
tion electric field. Here, the impact-ionization induced electrons drifts to the collector
and they lead to an increase of the collector current [33]:

IC = [(Mn −1)+1]IC0 , (1.6)

where (Mn − 1) is the avalanche multiplication factor which increases with collector-
base junction voltage VC B and IC0 is the (temperature dependent [22]) collector current
in the absence of avalanche multiplication. The impact-ionization induced holes drifts
to the quasi-neutral base. Since the hole current from the base to the emitter is fixed
by the base-emitter voltage VBE , excess holes are forced to flow to the base terminal, as
shown in Fig. 1.2. The terminal base current IB then decreases as (assuming neutral base
recombination is negligible) [27]

IB = IB0 − (Mn −1)IC0 , (1.7)

where IB0 is the (temperature dependent [22]) base current in the absence of avalanche
multiplication [36]. Note that for this case, the transistor forward current gainβ= IC0 /IB0 .
With increasing VC B , more carriers are generated by impact-ionization, leading to high
avalanche current Iavl = (Mn − 1)IC0 , which eventually become equal to IB0 , at which
point IB = 0. This would imply that

IB /IB0 = 0 = 1− (Mn −1)(IC0 /IB0 ), or 1 = (Mn −1)β , (1.8)

which is equivalent to the condition of open-base breakdown BVC EO [16], a standard
breakdown figure-of-merit for bipolar transistors [10]. For further increased VC B (i.e.,
VC B > BVC EO), Iavl becomes greater than IB0 , then the terminal base current IB will be-
come negative (base current reversal), and in such a case, the avalanche multiplication
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generated hole current flows out of the base terminal (see Fig. 1.2 (a)). Base current re-
versal is an important factor in (avalanche) breakdown related transistor instabilities at
high VC B , and such imposes limitations for compact modeling of the avalanche multipli-
cation process [31, 37] in e.g., bipolar transistors. With further increase of VC B , the C-B
junction will eventually experience a full reverse biased junction breakdown at open-
emitter breakdown voltage BVC BO , a voltage which represents the absolute maximum
(operational) collector voltage of the transistor [16, 32].

The behavior of the base current under the influence of avalanche multiplication, as
described above, for low and moderate VC B is demonstrated in Fig. 1.3, by the open sym-
bols. The measurement results (symbols) correspond to a standard industrial RF (NPN)
bipolar device of emitter area AE = 0.30 × 20.7 µm2, BVC EO ≈ 1.3 V, and fT / fmax(VC E =
1.5V ) ≈ 120/150GHz. Here, the terminal base current IB was measured as a function
of VC B and over a sequence of ambient temperatures i.e., T = 25,50,75,100, and 125◦C,
for fixed VBE = 0.65 V. From Fig. 1.3, we can observe that the measured base current
IB = JB /AE is constant for low VC B (since carrier multiplication is very small or negligible
due to the low bias dependent junction electric field, thus Iavl is very small in comparison
to the (external bias) fixed IB0 ) and then decreases significantly for high VC B (since high
carrier multiplication takes place due to the high bias induced junction electric field,
leading to high Iavl, which even becomes larger than IB0 ), and even becomes negative.
Running ahead of the introduction of the concept of simulation in Section 1.3.3 and es-
pecially Mextram in Section 1.3.3, Fig. 1.3 also shows (solid curves) computer simulated
terminal characteristics. Shown are the best fitting results achievable with the industrial
standard model Mextram [31, 38], release 504.10. Deviations can be observed between
the symbols and the standard Mextram compact model simulations (solid curves) over
the weak collector-base breakdown region, i.e., VC B > 0.8 V; these discrepancies form
the motivation for the work in the thesis, as will be discussed later in Section 1.4. In the
two figures, the measurement results (symbols) are the same, but the simulations results
(solid curves) correspond to an optimization of the Mextram model [39, 40]: at a lower
temperature i.e., T = 25◦C in Fig. 1.3(a) and at a higher temperature i.e., T = 125◦C in
Fig. 1.3(b); this will be explained further in Section 1.4.

By increasing VBE , the base current IB = IB0 − Iavl can be made positive; this is be-
cause the hole diffusion current across the base-emitter junction increases at higher VBE

so that IB0 becomes larger than Iavl. In Fig. 1.3, IB = JB /AE is observed to increase with
temperature (for fixed VBE ), this is mainly due to the increase of the (main) transistor
saturation current (IS ) with temperature, which will result into an increase of transistor
main current IN [31, 32], whose charge carriers are also involved in avalanche multipli-
cation [38].

Dependence of breakdown voltage on transistor bias conditions

The speed of advanced SiGe-HBTs, as discussed, is normally increased at the expense
of the breakdown voltage. This has forced circuit designers to operate such devices
close or beyond the open-base collector-emitter breakdown voltage BVC EO in order to
meet the desired specifications. However, bipolar devices are fundamentally limited by
the avalanche multiplication in the collector-base region [24], therefore, circuits should
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(a)

(b)

Figure 1.3: Measured (symbols) and simulated (solid curves) collector-base breakdown characteristics. The
model simulations correspond to the standard Mextram compact model [31]. Shown is the base current
density (JB ) as a function of collector-base voltage (VC B ), for a sequence of ambient temperatures (i.e.,
T = 25,50,75,100, and 125◦C), as observed for an advanced high-speed (NPN) SiGe-HBT, for fixed base-emitter
voltage VBE = 0.65 V. In (a), the Mextram model parameters i.e., Vavl and Wavl are optimized for target tem-
perature T = 25◦C, while in (b) they are optimized for T = 125◦C. From (a) and (b), we can observe deviations
between the measured and Mextram model simulated characteristics over the weak avalanche regime, i.e.,
VC B > 0.8 V. In addition, it can be observed from (b) that the Mextram model underestimates the breakdown
voltage BVC EO .
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be designed to always unconditionally operate below the open-emitter collector-base
breakdown voltage BVC BO .

For a forward biased (NPN) transistor (e.g., see Fig. 1.2 (a)), the generated holes by
impact-ionization in the (high) reversed biased collector-base (C-B) junction drifts to
the neutral base (under the influence of the junction electric field). These holes (in the
base region) can either exit the transistor through the base terminal (as explained ear-
lier) or they can stay within the transistor and diffuse to the emitter across the base-
emitter (B-E) junction. The avalanche current due to holes which are injected into the
emitter, is amplified by the forward current gain β across the B-E junction, and this in
turn increases the collector current (i.e., trigger additional injection of electrons from
the emitter into the collector through the base). The injected electrons will contribute
to the increased avalanche multiplication in the C-B junction, hence, more avalanche
generated holes will be injected into the emitter and this will cause a further increase
of electron injection from the emitter; thus forming a positive-feedback loop, which can
lead to a faster transistor breakdown [24].

The strength of the positive feedback, which modulates the breakdown voltage, in-
creases with increasing external impedance seen by the base terminal, since (some of )
the avalanche multiplication generated holes are increasingly forced to stay within the
device with larger base terminal impedance [41] (which would resist the flow of the gen-
erated holes out of the transistor through the base terminal). Therefore, the configu-
ration of the base connection, which affects the base terminal impedance, has a direct
impact on the breakdown voltage [24, 41]. Open-base circuit configuration corresponds
to infinite external impedance and maximized positive feedback, rendering the corre-
sponding breakdown voltage BVC EO to be the smallest breakdown voltage across collec-
tor and emitter; since the generated holes by junction breakdown cannot exit through
the base, and end up accelerating the breakdown mechanism [1]. The opposite extreme
happens with the base shorted to a grounded emitter, where the external impedance
is effectively zero and the positive feedback is absent (the generated holes easily find
exit to ground), leading to the corresponding collector-emitter breakdown BVC ES be-
ing the largest. This junction breakdown mechanism is basically the same as the open-
emitter circuit collector-base junction breakdown (with corresponding breakdown volt-
age BVC BO) [1, 41]. A general case is the one in which the base is connected to the
grounded emitter through a finite resistance or impedance value, with corresponding
emitter to collector breakdown voltage BVC ER [1]. We note that BVC ER should have a
value between BVC EO and BVC ES . BVC EO and BVC BO , imposes the lower and upper lim-
its of transistors’ breakdown voltages, and they are usually provided to circuit designers
as part of the figures-of-merit of the transistor. The dependence of the bipolar transis-
tor breakdown voltage on the source impedance is usually exploited in practical power
amplifier (PA) design to significantly increase the safe operating voltage range.

A family of physical mechanisms in addition to avalanche multiplication may be
present in the (collector-base) junction breakdown regime in SiGe HBTs [22, 24, 42–46].
Some of these mechanisms are already included in standard compact models for bipolar
transistors, e.g., Mextram [38], and will be taken advantage of later in the thesis. We will
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discuss some of these (significant and relevant) physical mechanisms in the next subsec-
tions.

1.2.1 Local and non-local avalanche mechanisms

The collector doping profile directly influences impact-ionization effects and breakdown
voltage, which are important factors for power applications of SiGe HBTs. High-speed
performance and breakdown voltage cannot be optimized independently. As we dis-
cussed earlier, the high collector doping level results in a high electric field in the collector-
base (C-B) space-charge region of a (forward biased) bipolar transistor. Such high C-B
junction electric field leads to generation of electron-hole pairs by impact-ionization
process. Here, the incident charge carriers (electrons for an NPN transistor) in the C-B
depletion region gain sufficient kinetic energy to invoke electron-hole pairs by impact-
ionization; the generated electrons and holes are accelerated in opposite direction by
the electric field. Due to the high electric field, such generated carriers can also gain
enough kinetic energy to invoke further electron-hole pairs by impact-ionization and
this can go on (i.e., avalanching). This avalanching process is commonly known as strong
avalanche multiplication [24, 27]. If avalanching is assumed negligible, then the process
is termed as weak avalanche multiplication [37, 47]; this is the common avalanche pro-
cess addressed in standard compact models for bipolar transistors (e.g., Mextram [38]
and HiCUM [37]), and we will follow the same trend in this thesis. To our present knowl-
edge, there is no published literature addressing compact modeling of strong avalanche
mechanism (in Si/SiGe bipolar transistors). This is motivated by the circumstance that
a compact model that would incorporate a realistic model for strong avalanche effects
would not be (generally) numerically stable: at and beyond the BVC BO vertical asymp-
tote. Such may lead to convergence issues of the compact model as a whole (when im-
plemented in a circuit simulator) during circuit simulation.

The rate of impact ionization strongly depends on the electric field distribution in
the collector-base space-charge region; with high avalanche multiplication taking place
where the electric field is highest. In the so-called local perception of the avalanche mul-
tiplication process the electron and hole impact-ionization coefficients are assumed to
actually and directly be functions of the electric field strength. This would imply local-
ity of impact-ionization in the sense that avalanche is assumed to occur at locations of
high electric fields (e.g., at the metallurgical C-B junction) [27], without any temporal or
spatial delay.

In practical circumstances, for incident carriers (electrons) to gain the required suf-
ficient energy to initiate impact-ionization, they must travel a nonnegligible distance
within the collector under the influence of the electric field [33, 42, 48], thus ionization
events do not occur in simple and instantaneous correspondence to maximum electric
field. In other words, carriers gaining the threshold energy is not an instantaneous pro-
cess, but a gradual process, and charge carriers travels a certain distance in the collec-
tor before attaining the threshold energy to initiate impact-ionization. This distance is
known as the energy relaxation length λe , and such avalanche multiplication process is
referred to as non-local avalanche [49, 50]. For an NPN bipolar transistor, under non-
local avalanche process, the peak electron impact-ionization coefficient shifts from the
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base-collector metallurgical junction into the collector, and the peak hole impact im-
pact-ionization coefficient shifts from the base-collector metallurgical junction into the
base [36]. In the local avalanche process, carriers multiplication is assumed to occur
locally where the electric field is maximum. In spatially varying electric field, however,
the carrier energy usually lags the electric field because of the finite energy relaxation
time [36, 48] of the carriers. This would mean that the local avalanche process would
yield large impact-ionization rate and thus low junction breakdown voltages [49], in con-
trast to the non-local avalanche process. In the non-local avalanche modeling process,
impact-ionization coefficient is expressed in terms of (average) carrier energy or car-
rier temperature (Te (x)), rather than the electric field (E(x)) [42], as will be elaborated in
Chapter 3.

Dependence of avalanche multiplication process on ambient
temperature

The applied ambient temperature directly affects the type of the avalanche multiplica-
tion process [33, 50] which occurs in a reversed biased collector-base junction of (an
NPN) bipolar transistor in forward biased operation mode. This can be well understood
by considering a cloud of electrons (conceived as a gas) moving across a crystal lattice of
a semiconductor device under the influence of electric field E(x), at a certain constant
ambient temperature. These electrons will accelerate as a whole in the same direction,
but they will also experience random motions or vibrations due to the thermal energy
caused by the ambient temperature. Due to the work done by applied field on the elec-
tron cloud, electrons will also gain more kinetic energy, which will results into more col-
lisions with the crystal lattice, as well as among themselves, and thus more chaotic ran-
dom motion. This will result into an increase in the electron temperature (Te (x)) [51], a
temperature which is locally assigned to the electron cloud. Such as phenomena can be
described by equation (3.1) of Chapter 3. The random motion of the electrons (moving
with different velocities) within a cloud under the influence of the thermally vibrating
crystal lattice and electric field takes sometime to stabilize. In this, thermal equilibrium
is locally reached among the electrons within the cloud. The randomizing process has
got a certain time scale and within this time, the electron cloud moves with a certain
(average) velocity (approximately equal to the saturation velocity (vsat)) and travels a
distance equal to the relaxation length (λe ). As will be seen in Chapter 3, λe is a char-
acteristic length scale over which the electron temperature increases when the electrons
are forced by a macroscopic electric field.

When the ambient temperature is increased, thermal crystal lattice vibrations will
increase as a result. The idea is now that a more intensely vibrating crystal lattice will
have a stronger randomizing impact on the traveling electron cloud; hence the length-
scale λe will be shorter at higher temperatures. Hence, at high temperatures λe will be
relatively small in comparison to the available collector-base depletion width. As will
be demonstrated in Chapter 4, this would imply that at lower ambient temperatures, the
physical avalanche process will be dominated by non-local avalanche mechanism, while
at higher temperatures the avalanche process will show a more local character. This is
the one of the motivations for having two plots in Fig. 1.3, with the aim of showing the
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results which can be obtained in industrial domain (Fig. 1.3(a)), and understanding the
physics behind the avalanche breakdown mechanisms (Fig. 1.3(b)).

1.2.2 Self-heating mechanism

For biased transistor in operation (e.g., in normal forward operation mode, with base-
emitter junction forward biased and collector-base junction reverse biased), it will dis-
sipate power. The generated power will have an influence on the device temperature
and its surroundings. Due to the power dissipation, the local device temperature will in-
crease (or device will get warmer); this is called self-heating. To describe self-heating, we
need to determine the dissipated power and how this is related to the increase in device
temperature.

From device physics [24], power that flows in device can be calculated as the sum
over currents times voltage drops. For the thesis, only power dissipation under time in-
dependent boundary conditions will be relevant; in this, by considering a three-terminal
bipolar transistor (see Fig. 1.2), the dissipated power Pdiss can be describe as

Pdiss = IC VC E + IB VBE . (1.9)

Since normally the collector current is larger than the base current and collector voltage
is larger than the base voltage, the first term is usually dominant [31]. We note that not
all power that flows in a transistor is dissipated; part of it will be stored as the energy on
capacitors and is released later on. Therefore, to determine the dissipated power in a
transistor, we need to add all the contributions of the dissipated elements, i.e., all DC-
currents times voltage drops [31].

For reasons of computational efficiency, the increase ∆T in device temperature T
due to the dissipated power Pdiss, is in practice only approximately modeled as linear
effect, i.e.,

∆T = RT H Pdiss, (1.10)

where RT H is a constant coefficient of proportionality, known as the thermal resistance.
In circuit simulation then, the heat flow can be simulated fully analogous to electric
ohmic conduction and is straight forward to implement by an equivalent electrical cir-
cuit. From relation (1.10), we can see that the thermal resistance can be determined as
RT H =∆T /Pdiss, then the junction temperature can be described as:

T = Tamb +∆T, (1.11)

where Tamb is ambient temperature. We can see that in order to address self-heating
mechanism for a given transistor (device), the device thermal resistance RT H need to be
accurately determined. Self-heating affects the shape of the measured current-voltage
characteristics, affects the two-port parameters (e.g., fT and fmax) and precision ana-
log circuits that depend on close transistor matching [17]; it may also lead to bias point
instabilities [52, 53].

In integrated circuits where a number of devices are closely connected to one-an-
other, the various devices do dissipate power and as a result, a device can cause the tem-
perature of the neighboring devices to rise, i.e., devices do exchange heat and influence
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each other’s temperature; a mechanism commonly known as mutual-heating [31, 39].
These two mechanisms (self- and mutual-heating) are addressed in standard compact
models for bipolar transistors e.g., Mextram [31], using a (connected) external thermal
network [17, 39].

Though self-heating is a simple concept, addressing it requires an experimental de-
termination of the device thermal resistance (RT H ), which is generally a recognized chal-
lenge in advanced industrial bipolar devices [54]. We will demonstrate in Chapter 2 that
by using the (DC) measured characteristics (taken directly on present day Si and SiGe
bipolar transistors) in the weak collector-base junction breakdown regime, a good esti-
mate for RT H can be determined.

When a high reverse bias is applied across the collector-base junction of a highly
scaled bipolar transistor in forward operation mode, electron-hole pairs are generated
by impact-ionization. This carrier multiplication process can lead to generation a large
number of charge carriers and thus a relatively high avalanche current (Iavl), even for
lower applied base-emitter bias (VBE > 0). Such generated Iavl together with the high
junction bias VC B can lead to significant dissipated power in the transistor, and thus a
significant contribution to the device self-heating [24, 31], even in the weak avalanche
regime, where Iavl is assumed to be smaller than the total collector current (IC ). This
will become more clear in Chapter 4, where we will demonstrate (and carefully address)
the significance of self-heating on the measured characteristics in the weak avalanche
regime, under low VBE conditions.

1.2.3 Forward Early effect

The increase in the reverse collector-base junction bias (VC B ), leads to an increase in
the collector-base depletion width (WC B ), which results into a modulation of the neu-
tral base width of the bipolar transistor. As illustrated in Fig. 1.4, the modulation of the
neutral base width with increased VC B leads to a modulation of the minority carrier dis-
tribution in the base. With increased VC B , the gradient of the injected minority carrier
electron (for an NPN transistor) distribution in the base becomes steeper; since the elec-
tron diffusion is proportional to this gradient, hence an increase in VC B leads to an in-
crease in the transistor collector current IC (see Fig. 1.2) [55, 56]. This mechanism is
commonly referred to as (forward) Early effect [16, 17, 32].

Output characteristic of the transistor is also influenced by the Early effect; here,
the increase in the transistor collector current with VC B is seen as a finite slope of the
output characteristic [32]. This is equivalent to a finite conductance at the output of
the transistor; it is usually desirable in many circuit applications to have a low output
conductance [16]. Though our focus has here is on the Early effect due to the reverse
collector-base bias (i.e., forward Early effect), but the neutral base width (thus the col-
lector current) can also be modulated by the variation of the base-emitter junction bias;
this is termed as reverse Early effect [25].

The magnitude of forward Early effect on the transistor characteristics, can be re-
duced by careful transistor design, which is usually done by increasing the transistor
base doping concentration and reducing the collector-epilayer doping concentration [55].
This would imply that when a high reverse bias (VC B ) is applied across the collector-base



1

16 1. INTRODUCTION

Figure 1.4: An illustration of the collector-base (forward) Early effect. We show the distribution of the minority
carrier in the neutral base region for two different values of the collector-base reverse bias. When the collector-
base reverse bias is increased from VCB1 to VCB2, the neutral base width is decreased from XCB1 to XCB2, which
results into an increase of the electron gradient in the base; this leads to increase in the collector current.

junction, the lightly doped epilayer will be more depleted than the highly doped based.
In such a case, the neutral base thickness and thus the collector current are less sensitive
to VC B variations, which implies that the Early effect is minimized. For such devices, the
Early voltage VA , which is defined as the inverse of the fractional change of collector cur-
rent over VC B variation (an indicator of the output conductance of the device) is usually
large. The large VA is translated into large output impedance, leading to higher voltage
gain of amplifiers for a given load [1]. As discussed earlier, in present day high-speed
(RF) SiGe devices, the doping concentration of the collector-epilayer is relatively high
and somehow comparable to the base doping concentration. This is aimed at postpon-
ing Kirk effect [34] and reducing the collector-base junction transit time, which results
into high fT [29, 31, 33]; but this lowers VA because of the increased base-width mod-
ulation. Therefore, in such RF-devices, there is always a tradeoff between minimizing
the Early effect (i.e., increasing VA) and maximizing other relevant characteristics e.g.,
fT and breakdown voltage (BVC E0), a process which generally depends on the targeted
transistor application.

1.3 Semiconductor device modeling

The rapid developments in the semiconductor device technology over the past (few)
decades have led to an increased interest in device modeling; which is a representation
of the physical behavior of a device or network of devices (electrical circuit) by an ab-
stract mathematical model which reliably approximates this behavior. Such a model for-
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mulation may either be a closed-form expression (analytical model) or in general a sys-
tem of coupled (differential) equations (to be solved numerically). The increased need
to understand the detailed operation and to optimize the design of silicon very-large-
scale integrated (VLSI) devices (i.e., combining many devices into a single chip) [10],
very-high-speed integrated circuits (VHSIC), and compound semiconductor devices has
meant that device modeling now plays a vital role in modern technology. As the scale
(size) of the individual semiconductor devices decreases and the complexity of the phys-
ical structure increases, the nature of the device characteristics is shifting from those ob-
tained from many of the classically held modeling concepts [57]. Furthermore, the chal-
lenges encountered in carrying out measurements on the devices means that greater
emphasis must be put on results obtained from theoretical characteristics [58]. Semi-
conductor device modeling allows new device structures to be rigorously analyzed and
investigated prior to fabrication, which is cost efficient. Depending on the targeted ap-
plication, device modeling can either be used for device simulation or for circuit simula-
tion; these are discussed next.

1.3.1 Device simulation

The internal operation of an electronic device e.g., a transistor, can be studied in great
detail by solving the basic device (partial differential) equations subjected to relevant
boundary conditions. These equations are derived from physical principles or laws, and
they are used to gain detailed understanding of the structure and operation of the elec-
tronic device. The mathematical description of the device then consists of a representa-
tion of the device geometry, the material composition, doping profiles, the basic device
physics equations and boundary conditions. Furthermore, a specification of the mate-
rial properties, such as dependence of band-structure and carrier mobility on material
composition can be part of the mathematical model. Carrier mobility also depends on
the strength of the electric field, which can also be included in the model formulation.
Temperature dependencies can also be taken into account. The resulting model equa-
tions are solved numerically (device simulation) for specified boundary conditions, us-
ing numerical methods such as finite element method [58], which enables the study of
the device structure and operation.

Device simulation is part of the technology computer-aided-design (TCAD), a branch
of electronic design automation (EDA) 1 that models semiconductor fabrication and de-
vice operation. Generally TCAD is aimed at designing of semiconductor processes and
devices to fulfill some given specifications; the modeling of the fabrication is termed as
process TCAD, while the modeling of the device operation is termed as device TCAD. Col-
lectively process TCAD and device TCAD form the core tools for TCAD. In process TCAD,
modeling of semiconductor-chip process-manufacturing steps such as lithography, de-
position, etching, diffusion, and ion implantation are included [16, 24], while in device
TCAD the modeling of electrical, thermal and optical behavior of semiconductor devices
(e.g., transistors) based on fundamental physics such as doping profile of the device are

1EDA is a category of software tools for designing electronic systems such as printed-circuit boards and in-
tegrated circuits. The tools are used jointly in a design flow which is employed to design and analyze semi-
conductor chip or integrated circuit.
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taken into account. Process TCAD requires modeling of the physical principles of fab-
ricating, and at times also the modeling of the specific equipments used. Device TCAD
mostly focuses on the physical principles at the basis of carrier transport and of optical
generation in semiconductor devices.

The key goal of process TCAD is to obtain accurate prediction of the active dopant
distribution in the various regions of the semiconductor device, the stress and the de-
vice geometry. The output of the process simulation (e.g., doping concentration) is used
as inputs for the device TCAD, to simulate the electrical characteristics (e.g., the electric
field distribution and the currents) of the device under different boundary conditions
(e.g., biases) and temperatures. TCAD mostly involving solving a set of differential equa-
tions, which are derived from basic semiconductor device physics, and normally numer-
ical approaches are used to solve such equations; here dedicated commercial software
packages such as TSUPREM [59] for process simulation and MEDICI [36, 60] for device
simulation are widely used. This approach of modeling the device behavior is generally
complicated and demands tremendous computational time. Achieving accurate simu-
lation results would demand more discrete nodes, which will result into large amount of
computational time; thus, TCAD modeling is only used for studying the internal opera-
tion of devices, as well as for studying the relation between their structure and composi-
tion on the one hand, and their electrical characteristics on the other hand [17, 38]. It is
not suitable however as a routinely applied way to model the electrical characteristics of
devices, mostly those connected in a circuit network (integrated circuit (IC)). In such cir-
cuit simulations, electronic computer-aided-design (ECAD) (another branch of electronic
design automation (EDA)), which is oriented towards electrical circuit design is widely
used. In ECAD, simple and accurate compact models [25, 36, 46, 58] incorporated in cir-
cuit simulators such as SPICE are used to study the behavior and properties of electrical
circuits. Such compact models used in circuit simulation will be discussed in the next
section.

1.3.2 Compact semiconductor device modeling for IC simulation

For simulation of integrated circuits (ICs), which may contain thousands or even hun-
dreds-of-thousands of electronic elements/devices (e.g., transistors, capacitors, resis-
tors, inductors, and diodes), circuit designers prefer easy-to-simulate models (i.e., faster
models in terms of CPU time) for the various employed circuit elements. Such mod-
els (compact models) of circuit elements minimizes the computational time, develop-
ment costs and time-to-market, since they enable faster analysis/study of the behavior
and properties of the electrical circuits under different relevant operation regimes (e.g.,
wide bias and temperature range), and thus enable circuit design adjustments in order
to achieve the targeted performance. Generally the compact modeling process involve
developments of models for integrated semiconductor devices for use in circuit simula-
tions of the electrical characteristics. Compact models of the individual circuit elements
are mathematical models that are sufficiently simple to be incorporated in circuit sim-
ulation and are sufficiently accurate to make the outcome of the circuit simulation soft-
ware (i.e., circuit simulators) e.g., SPICE, SPECTRE and ADS, useful to circuit designers.
The industry’s dependence on accurate and time-efficient compact models continues
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to grow as circuit operating frequencies increase and device tolerances scale down with
associated increases in chip device count, and analog content in mixed-signal circuits.
Compact modeling is a critical step in the design cycle of modern IC products. It is cer-
tainly the most important vehicle for information transfer from technology fabrication
to circuit and product design.

Though compact models demand simplicity and accuracy, there is always a tradeoff
between these two requirements; for this reason a hierarchy of models of different levels
of complexity (or number of nodes in case of a equivalent circuit based model) could
be offered to a circuit designer. Good convergence behavior of a compact model (under
different operation regimes) is a key requirement for model implementation in circuit
simulators, this demands for continuous (mathematical) equations describing the com-
pact model, with continuous derivatives (of currents and charges) up to highest order
(usually third order for bipolar transistors compact models is sufficient) [17]. For con-
vergence it is required that compact models are globally well behaved; that is, they also
need to be numerically well behaved outside their range of physical validity. This is im-
portant, because, beyond the junction breakdown the transistor my really be destroyed,
but the compact model may not crash, if, e.g., during iterative search for the numerical
solution of its equations, it is evaluated for bias conditions beyond BVC EO .

We note that the accuracy of a compact model, does not depend only on the em-
ployed set of model equations, but also on the accuracy of the input device dependent
model parameters [17, 25]; hence, great attention has to be paid on the employed meth-
ods for extracting the various model parameter values. Therefore, in order to make a
compact model successful it would demand establishment of a well defined parameter
extraction methodology and infrastructure which is greatly aided by properly formulated
model equations and well-defined parameters. An example of such measurement based
model parameter acquisition methods (for the base resistance and thermal resistance
of bipolar transistors) will be presented in Chapter 2 of the thesis. We point out that in
some instances the model parameters can be well known universal constants (i.e., device
and technology independent), such parameters are taken as model constants, and they
are kept fixed. An example of model constants used in e.g., Mextram compact bipolar
transistor [31, 38] are An and Bn (see equation 1.13), the coefficients of the Chynoweths
empirical law [61], whose values were experimentally determined [22, 27, 28].

In present day industrial (integrated circuit) applications, physics-based compact mod-
els are often preferred [36, 46, 58], particularly when concerned with geometrical or sta-
tistical or (virtual) predictive simulation. Since modern IC fabrication techniques pro-
vides transistors in a continuous range of sizes, compact models must therefore be geo-
metrically scalable, i.e., describe the characteristics of the components for any given de-
vice size in a defined range. Electronic gadgets have to be sufficiently operational under
a wide range of temperatures. Therefore, the dependence of electrical characteristics on
temperature need to be modeled (temperature scaling). This also helps to take into ac-
count the increase of the device temperature due to self-heating (and mutual-heating) of
the device. Devices actually delivered by IC fabrication techniques will show stochastic,
or may be even systematic, deviations from the targeted reference devices [38]. Doping
concentrations and geometrical layout may show slight variations, for example. This will
result in stochastic variations in electrical characteristics, and a compact model should
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be able to predict these variations. Such application demands for a compact model, can
easily be realized when the model is formulated with a sound physical basis [25, 58]. For
example, with a physical model, the geometrical and temperature scaling can be suf-
ficiently achieved by applying scaling rules to the relevant physical model parameters.
Physical models can also be used to predict the circuit behavior of future thought devices
in the same category or study the performance of a fully virtual circuit design. These rea-
sons and beyond, makes physics based compact models to play a central role in semi-
conductor industry. With new device technologies being developed for future targeted
applications, compact models are undergoing continuous development in order to meet
the increasing designers’ demands (e.g., possibility to predict circuit performance for a
new process as early as possible). In fact, the desired industrial trend is to co-develop
process and circuits with the goal to have working instances of circuit designs already at
the time of process qualification. This so-called concurrent engineering obviously con-
tributes to a significant reduction in time-to-market. The corresponding cost reduction
is achieved if compact models are capable of accurately predicting circuit performance
early in the process development phase [37], and this calls for continuous cooperation
between device physicists, modeling engineers, and circuit designers.

Other than the physical models, there are empirical models which are based on de-
vice behavior as observed from the measurements rather than from theoretical predic-
tions. Analytical expressions aimed at achieving good fits with the measurements are
formulated, and these are generally not based on device physics [25]. Such empirical
models require a short development time with respect to physical device models, though
they are limited in their applicability because of the nonlinear behavior of most devices
with respect to signal level [58]. There are also table based models, which uses the mea-
sured device behavior directly in the circuit simulation. So instead of deriving the analyt-
ical formulas describing the nonlinear electrical performance, lookup tables are derived
from the measurements, and simulations are performed by interpolating the stored val-
ues [58]. Such models can as well be developed in a shorter time, though they are only
limited to the measured range, so no possibility for application outside the measured
range [25]. These two later type of compact models are rarely used in circuit simulation
due to their lack of scalability, thus, they will not be discussed further in the thesis.

The complexity of the compact model is dependent largely on the type of the circuit
element, e.g., a linear resistor can be described simply by Ohm’s law, i.e., V = I R [32], but
for a bipolar transistor, a more sophisticated compact model would be required. In most
cases, active devices like bipolar transistors are usually represented by a small electrical
circuit itself (i.e., an equivalent circuit of lumped-elements [38]), which then again is
mathematically described by a set of algebraic equations, or, in case of time dependent
analyses, ordinary differential equations [38]. For example, the present day standard
industrial compact models for bipolar transistors i.e., Mextram [31] and HiCUM [37],
are equivalent circuits themselves that consist of around 50 simpler elements, such as
diodes, resistors, and capacitors 2. We note that in this thesis, the Mextram compact
model (summarized in the next section) will be used. When a device is modeled by an

2To establish conservation of charge in circuit simulations, it turns out that it is better to formulate the models
in terms of charges, not capacitors, and hence good compact models contain functions that describe charges
as function of bias conditions, not capacitors.
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equivalent circuit, one will usually need a circuit simulator (equation solver) to study
the behavior, properties, and electrical characteristics of that circuit. But that will be less
demanding in terms computational costs than performing full device simulation (full
physical modeling in space and time by partial differential equations) [38].

The different elements of the equivalent circuit, represents different physical compo-
nents of the device, and physical mechanisms that influences the relevant terminal char-
acteristics (e.g., voltages, currents, noise, etc) under all relevant practical circumstances
(e.g., boundary conditions (such as biases and signals) and ambient temperature). Such
physical mechanisms include: avalanche breakdown, parasitic resistances, self-heating,
Early effect, charge distribution, quasi-saturation, and current crowding [24] among oth-
ers; these must be sufficiently addressed in order to achieve reliable model simulations.
These effects are represented componentwise in an equivalent circuit, and the various
lumped elements representing the different transistor components are connected to-
gether in a way that represents (mimics) the internal structure of the device. The circuit
elements are not necessarily derived from closed form analytical functions describing
physics, but also may be by an empirical approach; the elements’ value (as a function of
e.g., bias and temperature) is calculated by computationally as inexpensive as possible
equations formulated as closed-form analytical solutions, preferably in explicit form. In
other words, numerical solutions of differential equations are usually prohibited, thus
excluding numerical device models [37, 38, 41].

With (physics-based) element models, the time, bias, and frequency dependence of
the electrical characteristics of the transistor can be addressed, thus such models can
be considered as large-signal models [62]. Usually, the time-dependence of all relevant
characteristics is done by representing all relevant bias-dependent charges in the device,
these charges are indicated by capacitor symbols in an equivalent circuit e.g., in Mex-
tram [31]. The time-dependence processes are then basically the processes of charging
and discharging these capacitors in the network. These capacitors in advanced com-
pact bipolar models’ equivalent circuits are nonlinear network elements. This simply
means that the physical charges that they represent depend on the biases in the network
in a non-linear way, so that the associated capacitances would have a bias dependent
value [38]. This would imply that, most of the elements of the equivalent circuit are non-
linear in this sense. Thus, by taking into account the full non-linear bias dependence
of the various lumped elements, the compact model provides an appropriate basis to
simulate the full, non-linear response of bipolar transistors to large signal. Then, by lin-
earization, the small-signal AC analysis can be performed by the circuit simulator. Also
from the large-signal compact model, at zero frequency, DC bias solutions can be evalu-
ated.

1.3.3 Mextram compact model for Si BJTs and SiGe HBTs

The Mextram model is a physics-based world standard industrial compact model for
simulation of both Si and SiGe bipolar transistors. This model has been developed for
almost four decades [39] and over this period, it has been undergoing a number of con-
tinuous upgrades in order to capture all relevant terminal characteristics of any bipolar
transistor, under different boundary conditions; the current level is Mextram 504.10 [39].
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Compared to the previous levels, Mextram 504 provides better results in the description
of first and higher order derivatives, which results into e.g., more accurate descriptions
of the output conductances, junction charges, cutoff frequency, and low-frequency third
order distortions. Mextram model generally supports accurate computer simulations of
all relevant observable terminal characteristics (e.g., current and noise), as a function
of applied terminal boundary conditions (e.g., junction biases) and ambient tempera-
ture. It is itself a circuit which comprises of lumped elements forming an equivalent cir-
cuit representing the physical structure of a bipolar transistor. Mextrams’ equivalent cir-
cuit [31, 38] not only outlines the general mathematical structure of the compact model,
but it also represents the essential physical topology of the transistor. The branches rep-
resenting model currents and charges are schematically associated with different physi-
cal regions of a bipolar transistor separated by the base-emitter, base-collector, and sub-
strate-collector junctions. All current and charge branches in Mextram are given as ex-
plicit functions of external and internal nodal potentials and there are no implicit mod-
eling variables that require internal iterations. The mathematical model formulation in-
volves a system of algebraic equations for the time independent (DC) simulations, and a
system of differential equations (nonlinear) for the time-dependent simulations. These
equations are solved by the available circuit simulators e.g., SPICE and ADS for the spec-
ified stationary and time-dependent boundary conditions.

The Mextram model takes into account a number of physical mechanisms that af-
fects the terminal characteristics (e.g, currents and depletion capacitances) of the bipo-
lar transistor, under different bias and temperature conditions. Examples of such mech-
anisms include [39]: Early effects, current crowding and conductivity modulation of the
base resistance, Zenner-tunneling in the base-emitter junction, high-injection effects,
ohmic resistance of the collector-epilayer, quasi-saturation, Kirk effect, weak-avalanche
in the collector-base junction, low-level non-ideal base currents, ohmic epilayer resis-
tance, charge storage effects, substrate effects and parasitic PNP, high-frequency current
crowing, excess phase-shift, bandgap grading effects in SiGe HBTs, temperature scaling,
and self-heating [17, 24] among others. Mextram compact model does not contain ex-
tensive geometry of process scaling rules. This is because bipolar transistors come in
different architectures, so that no general geometric scaling rules can be given. There-
fore, geometric scaling rules of bipolar transistors have not been standardized. In prac-
tice it is added by the model users as a shell around Mextram. To enable development
of such a shell, having a physical basis of the model helps: one can then find out how
parameter values will scale with geometry. Some parts of the model (e.g., the increase of
the avalanche current when the current density in the epilayer exceeds the doping level)
are optional and can be switched on or off by setting flags; such is aimed at improving
simulation speed and convergence. Though Mextram is by default formulated for NPN
transistors, the model can be equally well used for PNP transistors by simple change of
the current and charge polarity. Since Mextram is a physics-based model, it means that
once the correct parameter set (for a selected device) has been found, the description
of the device behavior is sufficiently realistic to allow accurate prediction of the model
behavior under different bias and temperature conditions.

The physics-based Mextram model will be used later in the thesis, for the self-con-
sistency check of the improved extraction method of thermal resistance RT H and base
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resistance RB of bipolar transistors (in Chapter 2), which is based on the measured char-
acteristics in the weak collector-base breakdown regime, as well as for verification (in
Chapter 4) of the derived extended version of Mextram (in Chapter 3) which includes the
non-local avalanche compact model. The Mextram model addresses the earlier stated
physical mechanisms using a system of physics-based (coupled) mathematical formula-
tions, which generally depend on junction voltages (external and internal), currents, and
temperature. As an example, the weak-avalanche mechanism is addressed in Mextram
as summarized next (as extracted from [31]). Note that, the weak avalanche mechanism
will be presented not only as an example, but also because this aspect of Mextram, and
compact modeling more in general, will be one of the key topics of the thesis.

Compact modeling of the weak collector-base avalanche mechanism
in Mextram

According to the Mextram model, the total avalanche current is modeled as the inte-
gral of the product of impact-ionization coefficient (α) and the collector-epilayer cur-
rent (Iepi), over all positions where the ionization takes place. This holds only in the
weak avalanche regime, where the generated carriers through impact-ionization do not
generate extra charge carriers 3. Considering a weak avalanche field dependent ioniza-
tion coefficientα[E(x)], the generated total (weak) avalanche current Iavl is proportional
to the epilayer current Iepi passing through the epilayer [31], i.e.,

Iavl = Iepi

∫ Wavl

0
α[E(x)]d x = IepiGEM , (1.12)

where Wavl is the model parameter representing the effective width of the collector-
epilayer, and GEM is the generation factor computed from the integral of α. The electric
field distribution is vital for accurate modeling of impact-ionization, and in the Mex-
tram model [31], the electric field distribution (E(x)) schematically presented in Fig. 1.5
is used to define the spatial dependence of the ionization coefficient (which is based on
Chynoweth’s empirical law [61])

α[E(x)] = An exp

( −Bn

|E(x)|
)

, (1.13)

where An and Bn are material constants [27, 28]. We note that, in the local avalanche
model, the ionization coefficient α is expressed as a function of the electric field E(x),
as in equation (1.13), but in reality (non-local avalanche model) α should be expressed
as a function of the kinetic energy of the carriers or carrier temperature Te (x), as will be
demonstrated in Chapter 3.

The magnitude of the electric field distribution is approximated by [27]

|E(x)| ≈ Emax(
1+ x

λD

) , (1.14)

3 We note that since avalanching is ignored, it is not actually accurate to call the whole process an avalanche,
but the terminology is commonly used in compact models, thus we will keep it through out the thesis
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Figure 1.5: Schematic representation of the absolute value of the electric field used in the derivation of the
local avalanche model in Mextram model [31]. In the figure, x = 0 represents the metallurgical base-collector
junction.

where λD is the extrapolated width of the epilayer (see Fig. 1.5). On performing the in-
tegral in (1.12), using (1.13) and (1.14), we obtain the value of the generation factor GEM

as

GEM = An

Bn
λD Emax

{
exp

[
− Bn

Emax

]
−exp

[
− Bn

Emax

(
1+ Wavl

λD

)]}
. (1.15)

In this expression, λD and Emax (which depend on collector bias and current) still need
to be determined. From Fig. 1.5, the average value of the electric field Eav over the space-
charge region is given by

Eav =
VdC −VBC

WD
, (1.16)

where WD is the collector-base depletion width, VdC is the base-collector junction built-
in voltage, and VBC is the external base-collector bias without the voltage drop across
the external collector resistance [63]. From this expression, we can see that at VBC =
VdC , the average electric field becomes zero; in such a case the base-collector junction
is already far in forward bias and again the epilayer will be flooded with electrons and
holes resulting in a low electric field. Therefore, avalanche current is taken to be zero
when VBC > VdC . Note that the expression below are such that also Emax will go to zero
when Eav goes to zero. The expression (1.15) for the generation factor is such that at that
point also GEM will go to zero (including all its derivatives).

For charge carriers moving in the high-field collector-base depletion region (of a
bipolar transistor in forward operation mode [17]), their drift velocity saturates (i.e.,
vd = vsat) and the carrier electron density is then given by n = |Iepi|/qe Aemvsat. The
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net charge density across the depletion region is given by

ρ = qe ND = qe Nepi −
|Iepi|

qe Aemvsat
.

Then from Poisson’s equation described earlier in (1.4), the gradient of the electric field
would become

dE

d x
= qNepi

ε

(
1− Iepi

Ihc

)
, (1.17)

where Nepi is the epilayer doping concentration and Ihc = qe Nepi Aemvsat is known as the
hot-carrier epilayer current. By considering zero epilayer current, (1.17) can be rewritten
as

dE

d x

∣∣∣∣
Iepi=0

= qNepi

ε
= 2Vavl

W 2
avl

, (1.18)

where Vavl is a dedicated Mextram model parameter which represents the measure for
the derivative of the electric field, especially around the maximum electric field. The
electric field E0 at the collector-base junction can now be calculated from Fig. 1.5 as

E0 = Eav + Vavl

W 2
avl

(
1− Iepi

Ihc

)
. (1.19)

In normal transistor operating regimes, the maximum of the electric field will be at the
base-collector junction and therefore take Emax = E0. In the high current limit, the elec-
tric field will be modulated by the associated mobile charge density (Kirk effect [34]) and
may possibly be subject to two or three dimensional current spreading [29, 39] effects.
In this context, avalanche is likely to be less distinguishable [37]; detailed assessment of
this regime is outside the scope of the thesis.

To calculate the extrapolated width of the epilayer, λD , relation (1.14) is used, from
which it follows ∣∣∣∣dE(x)

d x

∣∣∣∣= Emax

λD
= 2Vavl

W 2
avl

(
1− Iepi

Ihc

)
. (1.20)

The electric field can also be written as

|E(x)| = E0 − 2x

WD
(E0 −Eav) , (1.21)

which is given in such a way that the electric field at x =WD /2 equals the average electric
field |E(x = WD /2)| = Eav [31]. In the case we presented here, it is valid to consider E0 =
Emax. From the expression for the electric field, and from |dE/d x| = Emax/λD , the width
λD is found as

λD = EmaxWD

2(Emax −Eav)
. (1.22)

The collector-base depletion width WD also needs to be calculated. Using a very simple
abrupt junction depletion model, we obtain

WD =
√

W 2
avl

Vavl

√
VdC −VBC

1− Iepi/Ihc
. (1.23)
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We note that this formula can lead to the depletion layers larger than the (effective) epi-
layer width Wepi (here taken to be equal to model parameter Wavl) for Iepi ≥ Ihc. To
prevent this to occur, an empirical expression is used for the thickness over which the
electric field is important. The limiting cases for this avalanche model can be found in
e.g., [29, 31, 39], together with the extension of the model to cases where the effective
epilayer width decreases due to base-widening and change of the sign of the slope for
the electric field (see equation (1.17)) due to Kirk-effect.

Temperature dependence of Iavl

The temperature dependence of the avalanche current Iavl is based on relation 1.15. Fol-
lowing the earlier work [28], it was concluded that the temperature dependence of the
ratio of the coefficients An and Bn in 1.15 roughly cancels each other and can be ne-
glected in comparison to the exponential variation. Then the temperature dependence
of Bn in the exponential term was more apparent. Following their experimental analysis
on both high voltage and high frequency IC processes, it became clear that the avalanche
parameter Bn increased with temperature; for all the investigated processes Bn can be
expanded in a Taylor series around T = 300 K as

Bn(T ) = Bn
(
1+γ1∆T +γ2∆T 2) , (1.24)

where ∆T = (T −300) K, with T the device temperature, and γ1 and γ2 are coefficients of
expansion.

This temperature scaling rule was extensively experimentally tested and was found
to be adequate [28] against various semiconductor bipolar platforms. At the time when
the scaling rule (1.24) for Chynoweth’s empirical law, i.e., (1.13) was established, the re-
sults were considered to be universally valid for silicon. Based on that notion, the coeffi-
cients of (1.24) were introduced in Mextram as model constants, not model parameters.
The value for these coefficients (i.e., γ1 = 7.2×10−4 and γ2 =−1.6×10−6) were obtained
by fitting from experimental data (see Fig. 1.6) taken on various bipolar IC processes [28],
but once and for all. This temperature scaling rule (i.e., equation (1.24)) has been used in
the standard Mextram model for decades and it looked sufficient to address the temper-
ature dependence of the weak avalanche characteristics. But during our investigation
using measured data (over temperature) taken on present day standard industrial Si and
SiGe bipolar transistors, we found out that this is no longer the case, as will be discussed
further in the next section.

1.4 Motivation for weak collector-base breakdown
modeling

The local avalanche model of the Mextram compact model discussed in the previous sec-
tion uses the temperature scaling rule presented in equation (1.24) to describe the tem-
perature dependence of the weak avalanche current Iavl. This temperature scaling rule
was developed in [28] and by the time of its development, was found adequate to model
the temperature dependence of Iavl for wide range of bipolar transistors. This same
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Figure 1.6: The avalanche parameter Bn verses temperature [28], with sysmbols representing the measured
data and solid curves the fits using equation (1.24). The fitted curves give the values for the coefficients as
γ1 = 7.2×10−4 and γ2 =−1.6×10−6.

model exists in the present version 504.10 of the industrial standard Mextram model
and was used to simulate the characteristics in the weak avalanche regime of a selected
standard industrial (high-speed (NPN)) SiGe-HBT device; the corresponding best fitting
results achieved with the Mextram model were presented earlier in Fig. 1.3, by the solid
curves. From these results, deviations between the measured family of characteristics
(symbols) and Mextram simulated characteristics (solid curves) can be observed, as a
function of both bias and ambient temperature (i.e., T = 25,50,75,100, and 125◦C). Such
deviations are in spite of the fact that the appropriate temperature scaling rules of the rel-
evant Mextram model parameters (e.g., equation (1.24)) were carefully and fully applied.
During the time the Mextram model (discussed in the previous section) was developed,
the model simulations were supposed to yield good fits to the measured data, without
any need for refitting the coefficients of equation (1.24). But this is not the case in Fig. 1.3,
which suggests that the physics behind the characteristics in the weak avalanche regime
is now significantly different to what it was at the time the previous discussed version
of Mextram model was developed. This calls for further studies to elucidate the physics
behind these observed discrepancies in Fig. 1.3, and this will be one of the subjects to be
addressed in the thesis.

Since a proper fit over all bias and temperature conditions is, as demonstrated in
Fig. 1.3, actually not achievable, two different fit strategies have been applied, each with
its own purpose. Here, the standard industrial Mextram model [31] was optimized at
two chosen target temperatures, i.e., at the lowest ambient temperature Tref = 25◦C,
Fig. 1.3(a) and at the highest ambient temperature Tref = 125◦C, Fig. 1.3(b). Figure 1.3(a)
is intended to show what typically a person extracting parameters for the industry would
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end up with, i.e., Mextram model simulations that overestimate the base current (with
respect to the measured data) for T > 25◦C. On the other hand, Fig. 1.3(b) is intended
to more clearly arrive at a qualitative hint for the possible underlying device physics, i.e.,
the time dependence of the energy relaxation length (λe ).

From these results, the shortcomings of the standard industrial compact model MEX-
TRAM in reproducing the measured characteristics in the weak collector-base break-
down regime of present day Si and SiGe industrial bipolar transistors as a function of bias
and temperature are observable. These setbacks strongly limit application of Mextram
model in simulating the behavior of transistors in the industrial domain; for example,
the model underestimates device junction breakdown voltage BVC EO , which misrepre-
sents the true transistor operation capabilities. Such is a great disadvantage mostly in
present day high speed (RF) devices (applied in e.g., power amplifiers), with very low
BVC EO (generally below 1.0 V), which has forced integrated circuit (IC) designers to ex-
ploit transistor operations above BVC EO limits. The employed compact model should be
able to produced reliable values for the breakdown voltage, so that the circuit designer
can be able to make a correct and reliable judgement based on the targeted application.
Due the increasing tightening application determined requirements (such as tolerances
with respect to extreme environmental conditions e.g., in space and automotive appli-
cations), as well as self-heating [54, 64] of highly scaled RF-devices, accurate modeling
of the temperature dependence with respect to device characteristics has gained undi-
minished attention. This means that the available standard compact transistor models
e.g., Mextram [28, 31] have to accurately reproduce the measured characteristics in the
various device application regimes such as weak collector-base breakdown regime (i.e.,
weak avalanche regime), subjected to different operation conditions.

The current Mextram compact model, addresses a number of physical effects (see
Section 1.3.3) that may be significant in the collector-base breakdown regime of present
day bipolar transistors [17, 31, 38]. Examples of such effects include: Early effect, local
weak avalanche [27], self-heating [54], quasi-saturation, Kirk effect [34], bandgap engi-
neering in SiGe HBTs [29], and neutral base (Auger) recombination [24]. Also from a
literature review on the subject e.g., [16, 33, 48, 49], the non-local avalanche effect has
been reported to be significant in this breakdown regime of mostly high scaled RF-de-
vices. Device self-heating was also reported [52, 54] to be relevant in such RF-devices.
Though all these physical mechanisms have been studied in literature, and some already
included in the available standard compact models for bipolar transistors, still devia-
tions are observed between the measured and simulated family of characteristics in the
weak collector-base breakdown regime. This imposes various questions as to why this
is the case: are these physical mechanisms not sufficient to tackle such a problem or
are there still other physical mechanisms that need to be taken into account? Such yet
unanswered hypothetical questions and may be more, will be a key subject of this the-
sis. Something to note is that we would like to keep the temperature scaling rule for
Chynoweth’s law as it was established in [28] i.e., equation (1.24). In this we would like
to avoid trying to achieve the good model fits by simply adding more fitting freedom
(e.g., by making γ1 and γ2 model parameters), but we aim at implementing the device
physics as it is known from literature. We need to first understand the physics behind
the observed deviations of the characteristics in the weak avalanche regime as applied to
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present day bipolar devices, and then develop a physic based model that can sufficiently
resolve such fitting issues subjected to different bias and temperature conditions.

1.5 Thesis aim/purpose

As illustrated in Fig. 1.3 the standard Mextram compact model as a whole is not capa-
ble of addressing the deviations between the measured family of weak collector-base
breakdown characteristics and their simulated counterparts, as a function of both bias
and temperature. This motivates the study of possible relevant and significant physical
mechanisms in present day Si-BJTs and SiGe-HBTs that are responsible for such misfits.
Therefore, the overall/key goal of the thesis is to understand the (relevant) device physics
behind the discrepancies demonstrated in Fig. 1.3. This naturally requires to develop a
physics based compact model that serves to extend the Mextram model and resolves the
problem of fitting the measured characteristics over bias and temperature.

With the above stated key goal, one may trust that self-heating will play a signifi-
cant role, most especially that we want to study the characteristics as a function of tem-
perature, and that the characteristics under study involves relatively high collector-base
voltages, so significant power dissipation can be anticipated and thus self-heating effect.
This suggests that thermal resistance will need to be determined, preferably in the con-
text of weak breakdown characteristics. A series of publications have appeared recently,
about a method for extraction of both thermal resistance RT H and base resistance RB ,
that actually uses the weak breakdown characteristics instrumentally. A review of this
branch of literature will be presented in Chapter 2, and as well as an improvement of the
method with respect to the accuracy of the extraction of RT H . Hence, Chapter 2 serves
the overall goal of the thesis: to develop understanding of the relevant device physics be-
hind the breakdown characteristics. Indeed, it will become more clear later in the thesis
that the physics behind the curves is not merely (avalanche) breakdown mechanisms. At
the same time, it is instrumental for further experimental analysis of the measured data
as presented in Chapter 4; indeed, a reliable and accurate value for RT H is essential to
that. We note that for the thesis, verification of the extraction of RB can be considered as
a supplementary goal. In general aspect however, extraction of RB is important in itself,
and the problem of reliably extracting RB is notorious indeed as exemplified in e.g., [65].

In summary, we have three goals of the thesis, which include one overall goal and
two derived (sub) goals:

1. Overall goal: understanding the physics behind the observed discrepancies as il-
lustrated in Fig. 1.3.

2. Derived (sub) goals:

(a) extending the Mextram model so as to resolve the demonstrated fitting issues
of the characteristics in the weak collector-base breakdown regime, over bias
and temperature.

(b) improving relevant parameter extraction methods for RT H (RB extraction ver-
ified as a bonus).
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As an additional bonus, in Chapter 4 we present the measured values for the energy
relaxation length of electrons and its temperature coefficient; the values found are in
accordance with earlier published values, but the values here have been measured in
situ, in actual modern industrial bipolar transistors.

1.6 Thesis outline

The content of this thesis aimed at an extensive study of all possible physical mecha-
nisms that significantly interfere in the weak collector-base breakdown regime of present
day industrial Si BJTs and SiGe HBTs, and a development of an extended version of the
Mextram model to achieve good model fits it is organized as follows:

Chapter 2 is dedicated to the derivation of an improved extraction method for ther-
mal resistance (RT H ) and base resistance (RB ) of Si/SiGe bipolar transistors from the
measurements of the transistor characteristics in the weak collector-base breakdown
regime. This method consistently accounts for the influence of self-heating and Early
effect on the internal base-emitter voltages, so as to arrive at an accurate extraction of
RT H and RB . The method is demonstrated on measurement data taken on present day
RF SiGe industrial bipolar transistors; which also works as an example and assessment of
how self-heating significantly interferes with transistor characteristics in the weak break-
down regime. A comparison of the method with state-of-the-art is also carried out for
both RT H and RB . The accuracy of the extraction method is assessed by carrying out a
self-consistency check using the Mextram model simulation results as the input data for
the method.

Chapter 3 contains an extended study of the relevant and significant physical mech-
anisms that are responsible for the observed deviations between the measured family of
weak breakdown characteristics and their simulated counterparts, as a function of both
bias and temperature. Such analysis will involve: (a) an extensive review of the physical
mechanisms addressed by Mextram model and (b) a development a physics-based com-
pact model formulation of non-local avalanche effects in bipolar transistors and their
temperature dependencies; this model will be added to the standard Mextram model,
thus leading to an extended version of Mextram. The aim of this extended version of
Mextram is to simulate accurately the weak collector-base breakdown characteristics,
thus resolve the fitting issue.

Chapter 4 is devoted to an experimental assessment of the family of weak break-
down characteristics by employing the physical extended version of the Mextram model
developed in Chapter 3. We will demonstrate that these observed breakdown character-
istics are actually not just classical local/non-local avalanche characteristics, but other
physical mechanisms are significant as well in this breakdown regime. We will show that
these effects can actually be distinguished, and thus taken into account independently
of avalanche effects. With these interfering physical mechanisms well addressed, we will
show that avalanche mechanism responsible for the deviations between the measured
and simulated breakdown characteristics is non-local avalanche indeed, and with non-
local effects taken into account, good model fits to the measured characteristics taken on
the present day industrial Si/SiGe bipolar transistors are sufficiently achieved, over bias
and temperature. We will also demonstrate that the developed model actually captures
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the presupposed underlying semiconductor device physics, thus yielding values for the
relaxation length of electrons and its temperature coefficient that are in accordance with
earlier published literature values.

Chapter 5 summarizes the main conclusions from the work in the various chapters
of the thesis, and presents several recommendations for potential future work.
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2
Simultaneous local extraction of
the base and thermal resistance of
bipolar transistors

We present a method for simultaneously extracting the base and thermal resistance of
advanced bipolar junction transistors. This method extends the category of parameter
extraction methods that utilizes the weak avalanche current to vary the base current in-
dependently of the emitter current, while eliminating the voltage fluctuations across the
emitter resistance by enforcing a fixed emitter current. This method consistently ac-
counts for self-heating and Early effect so as to arrive at an accurate extraction of both
base and thermal resistance. It involves only small variations in bias and temperature
conditions, so that parameter extraction as a function of bias and temperature is en-
abled. The method is directly applicable to transistors – no dedicated test structures are
needed – so that the method is cost effective. The method is demonstrated on modern
RF SiGe HBTs, and the extracted results for the base and thermal resistance are compared
with those determined from other independent DC- and AC-methods. In addition, the
extracted results of the base resistance are compared with those determined from noise
measurements. Our method is tested for self-consistency by using standard compact
model simulations as input data for the extraction method.

This chapter is based on the published articles:
R. Setekera, L. F. Tiemeijer and R. van der Toorn, WASET-IJECEECE. 08 (2014) pp. 1456-1460.
R. Setekera, L. F. Tiemeijer, W. Kloosterman and R. van der Toorn, in Proc. IEEE BCTM (2014) pp. 215-218.
R. Setekera, R. van der Toorn and W. Kloosterman, in Proc. IEEE BCTM (2013) pp. 21-24.
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2.1 Introduction

Both for characterization in a general sense, and for compact modeling purposes more
specifically, the extraction of the base resistance RB , and thermal resistance RT H , of
bipolar transistors is crucial (since both may degrade the device performance [1–3]).
However, their extraction is far from trivial, even though a number of extraction tech-
niques have been proposed in various publications. For example, a range of methods for
base resistance extraction has been published [4–10], but the task is still recognized by
experts as a challenge [11, 12].
A number of extraction techniques for RT H have been published e.g., [13–22], but gen-
erally they are inconsistent. This inconsistence makes it difficult to choose the right
method to use mostly in addressing internal self-heating of the highly scaled modern
bipolar transistors. For example in [3], a commonly employed method [23, 24] for ex-
tracting RT H was presented. This method is based on the good sensitivity of the base-
emitter voltage VBE to the temperature. Though this method is widely used in litera-
ture, it is inconsistent since it ignores the change in dissipated power during the mea-
surements of VBE as function of ambient temperature, for a fixed emitter current and
constant collector-base voltage [25]. This in the end leads to an over estimate of the ac-
tual device temperature and the extracted device thermal resistance [25]. The impact of
self-heating is of great concern in the current power transistors and high-speed hetero-
junction bipolar transistors (HBTs), which are fabricated in modern architectures such
as those with deep trenches and buried oxides. Therefore, accurate extraction of thermal
resistance has recently gained great attention [15, 25–27].

Published methods for extraction of base resistance (RB ) from AC-data have been
shown [28, 29] to either under- or over-estimate the base resistance, depending on the
topology of the small signal equivalent circuit on which the ac-method is based. DC-
methods exploring the normal forward bias regime for extraction of RB face the almost
fundamental difficulty posed by the fact that with respect to the very current that actually
traverses the base resistance, the emitter resistance is in series with the base resistance.
This poses the problem of how to distinguish the two resistances given the observable
I-V characteristics. This problem was first addressed by Verzellesi et al. [30], who utilized
the collector-base avalanche current to vary the base and collector currents indepen-
dently of the emitter current, while eliminating voltage fluctuations across the emitter
resistance by enforcing a fixed emitter current. A refinement of this method [30] was
carried out by Vanhoucke and Hurkx [27], who took effects of self-heating into account
and as a by product offered an estimate for the thermal resistance.

We developed further an improved method in this category [31] that will be pre-
sented in this chapter. Compared to the method of Vanhoucke and Hurkx [27], this
method includes a more sophisticated correction for the Early effect, thus enabling an
accurate, unbiased extraction of the thermal resistance RT H . A detailed derivation of this
extraction method for RB and RT H will be presented in Section 2.2, where we will take the
influence of both self-heating and Early effect into account. Our method will be demon-
strated in Section 2.3 on the experimental data taken on advanced RF SiGe HBTs. Since
the assumptions employed in the method derivation have observable consequences, we
will present various methods that can be used to determine the right region for selection
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of the method input data, in order to achieve accurate extracted values of RB and RT H .
The extracted results for RB and RT H using our method will be compared in Section 2.4
to corresponding results from other independent DC- and RF-methods. From this com-
parison, we will show that our method yields reduced systematic error of the extracted
values, especially the thermal resistance. Results for extracted base resistance using our
method are also compared with those determined from noise measurements and the re-
sults show that the two methods yield results that are comparable within an acceptable
error margin. By employing the simulation output data from the World Standard Com-
pact Model MEXTRAM [2] as the input data for the extraction method, in Section 2.5 we
carry out a self-consistency check of our extraction method over a wide range of bias
and parameter values. The summary of the key achievements from this work will be
presented Section 2.6.

2.2 Derivation of the RB and RT H extraction method

Figure 2.1: Schematic representation of the vertical bipolar junction transistor used for derivation of the ex-
traction method of RB and RT H . Due to impact ionization in the collector-base space charge region of an
NPN-transistor, the avalanche current Iavl = (Mn − 1)IN is generated and it leads to the reversal of the base
current IB . Here IN is the main transistor current without avalanche and Mn is the impact-ionization induced
multiplication factor. Externally applied voltages (i.e., VBE and VC B ) are also shown.

For a bipolar transistor, the external base-emitter voltage (VBE ) equals the sum of the
internal base-emitter junction voltage VBEi , the voltage drops across the total effective
base resistance RB (due to the total base current IB ), and the emitter series resistance RE

(due to the emitter current IE ) [31]:

VBE =VBEi + IB RB + IE RE , (2.1)

where the various employed quantities are also demonstrated in Fig. 2.1. Taking the
differentials of VBE in (2.1), we obtain

dVBE = dVBEi +RB d IB + IB dRB +dVE , (2.2)
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where dVE = (IE dRE +RE d IE ), the variation of voltage drop (IE RE ) across the emitter
resistance. As stated earlier in Section 3.1, one of the key traditional difficulties in ex-
tracting the base resistance RB is how to distinguish RB from the emitter resistance RE

given the observable I-V characteristics; since in normal forward transistor operation
regime, RB and RE are in series, thus the same current flows through them. This imposes
a great standing block, on how to independently extract RB . This challenge is addressed
by adopting the idea employed by other extraction methods in the category our belongs
to, which is to measure differentials in VBE (2.2) while forcing a constant emitter current
(IE ). This ensures that the voltage drop (IE RE ) across the emitter resistance will be con-
stant, hence its variation (dVE ) is assured to be zero, provided the emitter resistance (RE )
can be assumed to be constant. Furthermore, we will assume that all measured data rel-
evant to a single parameter extraction will be local in bias- and temperature space, i.e.,
only small variations in bias and temperature will be involved. Under such conditions
we may assume that variations of RE , RB , and RT H due to self-heating will be of higher
order, i.e., negligible in the context of the method. Under these applied conditions, we
may conclude from relation (2.2) that

dVBE = dVBEi −RB d IC , (2.3)

where we applied that for fixed IE we have d IB =−d IC . From this expression, we can see
that the changes dVBE are dependent, among others, on the changes in internal base-
emitter voltage dVBEi . This means that we need to determine the causes of the changes
dVBEi .

The methods in the category of extraction methods where our belongs to [27, 30],
uses the collector-base avalanche current to vary the base current or the voltage drop
across the total base resistance RB , independently of the emitter current. As we can see
from Fig. 2.2, by increasing the collector-base voltage VC B , the base current IB decreases
and even changes sign at high values of VC B due to avalanche [32, 33]. This increase of
VC B for constant emitter current, also has got observable effects on other device charac-
teristics, e.g., on the terminal collector current IC , which increases due to the generated
electron carriers by avalanche multiplication [34], and on the external base-emitter volt-
age VBE , which decreases as can be verified from Fig. 2.1 and expression (2.1).

At the same time, power is dissipated in the device, and this can be described by

Pdiss = IC VC B + IE VBE . (2.4)

This dissipated power, leads to self-heating of the device [20, 35]. Due to the device self-
heating, the change dT j of the junction temperature [1] defined as

T j = T +RT H Pdiss, (2.5)

where T denotes the ambient temperature, is given by

dT j = dT +RT H dPdiss, (2.6)

where, for fixed IE ,
dPdiss =VC B d IC + IC dVC B + IE dVBE . (2.7)



2.2. DERIVATION OF THE RB AND RT H EXTRACTION METHOD

2

41

Figure 2.2: Plot for avalanche characteristics as a function of collector-base voltage VC B for fixed non-zero
base-emitter voltage VBE . Shown is the base current (IB ) as a function of VC B ; due to avalanche, IB decreases
at high VC B and it even changes sign. The generated weak avalanche current Iavl is the difference between IB
at very low and high VC B .

We note that in expression (2.6), the term dRT H Pdiss is taken to be zero, since earlier we
assumed that the variations in RT H due to temperature effects will be of higher order
(i.e., local in bias and temperature space).

Also, the increase of VC B leads to an increase of the collector-base depletion width [36],
which results into a modulation of the neutral base width, and thus the main current of
the transistor IN (in case of an NPN-transistor, the incoming electron current at the base
side of the collector-base space-charge region, see Fig. 2.1) [37]. This effect of VC B on IN

is commonly known as the Early effect [26, 38], and can be accounted for by adopting a
simple model for the main forward current [2, 24, 39]

IN = IS (T j )exp

(
qeVBEi

kB T j

)(
1+ VC B

VA

)
, (2.8)

where VA is the forward Early voltage that will be assumed to be much greater than VC B

and IS (T j ) is a temperature dependent forward saturation current. In this expression,
kB is the Boltzmann constant, qe the elementary charge, T j is the junction temperature
defined by (2.5).

From relation (2.8), the internal base-emitter voltage VBEi can be derived as

VBEi =
kB T j

qe

(
ln(IN )− ln(IS (T j ))− ln(1+ VC B

VA
)

)
. (2.9)
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Under weak avalanche conditions (i.e., the current due to the avalanche multiplication
in the base-collector space charge region Iavl, is very small in comparison to the current
due to incident carriers IN [32, 40]), IN ≈ IC . In this regime, the change of VBEi (dVBEi )
due to the changes in the three independent variables IC , T j , and VC B is given by

dVBEi = ∂VBEi

∂IC
d IC + ∂VBEi

∂T j
dT j + ∂VBEi

∂VC B
dVC B , (2.10)

where the partial derivatives are computed as:

∂VBEi

∂IC
= kB T j

qe

1

IC
=VT j

1

IC
, (2.11)

∂VBEi

∂T j
= ∂VBEi

∂T j
−VT j

(
1

IS (T j )

∂IS (T j )

∂(T j )

)
, and (2.12)

∂VBEi

∂VC B
=VT j

(
1

VA +VC B

)
, (2.13)

with the thermal voltage VT j = kB T j /qe . Substituting the partial derivatives (2.11) - (2.13)
into (2.10) and simplifying further, we obtain

dVBEi =
(

VBEi

T j
−VT j

1

IS (T j )

∂IS (T j )

∂T j

)
dT j

+ VT j

(
1

IC
d IC − 1

VA +VC B
dVC B

)
. (2.14)

By defining ∆T = RT H Pdiss, we can rewrite the junction temperature T j , from (2.5) as

T j = T (1+ ∆T

T
). (2.15)

When we substitute (2.15) into the combination of (2.6) and (2.14), expand in a series
expansion in δT =∆T /T and subsequently neglect higher order powers in δT and prod-
ucts of δT with other small quantities, we arrive at an approximate expression for the
changes dVBEi as:

dVBEi ≈
(

VBEi

T
− VT

IS (T )

∂IS (T )

∂T

)
(dT +RT H dPdiss)

+ VT

(
1

IC
d IC − 1

VA +VC B
dVC B

)
. (2.16)

With this approximate expression for dVBEi , we can now determine the changes dVBE ,
as defined by (2.3), which after further simplification, results into

dVBE = −αT (dT +RT H dPdiss)

+
(
(

VT

IC
−RB )d IC − VT

VA +VC B
dVC B

)
, (2.17)
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where we introduced the following coefficient, the value of which will be important for
our extraction method:

αT =−
(

VBEi

T
−VT

1

IS (T )

∂IS (T )

∂T

)
.

Substituting for dPdiss from (2.7) into (2.17), and then rearranging the resulting expres-
sion, we obtain

(1 + αT RT H IE )dVBE =−αT dT

+
(
−αT RT H VC B + VT

IC
−RB

)
d IC

+
(
−αT RT H IC − VT

VA +VC B

)
dVC B . (2.18)

From this expression i.e., (2.18), we learn how we can measure the value of the intro-
duced quantity αT . Indeed, the last term on the right hand side (rhs) of (2.18) vanishes
if we consider measurements taken at a constant value of VC B . The second term on
the rhs of (2.18) can be neglected under fixed IE conditions on basis of IE = IC + IB =
(1+δ)IC , where δ = 1/β, which implies that d IC = [−dδ/(1+δ)2]IE ≈ −(dδ)IE , which
we shall assume to be negligible. Furthermore, it turns out in practice that at moderate
IE , (1+αT RT H IE ) ≈ 1; this can be verified after the thermal resistance RT H has been
extracted (see Subsection 2.3.3). Under these assumptions, (2.18) yields

αT = −dVBE

dT
. (2.19)

This expression means that αT can be determined from measurements of the external
base-emitter voltage as a function of ambient temperature, at fixed emitter current and
constant VC B (this will be demonstrated in Subsection 2.3.1). Note that, αT defines the
(magnitude of the) sensitivity of the base-emitter voltage VBE to temperature.

ForαT known and assuming a constant ambient temperature (implying that dT = 0)
and (1+αT RT H IE ) ≈ 1, we can rewrite expression (2.18) as

− dVBE

d IC
= RB +αT RT H (VC B +V eff

A )

+ VT

IC

V eff
A

VA +VC B

(
1− VA +VC B

V eff
A

)
, (2.20)

where αT > 0. We defined the effective Early voltage

V eff
A = IC

(
dVC B

d IC

)
, (2.21)

which is computed directly from the measurements without any further approximations.
Note that under weak avalanche current conditions, the quantity (d IC /dVC B ) is rela-
tively small [32, 36], which implies that V eff

A is large. Based on this, we can assume that
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VC B ¿VA ¿V eff
A , then (VA +VC B )/V eff

A ¿ 1 and V eff
A ≈ (VC B +V eff

A ). Therefore, expression
(2.20) can be approximated by

− dVBE

d IC
= RB +

[
αT RT H + VT

VA +VC B

1

IC

]
(VC B +V eff

A ) . (2.22)

Now assume it is possible to find bias regimes where IC = IE − IB ≈ IE and VC B ¿ VA .
Under such conditions, expression (2.22) reduces to

− dVBE

d IC
≈ RB +

[
αT RT H + VT

VA

1

IE

]
(VC B +V eff

A ) . (2.23)

On basis of expression (2.23), we arrive at an extraction procedure for RB and RT H from
DC-measurements. The intercept with the vertical axis of a plot of −dVBE /d IC as a func-
tion of (VC B +V eff

A ) gives RB . The corresponding slope (STOT) from the same plot is equiv-
alent to (αT RT H +VT /(VA IE )) and it depends on the emitter current (IE ). The thermal
resistance (RT H ) is found by plotting the slope STOT as a function of 1/IE . Then the in-
tercept (γ) with the vertical axis equals αT RT H ; where αT = −dVBE /dT can be deter-
mined separately, on basis of (2.19) [31]. The extracted thermal resistance is then given
by RT H = γ/αT .
We note that the assumptions behind expression (2.23) have observable consequences,
thus careful selection of the input data is needed in order to achieve accurate extracted
values of RB and RT H . Selection approaches of the right region where the input data
must be taken from (i.e., extraction region or region of validity) will be discussed in the
next section on the experimental results.

2.3 Experimental application and evaluation of the
method

In this section, we will demonstrate the extraction method for the base resistance RB

and thermal resistance RT H presented in Section 2.2, using measured data taken on a
modern SiGe heterojunction bipolar transistor (HBT). The extraction steps described at
the end of Section 2.2, will be followed during this process. In the first subsection, we
will describe the measurement setup used to generate the required input measurement
data for this method. We will also demonstrate howαT =−dVBE /dT is determined. The
second subsection is dedicated to describing the various methods that can be used to
determine the extraction region where the input data for the extraction method should
be taken from, in order to achieve correct results for the extracted RB and RT H . Using
the input data from the predetermined extraction region, the corresponding extraction
results for RB and RT H will be presented in the last subsection.

2.3.1 Measurement setup

In order to demonstrate the above developed extraction method of RB and RT H , we took
DC-(on wafer) measurements on a modern high speed (NPN) QUBiC4Xi (BNY-struc-
tures) [41] SiGe HBT. The selected bipolar transistor has the emitter area AE =WE ×LE =
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0.40 × 1.0 µm2, BVCEO = 0.8 V, and fT / fmax(VC E = 1.5V ) ≈ 180/190GHz at T = 25◦C.
Here, the quantities WE and LE are the emitter width and length, respectively. The
measurement procedure is similar to that proposed by Verzellesi et al. [30] though we
extended it to include measurements taken at a sequence of constant emitter currents
(IE ). In summary (see also Fig. 2.1), by contacting the external base (B), emitter (E), col-
lector (C), and substrate (S) contact-pads of this device, we measure the voltage across
the base-emitter terminals (VBE ), the current at the base terminal (IB ), and the current at
the collector terminal (IC ) as a function of the applied voltage across the collector-base
terminals (VC B ), at a sequence of five constant currents at the emitter terminal and con-
stant ambient temperature T = 25◦C. We note each of applied constant IE , at VC B = 0 V
belongs to the normal forward bias regime of the forward Gummel plots, avoiding high
current effects. This suggests that before taking the above stated measurements, first we
take the forward Gummel measurements, i.e., for VC B = 0 V, we measure the collector
(IC ) and base (IB ) currents at respective terminals as a function of the VBE at T = 25◦C;
from which we select the employed sequence of fixed emitter currents IE = IB + IC , over
the ideal region.

Since the method employs the avalanche hole current to generate a voltage drop
across the effective base resistance (RB ), VC B is taken to be large, in order to generate
sufficiently large avalanche current. The corresponding measurement results for IB , IC ,
and VBE as a function of VC B and IE (taken on a QUBiC4Xi SiGe-HBT) are presented in
Fig. 2.3. These measurements will be used for the verification of our RB and RT H extrac-
tion method as presented in the next subsections.

From the measurement results in Fig. 2.3, we observed that the base current IB (in
Figs. 2.3(a) and 2.3(b)) is constant for low VC B , but then it decreases with increasing
VC B and even changes sign. Here, the constant behavior of IB for low VC B values is
due to the fact that for such low VC B , the electric field in the collector-base depletion
region is very low, this results into low or no impact-ionization, thus low avalanche ef-
fect on the terminal characteristics. When VC B is increased, impact-ionization increases
(due to the increased field in the collector-base depletion region) [33], which results
into a significantly generated avalanche current Iavl (see Fig. 2.1), thus a decreased in
the measured terminal base current (IB ). These avalanche effects together with self-
heating [2, 35, 42] leads to the observed decrease in the measured base-emitter voltage
VBE [43] in Fig. 2.3(c). The measured collector current IC in Fig. 2.3(d) is constant over
low and medium values of VC B , but it increases at high values of VC B due to the strong
avalanche effects [26, 36]; i.e., at high VC B , impact-ionization induced avalanche mul-
tiplication factor (Mn) is significantly high and this results into high collector current
IC = Mn IN (see Fig. 2.1).

To determine the coefficient αT = −dVBE /dT , presented earlier in (2.19), we mea-
sured the extrinsic base-emitter voltage (VBE ) at different ambient temperatures (T), for
constant VC B = 0V and fixed |IE | = 4.309 mA (see Fig. 2.3). The corresponding measured
results (symbols) for VBE as a function of ambient temperature are presented in Fig. 2.4;
and by linear regression (dashed line), we compute the sensitivity of VBE to temperature
as αT = −dVBE /dT = 1.006 mV/K.
Using the measured data for IC , IB , and VBE , together with the computed value for αT
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(a) (b)

(c) (d)

Figure 2.3: Measured base current IB (a), base-emitter voltage VBE (c), and collector current IC (d) as a func-
tion of collector-base voltage VC B for a sequence of five constant emitter currents IE . In (b) is a zoom in of
(a) showing that IB (IE ) is non-zero for lower values of VC B . These measurements were taken on a high speed
NPN QUBiC4Xi SiGe HBT (with emitter area AE = 0.40 × 1.0 µm2), at ambient temperature T = 25◦C. Here,
we observe that IB and VBE decreases with increasing VC B , while IC increases.

we can now determine the extraction region [regime of physical validity for expression
(2.23)] for this employed method. This will be demonstrated in the next subsection.

2.3.2 Determination of the extraction region

We need to determine the extraction region for which the approximations that led to
the final expression (2.23) from (2.22) actually hold. As stated earlier, for our extraction
method to yield accurate results for RB and RT H , the input data, must be selected from
this regime of physical validity of (2.23). Possible methods of determining this extraction
region, are discussed in detail next.

One of the methods to determine the region of validity is to use the plot of the quan-
tity ∂/∂X (−dVBE /d IC ) as a function of VC B , where X = (VC B +V eff

A ), with V eff
A defined by

(2.21). From relation (2.23), we have

∂

∂X

(
−dVBE

d IC

)
=αT RT H + VT

VA

1

IE
. (2.24)
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Figure 2.4: Measured (symbols) base-emitter voltage VBE as a function of ambient temperature T . Mea-
surements were taken at a fixed emitter current |IE | = 4.309 mA (corresponding to VBE = 0.80V at VC B = 0
V and T = 25◦C, see Fig. 2.3). From the slope (dashed line) we compute the sensitivity of VBE to T as
αT =−dVBE /dT = 1.006 mV/K.

Using the measured data in Fig. 2.3, we determine ∂/∂X (−dVBE /d IC ) over a sequence
of the employed constant emitter currents IE . The corresponding results for the quan-
tity [∂/∂X (−dVBE /d IC )] as a function of VC B and IE are presented in Fig. 2.5. From this
plot, the extraction region can easily be recognized as the range of VC B values for which
∂/∂X (−dVBE /d IC ) is (near) constant as a function of VC B [31]. In other words, the check
for the approximation that validates the step from expression (2.22) to (2.23) is that for
constant IE , the slope of −dVBE /d IC ) is (near) constant as a function of X . Based on the
results in Fig. 2.5 we can observe a dependence of the width of the required extraction re-
gion on the applied emitter currents |IE |. The key setback of this method, is that the true
extraction region can be affected by the stochastic errors in the measured data. These
errors are likely to be magnified further by the differentiation carried out in this method.
In order to reduce such stochastic effects, smoothing of the measurement data [44, 45]
may be required.

Another possible method for determining the extraction region is based on the def-
inition of the effective early voltage, which was introduced earlier in expression (2.20),
i.e., V eff

A = IC (dVC B /d IC ). From this definition, we can see that V eff
A is proportional to the

inverse of d IC /dVC B , which implies that low values of (VC B +V eff
A ) used in the final ex-

pression (2.23), corresponds to high values of VC B as shown in Fig. 2.6. From this figure,
we observe that for very low VC B (i.e., VC B ¿ BVC EO) an accurate extraction of RB and
RT H is impossible, since (VC B +V eff

A ) values becomes infinite. The corresponding region
is the non-avalanche region that must be excluded from the extraction region. The re-
quired extraction region is then the region where very small oscillations of (VC B +V eff

A ) as
a function of VC B are observed; then the corresponding lower limit of this region is where
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Figure 2.5: Determination of the extraction region for our proposed extraction technique using a plot of
[∂/∂X (−dVBE /d IC )] as a function of VC B , for a sequence of constant emitter currents IE . Large oscillations
are observed for small VC B (VC B < BVC EO /2) and for very large VC B . This means that this extraction method
cannot be used in these two regions as the approximations we made in the derivation of (2.23) are no longer
valid. The region of validity is where [∂/d X (−dVBE /d IC )] is (near) constant.

small oscillations start from (see Fig. 2.6(a)). Though this method can be used to deter-
mine the lower limit for the extraction region, it is limited in terms of the upper limit,
since it cannot be used to determine the exact boundary of the upper limit. In addition,
by using this method, it becomes difficult to identify the dependence of the lower limit
of the required extraction region on the applied emitter current IE . This method gives an
impression that the exact boundary of the lower limit can be uniquely determined (as a
function of IE ), which is not true in general as was demonstrated earlier in Fig. 2.5.

A more robust method of determining the region of validity of our extraction method
is to use contour plots showing the extracted RB values against the VC B lower limit (lower
limit of the extraction region) and VC B upper limit (upper limit of the extraction region)
for all possible combinations of the lower limit and upper limit, containing contour lines
of equal extracted RB [46]. For example, a contour plot corresponding to a fixed emitter
current |IE | = 7.088 mA is presented in Fig. 2.7. From this figure, the suitable extraction
region can be observed as the large flatland area in the top-right of the contour plot with
very small variations (of about ±1.0Ω) in RB . From this figure, the boundary of the lower
limit of the extraction region is approximately at VC B = 0.5 V on the vertical axis. Over this
possible extraction region the variation in RB values is between 18.5 Ω to 19.7 Ω, which
is relatively small in comparison to other complementary regions. From the vertical-
axis of Fig. 2.7, the non-avalanche region can also be observed, and it corresponds to
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(a)

(b)

Figure 2.6: Determination of the extraction region using the VC B dependence of (VC B +V eff
A ). In (a) we ob-

served that lower values of VC B yields very high values of (VC B +V eff
A ). (b) A zoom in of (a) showing that for

(VC B ¿ BVC EO ) accurate extraction of RB and RT H is impossible as VC B +V eff
A becomes infinite.

VC B (approximately) below 0.5 V, with variations of RB between 1.0 Ω and 62.0 Ω. As
stated earlier, this region is complementary to the required extraction region. We note
that from Fig. 2.7, we cannot easily determine the true boundaries of the lower limit of



2

50 2. EXTRACTION OF THE BASE AND THERMAL RESISTANCE OF BIPOLAR TRANSISTORS

Figure 2.7: Determining the the limits of the extraction region using a contour plot showing lines of equal
extracted RB . These results correspond to a fixed |IE | = 7.088 mA (see Fig. 2.3).

the extraction region, therefore another approach need to be employed; this is discussed
next.

The exact boundaries of the lower and upper limits of the extraction region can be
determined using 2D plots showing the extracted RB values against the VC B lower limit
(lower limit of the extraction region) and against the VC B upper limit (upper limit of the
extraction region). Here one of the limits is fixed, and then all possible values of RB are
determined with the other limit being varied and vice verse. For example in Fig. 2.8, we
present the results corresponding to the lower limit of the extraction region with (care-
fully chosen) fixed values of the upper limit. From the results in Fig. 2.8, we can clearly
observe the exact boundary of the lower limit of the extraction region at VC B = 0.50 V,
where small variations in RB values (of approximately 1.0%) start from, for all chosen
fixed values of the upper limit. Below this limit, we observe large variations in RB val-
ues (of approximately 65.0%). This region corresponds to the non-avalanche region and
should be excluded from the extraction region as it will yield wrong results for the ex-
tracted RB and RT H . Note that from this figure, one can get an approximation of the
exact value for the upper limit of the region of validity; which for this case is approxi-
mately at VC B = 1.30 V.

A similar exercise as the one presented in Fig. 2.8 can be repeated to determined the
exact value of the upper limit of the extraction region. This is done by careful choosing
some fixed values of the lower limit of the extraction region, and then all possible RB

values are determined and plotted on the 2D-plot with a variable upper limit. A quick
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Figure 2.8: Determination of the exact boundary of the lower limit of the extraction region using a 2D-plot, for
some fixed values of the upper limit. From the plot, we observe that the exact boundary of the lower limit of
the extraction region is at VC B = 0.5 V. These results correspond to a fixed |IE | = 7.088 mA (see Fig. 2.3).

approach is to use the known value of the lower limit as the input fixed value, to deter-
mine RB values for variable upper limits; then a similar exercise as the one we used for
the lower limit is used to determine the true value for the upper limit. The major aim of
this exercise is to exclude the strong avalanche region from the required extraction re-
gion, since the applied assumptions during the derivation of our extraction method are
not applicable over this regime.

In the method described above for determining the extraction region (region of valid-
ity), we used DC-measurements corresponding to a single constant emitter current (i.e.,
|IE | = 7.088 mA). But as we described in Section 2.2, to simultaneously extract RB and
RT H we need DC-measurements taken on a sequence of constant emitter currents (see
Fig. 2.3). Therefore, for each employed fixed emitter current, the corresponding extrac-
tion region has to be determined independently. Though this method of determining
the extraction region is more involved/demanding compared to the previous two meth-
ods, it has a great advantage of determining the true lower and upper boundaries of the
region of validity (as a function of IE ) in comparison to the other two methods. There-
fore, it should be applied if one needs to determine accurately the right extraction region
where the input data for the extraction method should be taken from, as this will results
into accurate extracted values of RB and RT H . We note that, though we employed RB in
our demonstrations, but RT H can as well be used to determine the required extraction
region.

After determining the extraction regions corresponding to a sequence of the em-
ployed constant emitter currents, the extraction steps as described at the end of Sec-
tion 2.2 are followed to extract both RB and RT H for a given bipolar transistor (BJT or
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HBT). This is will be demonstrated in next subsection.

2.3.3 Extraction of both RB and RT H

By selecting the input measured data from the predetermined extraction regions (as a
function of IE ), both the base resistance RB and thermal resistance RT H for the employed
QUBiC4Xi SiGe-HBT can simultaneously be extracted, following a step-by-step process
as described at the end of Section 2.2. Using the measured data presented in Fig. 2.3, we
plot (−dVBE /d IC ) as a function of (VC B +V eff

A ) for different fixed values of IE ; the corre-
sponding results are presented in Fig. 2.9(a). In this figure, open symbols correspond to

(a) (b)

(c) (d)

Figure 2.9: Extraction of RB and RT H using the slope and offset of (2.23) for a device with AE = 0.40 × 1.0
µm2. In (a) is a plot of −dVBE /d IC as a function of (VC B +V eff

A ) and |IE | [measurements (symbols) and linear

fits (dashed lines)]. Figure (b) is a zoom-in of (a) for lower values of (VC B +V eff
A ) showing extracted RB as the

intercept on the vertical axis; the slope STOT is also represented. The extracted values of RB [from vertical-axis
intercept of (b)] as a function of |IE | are presented in (c). In (d), is the slope STOT [from (a)] as a function
of 1/|IE | [measurements (closed circles) and linear fit (dashed line)]; the vertical intercept γ = αT RT H and is
used to extract RT H .
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the measured data, while the dashed lines correspond to linear fits, for the different em-
ployed emitter currents (but for each VC B sweep fixed, i.e., 0 ≤VC B ≤ 2.0). The intercept
with the vertical axis (as shown in Fig. 2.9(b)) yields the extracted value of RB for each
employed constant IE . Results for the extracted total base resistance RB as a function
of |IE | are presented Fig. 2.9(c); from which a gentle decrease of the extracted values of
RB with IE is observed. This observed RB behavior can be attributed to the increase of
base diffusion charge with increasing IE , which leads to a decrease in the intrinsic part of
RB [2, 34] (to be discussed further in Section 2.5). From Fig. 2.9(c), we observe that vari-
ations in the extracted RB as a function of |IE | are small (≈±2 Ω) and for this RF-device
we find RB ≈ 19Ω.

A plot of the slope STOT (corresponding to linear fits in Fig. 2.9(a)) as a function 1/|IE |
is presented in Fig. 2.9(d), by the closed circles. The corresponding linear fit (dashed
lines) yields the intercept with the vertical-axis γ = 1.014 [1/mA]. Using the earlier de-
fined relation γ = αT RT H , where αT = 1.006 mV/K, we get the extracted value for the
thermal resistance of this RF-device as: RT H = 1.01×103 K/W.

Note that the observed linear behavior in Fig. 2.9, provides an a posteriori check on
the previously applied assumptions [i.e., that RB is constant or independent of VC B (see
(2.3)) and that VC B ¿ VA (see (2.8))]. In Fig. 2.10, we present results corresponding to
|αT RT H IE | as a function of the fixed emitter currents (IE ) employed in the previous re-
sults, e.g., in Fig. 2.9. From this figure, we can clearly see that for all employed values
of IE , |αT RT H IE | ¿ 1. This justifies the assumption (1+αT RT H IE ) ≈ 1, used in relation
(2.20) [31].

Figure 2.10: Plot for the computed values of |αT RT H IE | as a function of previous employed values for |IE |.
From this plot, we can see that for all employed values of |IE |, |αT RT H IE |¿ 1, which justifies the assumption
(1+αT RT H IE ) ≈ 1, used earlier in expressed (2.20).
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2.4 Comparison to other RB and RT H extraction methods

We compare results from our extraction method for the base resistance RB and thermal
resistance RT H described in Section 2.2 and demonstrated in Section 2.3 with results
from other independently published methods. This can be seen as a verification of our
method against the earlier published methods, and our extracted results for RB and RT H

will be compared with alternative extraction methods. Firstly, our extracted results of RB

and RT H will be compared with those from the DC-method proposed by Vanhoucke and
Hurkx [27]. In addition, the extracted RT H will be compared with corresponding results
from another (DC-) extraction method for RT H proposed by Vanhoucke et al [25]. Sec-
ondly, the extracted results of the total base resistance RB will be compared with results
from the traditional AC-methods (i.e., standard two port method and the standard circle
impedance method [28, 29]). Lastly, the extracted RB results from our method will be
compared with alternative results extracted from noise measurements.

2.4.1 DC extraction methods

RB and RT H extraction method proposed in [27]

The extracted results for base resistance RB and thermal resistance RT H from our method
are compared with similar results from the method that determines RB and RT H by
considering the change of the internal base-emitter voltage VBEi due to self-heating
only [27]. In summarized form, this method is given by the expression [see equation (10)
of [27]]

− dVBE

d IC
≈ RB + [αT RT H ] (VC B +V eff

A ) . (2.25)

A comparison of this expression (2.25), with our expression (2.23), shows that (2.25) ig-
nores the second term is the square brackets of (2.23). In other words, our expression
(2.23) tends to (2.25) in the limit of extremely large Early voltage VA . In the context of the
present work, such can be interpreted as ignoring the influence of Early effect completely
on the internal base-emitter voltage VBEi . Following the same extraction procedure as
that stated earlier, we can see that the slope (ST OT =αT RT H ) of (2.25) is independent of
the emitter current IE ; this is in contrast to what we observe from the measurements in
Fig. 2.3 and Fig. 2.9.

Base resistance RB

By considering a constant value for the emitter current IE , the extraction method pro-
posed in [27], i.e., expression (2.25) will yield the same extracted value of RB as our ex-
traction method defined by (2.23). This is a result of the fact that in both methods, a plot
of −dVBE /d IC as a function of (VC B +V eff

A ), yields the intercept to the vertical-axis which
is equivalent to RB ; thus when both methods are applied on the same measured data,
the extracted RB value will be the same, since they both (identically) take into account
the influence of self-heating on VBEi . But this is not the case for the extracted value of
the thermal resistance RT H , as we demonstrate next.
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Thermal resistance RT H

As stated earlier, the extraction method described by expression (2.25) [27], ignores the
influence of the collector-base Early effect on internal base-emitter voltage VBEi ; this
can result into an overestimate of the extracted RT H , due to an underestimate of the dis-
sipated power [34]. This stems from the fact that, neglecting the Early effect leads to an
underestimate of the collector current, which results into an underestimate of the dis-
sipated power Pdiss = IC VC B + IE VBE , and thus an overestimate of RT H = (T j −T )/Pdiss

[see (2.5)].
In Fig. 2.11, the solid line with closed circles are the results from this work (i.e., our

proposed extraction method) and the dashed line with open squares are results from
the method proposed in [27]. From this figure, we observe that for a sequence of con-
stant emitter currents IE , the method proposed in [27], yields extracted values of RT H

that are consistently larger than those from our proposed extraction method [31], for
all employed values of emitter width (i.e., WE = 0.15, 0.30,0.40 µm), with emitter length
LE = 1.0 µm fixed. Here, the relative difference in the extracted RT H values as a function
of 1/WE is approximately between 10% and 25%. We note that, this plot by itself does
not specify which of the two methods yields the correct value of the extracted RT H , this
will be discussed in Section 2.5.

Summary
Here we compared the extracted values of RB and RT H using the method presented in
this work, with those from the DC-method proposed in [27], which is summarized in
(2.25). From these results, we see that for a fixed emitter current IE , both methods would
yield the same for the extracted value of the base resistance RB (since they both (identi-
cally) take into account the influence of self-heating on VBEi ), but different values of the
thermal resistance RT H . The key reason for the variations in the extracted RT H values is
that the method proposed in [27] does not contain second term in the square brackets
of expression (2.23), which is responsible for addressing the influence of Early effect on
VBEi . From the plot of −dVBE /d IC as a function of (VC B +V eff

A ), we see that both meth-
ods yields the same value for the intercept of the vertical axis, which is equivalent to RB .
But since our method takes the Early effect into account, while the method in [27] does
not, then both methods yield different values for the RT H as demonstrated in Fig. 2.11.
Therefore, in relation to the method proposed by Vanhoucke and Hurkx [27], our method
presented in Section 2.2, yields improvements in the extracted value for the thermal re-
sistance RT H , but both methods yields the same value of the base resistance RB .

RT H extraction method proposed in [25]

The extracted results for the thermal resistance RT H from our new extraction method,
are compared with those from another DC-method proposed by Vanhoucke et al [25].
This method is a modification of another method proposed in [3], which uses the base-
emitter voltage VBE as a temperature-sensitive electrical parameter. In Vanhoucke et
al [25] the same extraction technique for RT H is used, but a revised compensation is
employed in order to correctly take into account the self-heating of the device during the
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Figure 2.11: Extracted thermal resistance RT H as a function of the inverse of the emitter width WE (with con-
stant emitter length LE = 1.0 µm), using the method described in this work (solid line with closed circles) and
verification using extraction method proposed by Vanhoucke and Hurkx [27] (dashed line with open squares).
We observe that the extraction method proposed in [27] yields systematically higher values for the extracted
RT H in relation to the extraction method presented in this work.

measurements. The same type of measurements as those presented in Subsection 2.3.1
are employed in this method, though with a different type of data treatment.

With the emitter current IE fixed and collector-base voltage VC B taken to be constant,
the base-emitter voltage VBE is measured for different ambient temperatures Tamb. This
results into a linear relation between VBE and Tamb, which can be approximated [25] by

VBE = A+BTamb, (2.26)

where B =−αT , withαT defined by (2.19). In this measurement setup, since VBE changes
with the applied ambient temperature (see Fig. 2.4), it implies that there is a change in
dissipated power Pdiss = IE VBE (where VC B is considered to be constant and equal to
zero). In the other measurement, the same fixed IE is used, but now Tamb is taken to
be constant, then the dissipated power Pdiss is increased by means of increasing VC B .
According to [25], in the first measurement setup, due to the dissipated power Pdiss =
IE VBE , the increase in junction temperature T j is defined as in (2.5), i.e.,

T j = Tamb +RT H Pdiss = Tamb +RT H IE VBE . (2.27)

A combination of (2.27) with (2.26), yields

VBE = A+B(T j −RT H IE VBE ). (2.28)
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By assuming VBE = α+βPdiss, with α and β < 0 as fitting parameters [19], the above
relations can be used to obtain the relation between T j and Pdiss as [25]

T j = B−1 [−A+α(1+BRT H IE )+β(1+BRT H IE )Pdiss
]

, (2.29)

and the thermal resistance (RT H = dT j /dPdiss) as

RT H = β

B(1−βIE )
. (2.30)

Since B = −αT = −1.006 mV/K, we can see from relation (2.30) that we only need the
value of parameter β in order determine RT H . This parameter can be determined from
the relation VBE =α+βPdiss, by plotting VBE as a function of the dissipated power Pdiss

(using the second measurement setup data) and the corresponding slope gives β. By
considering the same fixed emitter current value as that used in Fig. 2.4 when deter-
mining αT , i.e., |IE | = 4.309 mA, β is computed from the linear fit in Fig. 2.12 as β =
−1.1008 mV/W. Employing this value of β together with (2.30), we obtain RT H = 1.10×
103 K/W. A comparison of this value for RT H , with the one extracted using our extrac-
tion method, i.e., RT H = 1.01×103 K/W (see Subsection 2.3.3), we obtain a percentage
error (of the deviations) of approximately 8.90%; which shows that the two method yields
results for RT H that are fairly close one another. The inset in Fig. 2.12, shows the junc-
tion temperature T j as a function of the dissipated power Pdiss, computed from relation
(2.29).

Figure 2.12: Measured base-emitter voltage VBE as a function of dissipated power Pdiss. Measurements were
taken at a fixed emitter current |IE | = 4.309 mA and constant ambient temperature Tamb = 25◦C. From the line
fit we compute β = dVBE /dPdiss = −1.099 mV/W. The inset presents the corresponding increase in junction
temperature T j as a function of Pdiss.
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Discussion
Though we compared the extraction method presented in this chapter with a method
proposed by Vanhoucke et al [25], and a relatively acceptable deviation in the extracted
RT H value was achieved, we cannot comment much on these results. This stems from
the fact that we have got some doubts on the correctness of the method proposed in [25],
because in the derivation of this method, two relations that seem to be different were
equated to one another, and these led to the final expression (2.29), which is then used
to compute RT H from (2.30). Lets elaborate further how (2.29) comes about. We consider

VBE =α+βPdiss = A+B(T j −RT H IE VBE ). (2.31)

By making T j the subject, we obtain

T j = (α+βPdiss−A)
B +RT H IE VBE . (2.32)

Now we again substitute VBE =α+βPdiss into (2.32), which yields

T j = (α+βPdiss − A)

B
+ (RT H IE )(α+βPdiss) = (1+BRT H IE )(α+βPdiss)− A

B
. (2.33)

This expression is simplified further obtain (2.29).
We note that the first temperature measurements for VBE that led to expression (2.26)

were carried out at a fixed IE and constant VC B (= 0 V for this case). The corresponding
dissipated power Pt = IE VBE , and is only applicable under these measurement condi-
tions. Putting this together, we get

VBE = A+B(T j −RT H IE VBE ) = (A+BT j )+ (−BRT H )Pt =α1 +β1Pt . (2.34)

where α1 = (A +BT j ) and β1 = (−BRT H ). In the second measurements, same fixed IE is
used, but now Tamb is constant and VC B is varied (leading to variation of Pdiss = IC VC B +
IE VBE ). From this, we can write (assuming a linear relation between VBE and Pdiss)

VBE =α+βPdiss. (2.35)

Basing on the above relations, we can see that expression (2.31) is only valid when: (1)
Pdiss = Pt (meaning at VC B = 0),(2) α = α1, and (3) β = β1. Also taking VBE in (2.32) to
be equal to (α+βPdiss), is unconvincing, since these seem to be totally different volt-
ages. Such observations leaves a number of unanswered questions on the validity of the
extraction method for RT H proposed by Vanhoucke et al [25]. We will not pursue this
further as it is not relevant for the present work.

2.4.2 RF extraction methods

In this subsection, we compare the extracted total base resistance RB using our extrac-
tion method presented in Section 2.2 with the results from two traditional AC-methods,
i.e., the standard two port method and the standard circle impedance method [28, 29],
that are both based on small-signal high frequency admittance measurements. The cor-
responding results are presented in Fig. 2.13. Since in the standard two port method the
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external base-collector capacitance is assumed to be connected to the external base, the
base current partially flows through the capacitance, and this causes the extracted RB to
be overestimated [28]. On the other hand, the standard circle impedance method does
not account for the AC current which passes through the external base-collector capaci-
tance and as a result, the extracted RB is underestimated [28].

In [28] and [29], it has been experimentally shown that the true value of the total base
resistance lies between the value extracted using the standard two port method and that
of the standard circle impedance method. According to Fig. 2.13, our extracted value
of RB using the method described in Section 2.2 (solid line with closed circles) indeed
nicely falls between the standard two port (dashed lines with open squares) and standard
circle impedance (dashed lines with open triangles) methods, which is supportive for the
validity of our method [31].

Figure 2.13: Extracted base resistance RB as a function of VBE using the method described in this work (solid
line with closed circles), and verification using small signal standard two port method (dashed lines with open
squares) and standard circle impedance method (dashed lines with open triangles), which are described in [28]
and [29]. Results corresponding to our method, falls nicely in between the results from the other two small
signal methods, which is supportive of the validity of our extraction method.

2.4.3 Noise measurements method

To enable comparison of the results for the the base resistance RB from the method pre-
sented in this work, with those determined from the noise measurements, we carried out
RB extraction using DC measurements taken on a modern QUBiC4mmW SiGe HBTs [47].
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The advanced QUBiC4mmW process is similar to the advanced QUBiC4Xi process (used
earlier) but with a reduced total base resistance. The extracted RB results correspond-
ing to different QUBiC4mmW devices (with different geometry and base layout) are pre-
sented in Table 2.1.

Noise parameter measurements were also taken on the same QUBiC4mmW devices
and RB was determined from these noise measurements for each employed device [48].
This method of determining the total base resistance (Rb) from the noise measurements
is based on the observation that the noise parameter Rn is approximately [49]:

Rn ≈ Rb +
1

2gm
. (2.36)

To get good accuracy, the extended transistor equivalent circuit depicted in Fig. 2.14 was
assumed. In this circuit, Rb , Rc , and Re are the base, emitter, and collector resistances,

Figure 2.14: Small-signal equivalent circuit assumed for base resistance Rb extraction from S-parameter and
noise parameter data.

respectively, Cex and Ci n are the external and internal base-collector capacitances, re-
spectively, Cb is the sum of the base-emitter depletion and diffusion capacitances, gm is
the transistor’s forward transconductance, go and gout are the conductances of the base-
emitter and base-collector junctions respectively, Cbe is the base-emitter overlap capac-
itance, and Ccs is the collector-substrate capacitance. S-parameters and noise parame-
ters [1, 2, 43] were measured in the 1 GHz to 50 GHz range at VBE = 0.8 V and VC E = 1.0 V.

In a first extraction step the values of gm , go , gout , Rb , Re , Rc , Ccb −Cbc , Ci n , Cb , Cbe ,
Cex , and Ccs were optimized to fit the measured Y-parameters after de-embedding. After,
the equivalent circuit depicted in Fig. 2.14 was embedded between the measured test-
structure parasitics, as inferred from the open and short dummy structures, a second
comparison between measured and simulated S-parameters at the probe tips was made.
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Finally shot noise currents given by [48]

Si ,bc = 2kT jω(Ccb −Cbc ), (2.37)

Si ,cb = −Si ,bc ,

Si ,cc = 2q Ic ,

Si ,bb = 2q Ib +Si ,bc Si ,cb/Si ,cc ,

were added to the intrinsic transistor, and the usual thermal noise voltages were added
to Rb , Re , and Rc , and to the parasitic resistances found in the test-pads. Then in a sec-
ond extraction step the values of Rb , Re , Rc , Ccb −Cbc , Ci n , Cb , Cbe , Cex , and Ccs are
readjusted for a best fit of both the simulated S-parameters and the simulated noise pa-
rameters to the measured ones. In this extraction step deviations between measured
and simulated S-parameters and Γopt values are weighted equally, whereas deviations
between measured and simulated Fmin and Rn values are weighted stronger. Typical,
after the fit to the de-embedded Y-parameters, the extracted Rb is roughly the same as
obtained from the circle impedance method [28, 29], which does not come as a big sur-
prise, as the methods are very similar. As soon as we take the measured noise parameters
into account we find that Rb needs to be increased by about 50% to get a proper fit to the
measured Rn value [48].

The bipolar devices used in the analysis have 20 emitter fingers (MU LT ) with the
first two having emitter area AE = 0.30 × 1.0 µm2 either with a standard or a reduced(∗)
base resistance layout, and the third one with a square emitter of area AE = 0.40 × 0.40
µm2. In Table 2.1 the extracted RB for each device using our extraction method (see Sec-
tion 2.2) are compared with those determined from the noise parameter measurements.
From the results in Table 2.1, we can observe that the extracted total base resistance RB

Table 2.1: Comparison of our extracted values of RB with those determined from the noise measurements

WE ×LE ×MU LT RB [Ω] (our method) RB [Ω] (noise method)

0.3×1.0×20 12.85 10.63

0.3×1.0×20∗ 10.58 8.76

0.4×0.4×20 20.65 17.19

using the method presented in this work is larger (by ≈ 22.0%) than that extracted from
the noise measurements [48], for all employed devices. The actual cause of this offset is
not well known, but it can be related to the fact that employed measurements are practi-
cally taken on test structures with different layout, i.e., DC-devices and RF-devices. Such
variation in device layouts may lead to number of effects (such as modulation of contact
resistances), which may transfer to the final extracted values. Though these methods
have different fundamental basis, i.e., noise is a result of macroscopic effects induced
by fluctuations occurring inside the transistor (microscopic noise sources), whereas our
method is a result of variation of the base and collector currents (independently of the
emitter current) using the collector-base weak avalanche current, the two methods yield
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extracted RB that is closely related. Therefore, these results suggests that our proposed
DC-extraction method can be used as a viable alternative to such very expensive noise
measurement method for extracting the total base resistance RB of bipolar transistors.

2.5 Self consistency check of the extraction method

To study the accuracy levels of our proposed extraction method for RB and RT H , we car-
ried out a self-consistency check of the method using simulations results from the World
Standard Compact model for bipolar junction transistors MEXTRAM [2, 34] as the input
data for the extraction method (instead of the measured data). In the model simula-
tions, the Mextram 504.10 version with self-heating was used [2]. A QUBiC4Xi RF SiGe
HBT parameter set was used to generate the simulation results which are presented in
Fig. 2.15 by the solid curves. In this figure, the symbols correspond to the measurement
results presented earlier in Fig. 2.3, they are presented here just to show that a practical
model parameter set was used in the Mextram model simulations. The relevant parame-
ters used in the Mextram model simulations are shown in Table 2.2, were the parameter
RB “comprises" of the variable and constant parts of the total base resistance [26, 48, 50].

In Fig. 2.15(a), the decrease of the base current (IB ) with collector-base voltage (VC B )

Table 2.2: Base and thermal resistance parameter values used in the Mextram model simulations

Model parameter name Employed parameter value

RB 20 [Ω]

RT H 1027 [K/W]

is observed, with the Mextram model simulations (solid curves) showing good fits with
the measurements (symbols) over the non-avalanche and weak avalanche regions (see
Fig. 2.2 for the description of these regions). In Fig. 2.15(b) and Fig. 2.15(c), the decrease
of base-emitter voltage (VBE ) and an increase of the collector current (IC ), respectively,
with VC B is observed. Other than a small offset at high VC B and |IE | (over the strong
avalanche region), the decrease of VBE and increase of IC with VC B is captured quite
well by the Mextram simulations. For low |IE |, there is overlap between the Mextram
model simulations and the measurements. We note that, for self-consistency check, the
accuracy of the Mextram model simulations with respect to the measurements is of no
relevancy, what matters is having a practical set of model parameters, which is then used
to generate the required input for the extraction method.

In order to carry out a self consistency check of our extraction method, the Mextram
model simulation results are used as the input data of the extraction method instead of
the measurement data [48] used earlier. The self consistency check steps used in this
section are summarized in Fig. 2.16. The idea is that the exact values of RB and RT H are
known before hand (from the operating point information (OP-info) [2] of the Mextram
model) and we want to analyze (or determine) how accurate our extraction method can
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(a)

(b)

(c)

Figure 2.15: Measurements (symbols) and Mextram model simulations (solid curves) of base current IB (a),
base-emitter voltage VBE (b), and collector current IC (c) as a function of the base-collector voltage (VC B ). In
(a), over the non-avalanche and the weak avalanche regions, the Mextram model simulations describe quite
well the base current. In this region there is an overlap between the measurements and the Mextram model
simulations. In (b) and (c), a decrease of the base-emitter voltage VBE and an increase of the collector current
IC with VC B is well described with the Mextram model simulations except an offset at high |IE | and VC B (strong
avalanche region). For low |IE |, the Mextram simulations overlap with the measurements. These simulation
results are used as input data for our extraction method during the self consistency check.
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Figure 2.16: Summarized steps used for self consistency check of our extraction method for RB and RT H . Here
RBpar and RTHpar are the relevant model parameters presented in Table 2.2, RBOP and RTHOP are the exact
values from the Mextram model operating point information (OP-info), and RBext and RTHext are the extracted
values using our method.

approximate these known values. This will be done by comparing the extracted values
of RB and RT H from our method, with the known input exact values. In the Mextram
model and other compact models [26, 51], the operating point information, is a list of
quantities that describe the internal state of the transistor [2]. This information, once
provided by the circuit simulator, can help the circuit designer to understand the be-
havior of the transistor and the circuit as a whole. In Fig. 2.16, RBpar and RTHpar are the
input model parameters as presented in Table 2.2, RBext and RTHext are the extracted val-
ues from our method, and RBOP and RTHOP are the OP-info from the Mextram model. We
note that these OP-info values take the temperature scaling of the model parameters into
account, so they differ from the original input model parameter values. The goal of this
self-consistency check is to study how accurate the extracted values using our method,
i.e., RBpar and RTHpar approximate those from the OP-info, i.e., RBOP and RTHOP . This will
be discussed in detail (for each quantity) in the next subsections.

2.5.1 Self consistency check for RT H

To carry out a self consistency check of our extraction method for RT H , we compare the
extracted value using our method presented earlier, with the exact value from the Mex-
tram OP-info which takes into account the temperature scaling of RT H . In the Mextram
model, the OP-info exact value of RT H is computed basing on the fact that the thermal
conductivity decreases with temperature, which implies that the thermal resistance will
increase with temperature; this results into the employed Mextram model temperature
scaling rule [20]

RT H ,Tamb = RT H ·
(

Tamb

Tref

)ATH

. (2.38)

In this expression, Tamb is the ambient temperature, Tref is the reference temperature,
and ATH the temperature coefficient of the thermal conductivity, a material coefficient.
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Note that the temperature dependence of RT H is given in terms of the Tamb, a chosen
temperature in the Mextram compact model in order to avoid non-linearity. But in re-
ality, RT H depends on the temperature distribution due to the distributed dissipated
power in the device [26]. In the simulations we took RT H = 1027 K/W (see Table 2.2), and
AT H = 1.702. In Table 2.3, we compare the extracted value of RT H with the exact value
(Mextram OP-info value), and the value extracted using the method proposed by Van-
houcke and Hurkx [27]. From Table 2.3, we observe that our extraction method yields a

Table 2.3: Comparison of our extracted value of RT H with the exact value and that from the method in [27]

Exact value Extracted using our method Extracted using method in [9]

RT H [K/W] 1048 1039 1212

Percentage error [%] - 0.86 15.65

smaller percentage error (≈ 0.9%) in the value for RT H in comparison to the method pro-
posed by Vanhoucke and Hurkx (≈ 16.0%). These results provide an explanation for the
deviations in the extracted values of RT H observed earlier in Fig. 2.11, when the two ex-
traction methods were applied to the same measurement data. In addition, these results
confirm the importance of consistently accounting for the influence of the collector-
base Early effect on the internal base-emitter voltage VBEi . We recall that the extraction
method proposed by Vanhoucke and Hurkx [27] ignores the influence of collector-base
Early effect on VBEi , which as demonstrated in Table 2.3 leads to a larger extracted value
for the thermal resistance RT H [48]. In general, the results in Table 2.3 demonstrate the
key modifications provided by our new proposed extraction method, i.e., by consistently
accounting for both self-heating and Early effect, we arrive at an accurate extraction of
thermal resistance RT H .

2.5.2 Self consistency check for RB

In order to carry out a self consistency check of our extraction method for the total base
resistance RB , we need the exact value (Mextram OP-info value). This exact value dif-
fers from the model parameter value (presented in Table 2.2) due to the variations in
the variable part of the base resistance (RB v ) [2] with base-emitter voltage (VBE ), and
variations in the constant part of the base resistance (RBc ) due to internal transistor self-
heating [2, 43, 48]. We note that in the Mextram model, the variable part of the base
resistance is a modulated resistance accounting for the bias dependency due to current
crowding and reversal of base current [34]. For the model simulations, realistic practical
values of RB v = 11.47 Ω and RBc = 8.53 Ω are employed, these contribute to the total
model parameter RB = 20Ω presented earlier in Table 2.2. The temperature dependence
of RBc according to the Mextram model [2] is given by

RBcT = RBc ·
(

T

Tref

)Aex

, (2.39)
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and that of RB v is described by

RB vT = RB v ·
(

T

Tref

)AB−AQB0
, (2.40)

where AB and Aex are temperature coefficients of resistivity (model parameters) of the
base and extrinsic base, respectively, and T is the device temperature. AQB0 , also a model
parameter, is the temperature coefficients of the zero-bias base charge QB0 [2, 50]. In
Fig. 2.17, we present the constant RBcT (Fig. 2.17(a)) and variable RB vT (Fig. 2.17(b))
parts (of the OP-info value) of RB (i.e., RBOP ) as a function of the base-emitter voltage
(VBE ). In Fig. 2.17(c), we present results for the total exact base resistance RB = RBcT +
RB vT , which shows a decrease for low and medium values of VBE (caused by a decrease
in RB vT due to base bias variation), and then an increase at high values of VBE (caused
by an increase in RBcT due to self-heating).

(a) (b)

(c)

Figure 2.17: Exact value (from operation point information of the Mextram model) of the constant part (a),
variable part (b), and total (c) RB as a function of VBE . The decrease in total RB over the low and moderate
VBE is due to the decrease in RBV caused by variation in the base diffusion charge with VBE and the increase
over high VBE is due to the increase of RBC caused by self-heating.
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A comparison of the extracted total base resistance RB using our method with the
exact value from the Mextram OP-info is presented in Fig. 2.18, as a function of the ex-
ternal base-emitter voltage (VBE ) [48]. From the top figure of Fig. 2.18, we observe that

Figure 2.18: Exact value (from operation point information of the Mextram model) and extracted value of RB
as a function of VBE (top figure). From the top figure, we observe a gentle decrease in both extracted and exact
RB values with VBE . The bottom figure shows the percentage error in the extracted RB as a function of VBE .
This error is within a 2.0% error margin. Here, the model parameter RB = 20 Ω (with realistically RBV = 11.47
Ω and RBC = 8.53Ω).

both the exact (solid curve with closed squares) and extracted (dashed curve with open
diamonds) values of RB decreases gently with increasing VBE , with a consistent devia-
tion in between them. Here our proposed extraction method, yields consistently (and
slightly) larger RB values with respect to the exact values. The offset between the ex-
tracted and exact values of RB yields a percentage error in the extracted RB that is less
than 2.0% (as can be seen from the bottom plot in Fig. 2.18).

2.5.3 Summary

From the self consistency check for thermal resistance RT H and base resistance RB dis-
cussed above, we see that our extraction method yield results that are consistent with
exact values from the Mextram model operating point information [2]. From the self
consistency check for RT H , we observed that our extraction method yields more accu-
rate results (that are within an error margin of 1.0%) than the method proposed by Van-
houcke and Hurkx [27] (with an error margin of around 16.0%). The method proposed
in [27] yields larger values of the extracted thermal resistance (as seen earlier in Fig. 2.11),
since it ignores the influence of collector-base Early effect on the internal base-emit-
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ter voltage VBEi . This clearly shows that with respect to the current generation of SiGe
HBT’s, it is significant to consistently account for the effect of the collector-base Early
effect and self-heating on VBEi , as addressed by our proposed extraction method. These
results clearly demonstrate the impact of the modifications provided by the extraction
method presented in this work, i.e., a more accurate extracted RT H value. For RB , our
method yield results that are within an error margin of 2.0% over the whole chosen bias-
range. Therefore, our proposed extraction method for RT H and RB is self-consistent in
both RT H and RB [48]; hence, it can be used to accurately extract both RT H and RB for
Si/SiGe bipolar transistors (from DC-measurements only).

2.6 Summary

In this chapter, we presented a method to extract both the base resistance (RB ) and the
thermal resistance (RT H ) of Si and SiGe bipolar transistors. Our approach extends the
category of methods [27, 30] that utilizes fixed emitter current conditions to distinguish
between emitter (RE ) and base (RB ) resistance. These two series resistances are known
to pose a fundamental difficulty in DC-methods that explore the normal forward bias
regime [11, 12]. The key idea is to measure the differentials in the external base-emit-
ter voltage (VBE ) while forcing a constant emitter current. This ensures that the voltage
drop across the emitter resistance is constant, hence its variation is zero for constant
RE . Small (local) variations in bias and temperature space are considered [31]. Then
the resulting expression for the differentials in VBE would depend on the differentials in
the internal base-emitter voltage (VBEi ) and in the base current (IB ). Since methods in
this category employs the collector-base avalanche current to vary the base current (IB )
independently of the emitter current (IE ), then the differentials in VBEi with respect to
the collector-base voltage (VC B ), would strongly be influenced by Early effect and self-
heating. Here self-heating is due to dissipated power (Pdiss) in the device, which leads to
an increase in the device (junction) temperature (T j ). In contrast to previous methods
in this category i.e., in [27, 30], for the extraction method in this work, we consistently
account for the influence of both self-heating and Early effect on VBEi . This is achieved
by employing the model for the main transistor current (IN ) [2], which depends on the
junction temperature (T j ), Early voltage (VA), and VBEi . From this relation together with
weak avalanche current conditions, we derive an approximate expression for the differ-
entials in VBEi , which is then used to determine the approximate expression for the dif-
ferentials in VBE . Also in this process, we learn how to measure the sensitivity (αT ) of VBE

to temperature. The final expression is achieved by making a few further assumptions
which restricts the method to the weak avalanche regime and to devices with relatively
high Early voltages; these approximations play an essential role in the definition of the
extraction method. Using this final expression, the extraction procedure for the RB and
RT H from the DC-measurements is defined. Since the employed assumptions have ob-
servable consequences, careful selection of the input data is needed in order to achieve
accurate extracted values of RB and RT H .

This derived extraction method was demonstrated on DC-measurements correspond-
ing to a RF QUBiC4Xi SiGe-HBT [41]. By employing this measured data, we presented
three different approaches that can be used to the determine the region where the input
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data can be selected from. This region can be viewed as a regime of applicability of the
method, or alternatively an experimental check of the validity of the presupposed under-
lying assumptions. Among these methods, the method that employs the contour plots
in combination with 2D-plots [46] is more robust, since it determines the exact bound-
aries of the required extraction region as a function of the employed constant emitter
currents. With the input data taken from the appropriate regime of applicability, the ex-
tracted base resistance RB is determined from the intercept with the vertical axis of the
plot of −dVBE /d IC as a function of (VC B +V eff

A ), where V eff
A is determined directly from

the same measured data [31]. The corresponding slope together with the predetermined
value for αT are used to determine the extracted thermal resistance RT H . These results
are also used to verify the various presupposed underlying assumptions.

We compared extracted results of RB and RT H from our method, with corresponding
results from other DC- and AC-methods. The extracted RB and RT H from our method,
are compared with results from the DC-method proposed by Vanhoucke and Hurkx [27];
which determines both RB and RT H by considering the change of VBEi due to self-heating,
but ignores the influence of the Early effect on VBEi . A comparison to the theoretical re-
sults [1, 36, 37, 43] suggest that this neglect of Early effect, can lead to an underestimation
of the device collector current and thus the dissipated power; which leads to an overes-
timation of RT H . This was indeed observed as the method in [27] yielded higher values
for RT H in comparison to our modified extraction method, for a fixed sequence of con-
stant emitter currents. This is the key result (i.e., different values of RT H ) provided by
our extraction method in relation to the method proposed in [27]. On the other hand,
these two methods yielded the same extracted RB , since they both take the influence of
self-heating on VBEi into account.

Our extraction results for RT H were also compared with corresponding results from
another DC-method proposed by Vanhoucke et al [25]. This method is a revised version
of the method proposed in [3] for extraction of RT H from DC-measurements similar to
those employed in our earlier work, though now with the self-heating effect taken into
account during the measurements for αT . A deviation of ≈ 9.0% was observed between
the extracted RT H from our method and that from the method proposed in [25]. This
could be related to the unconvincing derivation of the method in [25], since two different
base-emitter voltages were equated to one another, thus the correctness of this method
is somehow questionable.

We compared our extracted total base resistance RB with results from the standard
two port method and the standard circle impedance method that are both based on the
small-signal high frequency admittance measurements. In [28] and [29] it was experi-
mentally shown that the true value of the base resistance lies between the value extracted
using the standard two port method and that of standard circle impedance method. This
was indeed the case for our method, since our extracted RB fell nicely between the value
from these two AC-methods; this is supportive of the validity of our proposed method.

The extracted total base resistance RB from our method was also compared with re-
sults determined independently from the noise measurements, on the same devices with
different geometry. Results from noise measurements introduce a fully independent in-
gredient, namely the employment of intrinsic distributed noise sources as internal signal
sources, so as to probe the intervals of a device. The extraction of RB from the noise mea-
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surements is generally a complex process that requires expensive AC-measurements, ex-
tensive de-embedding of the parasitics, and application of a small-signal compact bipo-
lar transistor model. The deviation between the extracted RB from these two methods
is ≈ 21.0% for all employed devices [48]. Given the complexity of the noise measure-
ments method, this error margin is considered quite acceptable within the semiconduc-
tor device physics domain, indeed the results presented here can be taken as mutually
supportive for both confronted approaches.

To enable quantification of the level of accuracy of the extraction method we pre-
sented in this chapter, we carried out a self-consistency check, where we used Mextram
model simulation results as input data for the extraction method. Employing the tem-
perature scaling rules of the Mextram model, effect of self-heating on the relevant model
parameters is taken into account. The results corresponding to the operating point in-
formation (OP-info) of the Mextram model [2] are taken as the known exact values, and
they are compared with extracted results from our method and those from the method
proposed in [27]. A comparison of the exact value of RT H with results extracted from
our method, yielded an error margin of ≈ 1.0%, while with that from the method in [27]
yielded an error margin of ≈ 16.0%. These results explain the systematic difference ob-
served in the extracted RT H values when both extraction methods were applied on the
same measured data. It also demonstrates the importance to accounting for the influ-
ence of Early effect on VBEi , which was ignored in the method proposed in [27]. In other
words, these results show that by accounting for the influence of both self-heating and
Early effect on VBEi , a more accurate extracted value of RT H is obtained than when only
self-heating is accounted for. The observed deviation between the exact value of RB and
that extracted from our extraction method is less than 2.0%. These results show that our
extraction method is self-consistent in both extracted RB and RT H , with sufficiently low
error margins.

In general, the extraction method presented in this chapter is local in bias- and tem-
perature space: measured data involved for a single parameter extraction includes only
small variations in emitter-base bias conditions and temperature. With respect to collec-
tor-base biasing, only a traverse of the weak avalanche regime is involved. This enables
parameter extraction as a function of bias and temperature. The method is also local
in device space: it is applicable to individual transistors; no additional (DC-) test struc-
tures are needed. This makes the method cost efficient, e.g., with respect to parameter
extraction as a function of geometry.
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3
Compact model for the non-local
avalanche effect in Si/SiGe bipolar
transistors

In this chapter, we derive a physics based compact model for non-local avalanche effects
in bipolar transistors. This model is based on the approximate energy balance equation
and Chynoweth’s empirical law for impact-ionization. With this physical basis, we get
an expression for the impact-ionization rate as a function of the electron temperature;
which turns out to be a sharply peaked function about the maximum position. The ap-
proximate integral of such functions is developed on basis of a Taylor series expansion
of the integral in terms of the relative width of the function peak. This is employed to
determine an approximate expression for the multiplication factor (i.e., the integral of
the impact-ionization rate over the collector-epilayer width). The product of the mul-
tiplication factor with the collector current results into the non-local avalanche current
model. This non-local avalanche model is explicit and in terms of elementary functions,
so it can readily be implemented in existing complete compact bipolar transistor mod-
els. The formulation has essentially only two new model parameters, both well known
material constants: the energy relaxation length and its corresponding temperature co-
efficient. An example of how this non-local avalanche compact model can be imple-
mented in a complete compact model for bipolar transistors will be presented.

This chapter is based on the work submitted in the article:
R. Setekera and R. van der Toorn, Solid-State Electronics, manuscript submitted (July 2015).
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3.1 Introduction

In order to meet the globally increasing requirements of the emerging RF applications,
in modern bipolar transistors, breakdown voltages are aggressively traded off against
speed performance. Fortunately, RF SiGe hetero-junction bipolar transistors (HBTs) ex-
plore highly doped collector-base junctions in which the electric field E(x) is sufficiently
peaked to relax this trade-off, to some extent, by enhancing the breakdown voltages
through the so-called non-local avalanche effect [1, 2]. Under such non-local effect, the
electron temperature Te (x) [1] lags E(x) due to the finite energy relaxation length of the
electrons [2, 3]. Hence, the commonly used local electric field model [4, 5] over estimates
the impact-ionization rate α and the avalanche current, and underestimates the break-
down voltage [2, 3]. This was demonstrated earlier in Fig. 1.3(b), where the measured
(symbols) and Mextram’s [6, 7] standard local (electric field based) avalanche model [8–
10] simulated (solid curves) results for the avalanche characteristics were presented as
a function of collector-base voltage (VC B ) and ambient temperature. From these re-
sults, it was clear that the standard local avalanche model overestimates avalanche, and
thus underestimates the breakdown voltage. In addition, it was observed that the lo-
cal avalanche model is insufficient in fitting the measured avalanche characteristics as a
function of VC B and ambient temperature, even though appropriate temperature scaling
of Cynoweth’s empirical law was applied [10, 11].

In practical applications, circuit designers are forced to exploit transistor operation
above the common-emitter breakdown voltage with open base (BVCE0) limits, and thus
the need for simulation capabilities with respect to transistor characteristics beyond
BVCE0. At the same time, either because of application determined requirements (e.g.,
tolerances with respect to possibly extreme environmental conditions, such as in au-
tomotive applications) or because of significant self-heating in SiGe HBT applications,
modeling of temperature dependencies with respect to all transistor characteristics re-
quires undiminished attention. Hence, the need [12] for adequate compact model for-
mulations of non-local avalanche, and the motivation to include in these adequate mod-
eling of temperature dependencies [13].

To address precisely the combination of these needs, in this chapter we shall derive a
physics based compact model for non-local avalanche, including its temperature depen-
dence. We recall that, having a physics based compact model is vital for scalability (over
temperature and geometry) and statistical modeling. This is also important for model
verification of the employed physics, since the extracted model parameters can be re-
lated to the available device physics literature. Our final non-local avalanche compact
model formulation is explicit and in terms of elementary functions, so it can be readily
incorporated in standard compact bipolar transistor models such as Mextram [6, 7]; in
this our solution is distinct from computationally more demanding approaches such as
those presented in e.g., [2, 3].

Our modeling approach as described in Section 3.2, results into an expression for the
non-local avalanche impact-ionization rate α as a function of the electron temperature.
The integral of this expression over the epilayer width yields an approximate expres-
sion for the multiplication factor. To enable implementation of this non-local avalanche
model in a complete compact transistor model such as Mextram [6], the model is modi-
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fied further in order to take into account cases where the model may become subject to
evaluation for parameter and bias values outside its range of physical validity, as will be
discussed in Section 3.3. In the last Section 3.4, we will give a summary of the compact
model developments.

3.2 Compact model for non-local avalanche current

In this section, we will derive a physics based compact model formulation for non-local
avalanche effects in bipolar transistors. This model is based on the approximate energy
balance equation (Subsection 3.2.1) and Chynoweth’s empirical law, which are used to
determine the non-local impact-ionization rate (Subsection 3.2.2) as a function of the
electron temperature. We will extensively derive (Subsections 3.2.4 and 3.2.5) an ap-
proximate expression for the integral of the impact-ionization rate as a function of the
electron temperature over the collector width (i.e., multiplication factor), for a given lo-
cal electric field distribution. This expression for the electron temperature dependent
multiplication factor is then used to determine the non-local avalanche current. We will
address the temperature dependence of the new introduced model parameter, i.e., the
energy relaxation length λe (Subsection 3.2.6), so as to support a direct comparison of
the model parameters to the well known material coefficients.

3.2.1 Derivation of the electron temperature

When the electrons in the conduction band of a semiconductor device carry a drift cur-
rent under the influence of an electric field E(x) (throughout this work, we shall use a
sign convention E(x) < 0), the elevation ∆Te (x) = (Te (x)−T0) of their temperature Te (x)
with respect to the equilibrium lattice temperature T0 is governed by the following ap-
proximate energy balance equation [1, 14, 15]

d∆Te (x)

d x
+ 1

λe
∆Te (x)+ 2qe

5kB
E(x) = 0 . (3.1)

In this expression, kB is the Boltzmann’s constant, qe is the elementary charge, and λe

the energy relaxation length. Under the assumption of constant λe [1], the solution of
the differential equation (3.1) is given by

∆Te (x) =− 2qe

5kB

∫ x

0
exp

(
u −x

λe

)
E(u)du . (3.2)

From (3.2), we see that in order to determine ∆Te (x), the local electric field distribution
E(x) have to be defined. For spatially homogenous collector doping concentration Nepi,
E(x) throughout the depletion region in the collector of the bipolar transistor takes the
form [2, 6, 16]

E(x) = ax +E0 , (3.3)

where E0 is the electric field at position x = 0, and a is the gradient of the local electric
field that depends on the collector doping concentration Nepi and the collector current
Iepi as [7]

a = dE(x)

d x
= qe

ε
Nepi

(
1− Iepi

Ihc

)
, (3.4)
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which is based on Poisson’s equation [17–19]. In relation (3.4), ε is the permittivity and
Ihc = qe AemNepivsat is the hot carrier current [6, 20], with Aem being the emitter area
and vsat the carrier saturation drift velocity [21]. Substituting for E(x) from (3.3) into
(3.2), and applying the initial condition Te (x) = T0, (3.2) then yields

∆Te (x) =−2qeλe

5kB

[
ax − (aλe −E0)

(
1−exp

(
− x

λe

))]
. (3.5)

This expression defines the spatial dependence of the electron carrier temperature in
terms of the local electric field gradient (a), the field (E0 = E(x = 0)), and the energy re-
laxation length (λe ) of the electrons. In the next subsection, this expression will be used
to determine the non-local impact-ionization rate as a function of the electron temper-
ature.

If we take the first derivative of expression (3.5) with respect to the spatial coordinate
x, we obtain

d∆Te (x)

d x
=−2qeλe

5kB

[
a − (aλe −E0)

(
1

λe
exp

(
− x

λe

))]
. (3.6)

Now equating this gradient of ∆Te , i.e., relation (3.6) to zero, the position (xmax) where
the extreme value of the electron temperature (3.5) is located can be found as

xmax =−λe ln

[
aλe

aλe −E0

]
=λe ln

[
1− E0

aλe

]
. (3.7)

This expression for xmax, will be used later in this section, to determine the approximate
expression for the multiplication factor.

3.2.2 Non-local impact-ionization rate

Due to the (bias dependent) high electric field E(x) in the collector-base space charge re-
gion, the incident electrons (from the emitter) gain high kinetic energy to knock a bound
electron out of its bound state (in the valence band) and promote it to a state in a conduc-
tion band, thus creating an electron-hole pair [8, 18]. In this process (impact-ionization),
the generated charge carrier pairs are separated by the electric field. The rate of carrier
generation due to the local electric field induced impact-ionization has been subject of
an extensive literature, e.g., [5, 22–24], but commonly used relation is the Chynoweth’s
empirical law [11], which provides an empirical relation for the ionization coefficient

α= An exp

(
−Bn

|E |
)

. (3.8)

In this expression, An and Bn are the original coefficients of Chynoweth’s empirical law;
the values of these material parameters are experimentally well-established [8–10]. The
quantity |E | denotes the electric field strength, which can be considered to have been
spatially constant in the experiments, over sufficiently long distances such as to guaran-
tee that the electrons reached a stationary value of thermal kinetic energy. Therefore, we
may assume that the electron temperature ∆Te , during the experiments performed to
determine the avalanche coefficients in (3.8), took a stationary value ∆T (S)

e . This value

∆T (S)
e = 2qeλe

5kB
|E |(S) (3.9)
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follows from the approximated energy balance equation (3.1) in combination with the
steady state condition (i.e., d∆Te (x)/d x = 0). On rearranging (3.9), we get a value of the
electric field that would under stationary conditions correspond to a given value of∆T (S)

e
as

|E |(S) = 5kB∆T (S)
e

2qeλe
. (3.10)

Since the dependence of α on ∆Te is physically more direct than that of α on |E |, fol-
lowing [1] we shall assume that after a substitution of |E |(S) for |E | in relation (3.8), one
may replace ∆T (S)

e by ∆Te (x) and subsequently assume that the relation thus obtained
between α and ∆Te (x) is applicable under circumstances in which the electron temper-
ature is position dependent. The resulting expression for impact-ionization rate as a
function of the electron temperature is

α[∆Te (x)] = An exp

[
−2qeλe

5kB

Bn

∆Te (x)

]
. (3.11)

This expression for the impact-ionization rate, will be used in the next subsection to
determine the avalanche multiplication factor of the ionized charge carriers across the
collector-epilayer region.

3.2.3 Multiplication factor: (Mn −1)

The weak avalanche current Iavl = (Mn −1)IC [10] follows from the collector current IC

through the global multiplication factor (Mn − 1) [6], which is defined as the integral
of the electron temperature dependent impact-ionization rate (3.11) over the collector-
epilayer width Wepi:

(Mn −1) =
∫ Wepi

0
α[∆Te (x)]d x . (3.12)

We note that, in any realistic regime of parameters, as valid for conditions in the
collector region of bipolar transistors, the function α[∆Te (x)] (3.11), turns out to be a
sharply peaked function about position xmax given by relation (3.7), with the maximum
value

α[∆Te (xmax)] = An exp

[
Bn

axmax +E0

]
. (3.13)

Such sharply peaked functions cannot be integrated directly, and in most cases, integra-
tion of such functions can be done only numerically, by taking advantage of the known
position of the peak [25]. Coordinate transform can be done to obtain a more favor-
able integrand and then a fixed quadrature rule or even an iterative routine can be used
to evaluate the transformed integral. Another option is to perform the integral in three
segments, so that the sharp peak can be integrated over a narrow interval [26]. Though
accurate numerical solutions can be achieved using such methods, none of them is suit-
able for standard compact bipolar transistor models, such as Mextram [7]. This means
that new approximations of the integral for sharply peaked functions such as α[∆Te (x)]
in (3.11) need to be developed. In the next subsection, we will derive a new method for
integrating sharply peaked functions. The resulting relation will be used to determine
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an approximate expression for the multiplication factor (Mn − 1), from relation (3.12),
which is suitable for implementation in standard compact bipolar transistor models.

3.2.4 Approximate analytical integration of sharply peaked functions

Consider the class fβ of smooth but sharply peaked functions, which consist of real val-
ued functions that depend on a set of parameters β. Suppose that fβ, as a function of
spatial variable x is significantly non-zero only in a narrow spatial interval about a cen-
tral point s, such that the integral over x along all of the real axis of any of these functions
can be approximated by the integral over a finite spatial interval between s −δ and s +δ,
i.e., ∫ ∞

−∞
fβ(x)d x ≈

∫ s+δ

s−δ
fβ(x)d x, (3.14)

where δ is the width of the peak from the central point s. Furthermore, if the peak can
formally be assumed to be narrow, such thatδ can be considered to be a small parameter,
then the integral of such a function fβ along the real axis can be expanded in a Taylor
series in δ (about the central point s), this is elaborated below.

The function fβ(x) can be expanded in a Taylor series about a point x = s as

fβ(x) = fβ(s)+
f
′
β

(s)

1!
(x − s)+

f
′′
β

(s)

2!
(x − s)2 +

f
′′′
β

(s)

3!
(x − s)3 +

f
′′′′
β

(s)

4!
(x − s)4 +·· · . (3.15)

On combining (3.14) and (3.15), we have∫ ∞

−∞
fβ(x)d x ≈

∫ s+δ

s−δ
fβ(x)d x (3.16)

=
∫ s+δ

s−δ
fβ(s)d x +

∫ s+δ

s−δ

f
′
β

(s)

1!
(x − s)d x +

∫ s+δ

s−δ

f
′′
β

(s)

2!
(x − s)2d x

+
∫ s+δ

s−δ

f
′′′
β

(s)

3!
(x − s)3d x +

∫ s+δ

s−δ

f
′′′′
β

(s)

4!
(x − s)4d x +·· · .

A computation of the first few terms on the right hand side of (3.16), yields∫ s+δ

s−δ
fβ(s)d x = 2 fβ(s)δ , (3.17)

∫ s+δ

s−δ

f
′
β

(s)

1!
(x − s)d x = 0 ,

∫ s+δ

s−δ

f
′′
β

(s)

2!
(x − s)2d x = 2 f

′′
β (s)

δ3

3!
,

∫ s+δ

s−δ

f
′′′
β

(s)

3!
(x − s)3d x = 0 ,

∫ s+δ

s−δ

f
′′′′
β

(s)

4!
(x − s)4d x = 2 f

′′′′
β (s)

δ5

5!
,



3.2. COMPACT MODEL FOR NON-LOCAL AVALANCHE CURRENT

3

81

which can be expressed as:

∫ s+δ

s−δ

f (n)
β

(s)

n!
(x − s)nd x =


2 f (n)

β
(s) δn+1

(n+1)! , if n is even

0, if n is odd

(3.18)

where f (n)
β

represents the nth order derivative of fβ with respect to the spatial variable x

and δn+1 represents δ raised to power (n +1).
Using relation (3.18), (3.16) can be rewritten as∫ ∞

−∞
fβ(x)d x ≈

∫ s+δ

s−δ
fβ(x)d x = 2

∞∑
n=0

f (n)
β

(s)
δn+1

(n +1)!
, (3.19)

where the factor 2 is due to symmetry of the chosen interval of integration about the
central point s. If we take the first two terms of the expansion, we have∫ ∞

−∞
fβ(x)d x ≈

∫ s+δ

s−δ
fβ(x)d x = 2 fβ(s)δ+O(δ3) , (3.20)

where the second term in δ in this expansion vanishes so that, while this approximation
is linear in δ, it is accurate up to third order in δ. We can use as a measure for the value
of δ in (3.20) the position of a point of inflexion, i.e., a solution of the equation

f
′′
β (s +δi ) = 0, (3.21)

where f
′′
β

represents the second order derivative of fβ with respect to variable x. Ex-

panding this equation (3.21) as a Taylor series up to third order in δi [consistently with
the accuracy of expression (3.20)], we obtain

f
′′
β (s +δi ) = f

′′
β (s)+δi f

′′′
β (s)+ 1

2
δ2

i f
′′′′
β (s)+O(δ3

i ) . (3.22)

Now truncating the expansion (3.22) and solving for δi [by combining (3.21) and (3.22)],
we find as an estimate for the distance δi from the point s to the right hand side point of
inflexion

δi ≈
− f

′′′
β

(s)+
√

f
′′′
β

(s)2 −2 f
′′
β

(s) f
′′′′
β

(s)

f
′′′′
β

(s)
, (3.23)

where f
′′′
β

and f
′′′′
β

denote the third and fourth order derivative of fβ with respect to vari-

able x, respectively.
For the appropriate value of δ in (3.20), we consider δ= γ f δi , where γ f is a constant

that can in practice be chosen to calibrate the resulting expression (3.24) for a class of
functions fβ as a whole; in other words, γ f denotes a fixed real number that does not
depend on the parameters β. As an illustration, the value for γ f suitable for integration
of Gaussian distributions is given in Appendix A.1. By combining (3.20) and (3.23), we
arrive at the following general approximate expression for the integral over all the real



3

82 3. COMPACT MODEL FOR NON-LOCAL AVALANCHE EFFECT IN BIPOLAR TRANSISTORS

x-axis of a function fβ(x) that is sharply peaked and significantly non-zero only in the
neighborhood of a central point s:

∫ ∞

−∞
fβ(x)d x ≈

2γ f fβ(s)
(
− f

′′′
β

(s)+
√

f
′′′
β

(s)2 −2 f
′′
β

(s) f
′′′′
β

(s)
)

f
′′′′
β

(s)
. (3.24)

The practical use of this approximate expression (e.g., for purposes in compact model-
ing), lies in the fact that the right hand side depends on the function fβ(x) and its deriva-
tives only. This means that the integral approximation can be evaluated and expressed
in terms of the elementary functions of any analytical function fβ(x), without any need
for an explicit expression of the primitive function of fβ(x) in terms of elementary func-
tions. Furthermore, in practical applications such as compact modeling, the function
fβ(x) usually depends on parametersβ. In such cases, expression (3.24) offers an explicit
expression for the integral of fβ(x) in terms of elementary functions and as a function of
the parameters β of fβ. Hence, as opposed to (computationally expensive) numerical
integration methods, our method enables explicit approximate computation of the in-
tegral of sharply peaked functions, while taking parameter dependence into account.
This final expression (3.24) can be used to determine the approximate expression for the
integral of the electron temperature dependent impact-ionization coefficient over the
collector-epilayer width [i.e., the multiplication factor (Mn −1)], this will be presented in
the next subsection.

3.2.5 Approximate expression for the multiplication factor (Mn −1)

Since the function α[∆Te (x)] in (3.11) is sharply peaked and rapidly approaches zero
away from maximum position xmax in (3.7), the integral (3.12) of α[∆Te (x)] over the col-
lector-epilayer width [i.e., the multiplication factor (Mn −1)], can now be approximated
using the method described in the previous subsection. The aim is to come up with an
explicit expression for (Mn −1), that can be incorporated in a complete compact transis-
tor model. For this purpose, we assume that an expression for the relevant local electric
field of the form (3.3) is readily available, and at position xmax (3.7), this electric field has
the value Eavl given by

Eavl = axmax +E0 . (3.25)

Employing this Eavl together with approximation (3.24), we arrive at the following ex-
pressions for the sharply-peaked real valued function α[∆Te (x)] and its corresponding
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derivatives at position x = xmax:

α[∆Te (xmax)] = An exp

[
Bn

Eavl

]
,

d

d x
(α[∆Te (x)])

∣∣∣∣
x=xmax

= 0 ,

d 2

d x2 (α[∆Te (x)])

∣∣∣∣
x=xmax

= −Bn

[
1

E 2
avl

· a

λe

]
An exp

[
Bn

Eavl

]
,

d 3

d x3 (α[∆Te (x)])

∣∣∣∣
x=xmax

= Bn

[
1

E 2
avl

· a

λ2
e

]
An exp

[
Bn

Eavl

]
,

d 4

d x4 (α[∆Te (x)])

∣∣∣∣
x=xmax

=
[
−Bn

(
−6a2

E 3
avlλ

2
e
+ a

E 2
avlλ

3
e

)
+B 2

n

(
1

E 2
avl

· a

λe

)2]
An exp

[
Bn

Eavl

]
.

Substituting these expressions for α[∆Te (x)] and its corresponding derivatives at x =
xmax into (3.24), and then simplifying further, we arrive at an approximation for the in-
tegral of the impact-ionization coefficient in (3.12) or the multiplication factor (Mn −1)
as

(Mn −1) ≈ 4γ f Eavl Anλe exp(Bn/Eavl)

Eavl −
√

6aλe (2Eavl +Bn)−E 2
avl

. (3.26)

We note that in this expression, except the electric field variable Eavl and field gradient
a, the rest of the quantities (in the right-hand side) can be treated as model constants or
model parameters, whose temperature dependence will be discussed in the next subsec-
tion. In practice, a value of the constant coefficient γ f can be found, once and for all, by
comparing the results for (Mn −1) obtained by (3.26) with those obtained by numerical
integration of relation (3.12). With respect to integration of the class of functions (3.11)
and in the context of our present application, we found γ f = 1.645 to be adequate. From
expression (3.26), we can see that once the local electric field distribution is provided by
the complete compact transistor model, then (3.26) provides an explicit formulation for
the non-local avalanche multiplication factor, which is based on the non-local impact-
ionization rate. With more care on the denominator term (i.e., to avoid cases of this term
becoming zero, as well as the square root term becoming negative), this expression can
easily be incorporated in a full compact transistor model, thus enable the simulation of
non-local weak avalanche current Iavl = (Mn −1)IC .

3.2.6 Temperature scaling of model parameters

In the context of compact modeling of bipolar transistors, a lot of experience has been
built up in the past by applying the Chynoweth’s empirical law for ionization coeffi-
cient [11] and experimental results for representative values as well as the temperature
dependence of the coefficients An and Bn (3.8) have been incorporated in compact mod-
els, e.g., [6, 9, 10]. The only new physical parameter introduced by expression (3.26) is the
energy relaxation length λe . Following [13], we model the dependence of this parameter
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λe on ambient temperature T by a power law as

λe (T ) =λe (Tref)

(
T

Tref

)Aλe

, (3.27)

where Tref denotes the reference temperature. The quantities λe (Tref) and Aλe are new
constant non-local avalanche model parameters. This temperature dependence of the
relaxation length λe (3.27) is inspired by the relation [1]

λe = 5

3
τe vsat , (3.28)

where τe denotes the energy relaxation time and vsat the carrier saturation drift ve-
locity; it is related to the critical electric field Ec by the relation vsat = µEc , where µ is
electron ohmic mobility. We note that both Ec and µ strongly depend on temperature,
and according to [21, 27], this dependence is defined as: Ec (T ) = Ec (Tref)[T /Tref]

γ and
µ(T ) = µ(Tref)[T /Tref]

ξ, respectively. Here, γ and ξ are temperature coefficients, and ac-
cording to [21], γ≈ 1.55 and ξ≈−2.42. Since the dependence of τe on ambient (i.e., lat-
tice) temperature [28] is much weaker than that of vsat [21, 27], the temperature scaling
of λe will be similar to the temperature scaling of vsat, hence the form (3.27). Therefore,
the value of the temperature coefficient Aλe can be expected to closely approximate the
corresponding parameter for the temperature dependence of vsat.

By comparing relation (3.28) with (3.27), we see that the model parameter for the
relaxation length λe (Tref) can be estimated as

λe (Tref) =
5

3
τe vsat(Tref). (3.29)

With the approximate values of τe = 0.4 psec and vsat(Tref) = 1.0×107 cm/sec, for elec-
trons at high fields reported in, e.g., [27] at Tref = 300 K, (3.29) yields an approximate
value of λe (Tref) = 66.7 nm. This value is in agreement with λe (Tref) = 65.0 nm, as pub-
lished in [1] for pure Si bipolar devices; more results in this direction will be presented in
the next chapter.

3.3 Implementation of the non-local avalanche compact
model in Mextram

In the previous section, we derived an expression for the non-local avalanche current Iavl

as a product of the multiplication factor (Mn −1) and the collector current IC , where the
multiplication factor is given by the approximate relation (3.26). Also the temperature
dependence of the new introduced physical model parameter, i.e.,λe was provided using
a power law. In industrial applications, i.e., as part of a complete compact transistor
model, expression (3.26) is likely to become subject to evaluation for parameter and bias
values outside its range of physical validity, for example during automated parameter
optimization procedures. One possible instance of this would be evaluation in the high
current regime, in which the slope of the electric field, represented in (3.26) by a, would
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vanish or even charge sign due to Kirk effect [6, 18, 20, 29, 30]. This would cause the
argument of the square root function in (3.26) to become negative.

To address this issue, we follow e.g., [12] in the viewpoint that any straightforward
application of (3.26), in combination with reversal of the sign of a is actually unrealistic,
because in the targeted high current regime, spatial current spreading effects [20] will
likely occur in practical bipolar transistors. In the present work therefore, we shall re-
strict ourselves to developing a counterpart of (3.26) that will provide a good approxima-
tion in the low and intermediate current regimes, while it will be such that the avalanche
current Iavl, will become negligible in the high current limit. In other words, the modi-
fications we shall apply will be such that they preserve accuracy of the formulation for
low and intermediate collector currents, but suppress the avalanche current in the high
current limit, so as to make the model formulation globally robust; such can be achieved
as follows.

In practical circumstances, except in the limit for vanishing a where we consider (3.26)
to be inaccurate anyhow, the term −E 2

avl contributes only a percentage of the full argu-
ment of the square root function. Then the first step is to drop the term −E 2

avl and replace
Eavl by a bounded counterpart Ẽavl (see Appendix A.2), which yields the new expression
for (3.26) as:

(Mn −1) ≈ 4γ f Ẽavl Anλe exp(Bn/Ẽavl)

Ẽavl −
√

6aλe (2Ẽavl +Bn)
. (3.30)

The second step to be taken is to make sure that the incorporation of this expression in
the context of a complete compact transistor model is such that:

(a) the electric field gradient a approaches zero asymptotically in the high current limit
(so that a will never vanish nor change sign due to Kirk effect); this will ensure ro-
bustness of (3.30), and

(b) the bounded function Ẽavl is an approximation of Eavl that is smoothly bounded from
below by a limiting value −0.5Bn ; such implementation of smoothly bounded func-
tions is a standard technique in the context of compact modeling (see Appendix A.2).

Inclusion of expression (3.30) in the avalanche dedicated part of a complete compact
model like Mextram is straightforward. For example, with respect to Mextram 504 [6, 16],
the value of quantity E0 in (3.25) is equal to the negative of Mextram’s model (current de-
pendent) variable EM (see Section 1.3.3). The quantity a in (3.25) would then be given
by EM /λD . Here, λD is another Mextram model (current and bias dependent) variable,
representing the extrapolated width of the depletion layer, disregarding its limitation by
e.g., a buried layer (see Chapter 1). Note that, both EM and λD are strictly positive quan-
tities. Employing these definitions for quantities a and E0, together with relations (3.7)
and (3.25), Eavl can now be calculated as

Eavl = EM

(
λe

λD
ln

[
1+ λD

λe

]
−1

)
. (3.31)

Since both EM and λe are strictly positive, it follows from (3.31) that Eavl < 0, so that the
denominator of (3.30) will be negative and thus the expression as a whole will be numeri-
cally well-defined. In the Mextram model, the multiplication factor (Mn−1) corresponds
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to the model variable for the generation factor GE M [7]. All other quantities in expression
(3.30) correspond to existing Mextram model parameters or model constants [6].
We note that relation (3.30) can easily be incorporated in a full compact bipolar transis-
tor model, with only two extra introduced model parameters, i.e., the relaxation length
λe and its temperature coefficient Aλe . The extraction of the parameter values for these
new non-local avalanche model parameters will be discussed in the next chapter.

3.4 Summary

In this chapter, we presented a physics based compact model for non-local avalanche in
bipolar transistors. This model is based on the approximate energy balance equation [1],
which yielded the relation for the electron temperature ∆Te (x) in terms of the energy
relaxation length λe and the spatial local electric field E(x). Using the Chynoweth’s em-
pirical law [11], together with the steady state condition for the electron temperature,
we derived an expression for the impact-ionization rate as a function of the electron
temperature, i.e., α [∆Te (x)]. In any realistic regime of parameters, as valid for con-
ditions in the collector region of bipolar transistors, the function α [∆Te (x)], turns out
to be a sharply peaked function about the maximum position xmax. The integral of
α [∆Te (x)] over the collector epilayer width yielded an expression for the multiplication
factor (Mn − 1), which was then used to determine the non-local weak avalanche cur-
rent, as Iavl = (Mn − 1)IC . By taking advantage of the fact that the function α [∆Te (x)],
is sharply peaked and approaches zero away from maximum position xmax, we derived
an approximate expression for (Mn − 1), by means of a Taylor series expansion of the
integral in terms of the width of the peak. The resulting formulation is explicit in na-
ture and in terms of elementary functions, so it can be readily implemented in existing
complete compact bipolar transistor models, such as Mextram [6], whenever the model
provides an explicit relation for the electric field. We took into account the temperature
dependence of the new introduced physical parameter λe , using the power law (which
is based on the product of the energy relaxation time and the electron saturation drift
velocity [1]), and this resulted into another model parameter, i.e., the temperature coef-
ficient Aλe . Thus, in total only two new model parameters were introduced; as we will
discuss in the next chapter, these parameters correspond to independent material coef-
ficients, so that their values can be found in the semiconductor device literature.

For purposes of implementation in a complete compact transistor model, like Mex-
tram [7], the approximate expression for the multiplication factor (Mn −1) was modified
further, in order to address cases where it becomes subject to evaluation for parameter
and bias values outside its range of physical validity. The resulting expression is glob-
ally robust, and for low and intermediate current levels it closely approximates the more
fragile but more physical version. For the case of the Mextram model, the existing lo-
cal electric field (bias and current dependent) variables are used to compute the input
electric field variable Eavl corresponding to the maximum position xmax. The multiplica-
tion factor (Mn −1) corresponds to the Mextram model variable for the generation factor
GE M [6], while other quantities correspond to existing Mextram model parameters or
model constants [16]. Thus, this new non-local avalanche compact model can easily
be incorporated in the standard Mextram model. This will be demonstrated in the next
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chapter, where we will employ an experimental variant of Mextram model (i.e., Mextram
model extended with our new non-local avalanche compact model or extended version
of Mextram) together with the measurements taken on both Si and SiGe industrial bipo-
lar transistors, to carry out an experimental assessment of the relevant and significant
physical mechanisms on the electrical characteristics in the weak collector-base break-
down regime.
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4
Experimental assessment of the
physical mechanisms in the weak
collector-base breakdown regime

A detailed experimental assessment of the relevant and significant physical mechanisms
that exist in the weak collector-base breakdown regime and result into the deviations
between the measured and Mextram-simulated family of characteristics in present day
Si/SiGe bipolar transistors will be presented in this chapter. A Mextram model extended
with our physics based non-local avalanche compact model (i.e., an extended version
of Mextram) will be used; other than following the traditional approach of carrying our
model verification on only the fitting capabilities against the measured characteristics,
we will also verify the physical content of this model. Here, we will demonstrate that the
model is on the one hand sufficiently complete and accurate while on the other hand
its parameters are sufficiently independent, for the parameter extraction to be taken as
an in situ measurement for both the newly introduced model parameters (the electron
energy relaxation length and its temperature coefficient): values obtained correspond to
values published earlier in the semiconductor device literature. This approach is ambi-
tious, since there exists a number of coupled physical effects that interfere with the weak
avalanche characteristics and their temperature dependence; these must independently
be taken into account. Our model verification will be carried out on measured data taken
on both Si and SiGe industrial bipolar transistors, over a sequence of ambient tempera-
tures. The variation in the magnitude of the non-local effects in relation to the employed
device technologies will be discussed.

This chapter is based on the work submitted in the article:
R. Setekera and R. van der Toorn, Solid-State Electronics, manuscript submitted (July 2015).
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4.1 Introduction

This chapter is fully dedicated to experimental assessment of the relevant and signifi-
cant physical mechanisms in the weak collector-base breakdown regime of present day
Si BJT’s and SiGe HBT’s that cause the deviations between the measured and simulated
characteristics. For this purpose, we adopted the ambition to not only demonstrate ad-
equate model fitting capabilities regarding the targeted electrical characteristics (a tra-
ditional approach), but also to demonstrate that our model actually captures the pre-
supposed underlying semiconductor device physics. This later aspect shall be demon-
strated by showing that the values obtained for the two relevant non-local avalanche
model parameters (i.e., the relaxation length λe and its temperature coefficient Aλe ),
by optimization against the measured data, correspond to values that have been previ-
ously published in independent sources (i.e., semiconductor device literature). We note
that, demonstrating such correspondence requires estimation of the accuracy of our ex-
tracted values of λe and Aλe . This includes a demonstration of the relative uniqueness
of the extracted parameter values. Comparing extracted values to independently pub-
lished values for these quantities is possible because they are material coefficients; thus
our extraction for λe and Aλe can be viewed as an in situ measurement of these quanti-
ties. This requires adequate accounting for all interfering physical effects and indepen-
dent parameter extraction for these, including their temperature dependencies. From a
slightly different point of view, the results presented in this chapter can be viewed as an
experimental analysis of the physical mechanisms that are of significance in the weak
avalanche regime, in present day industrial bipolar devices. These physical mechanisms
need to be adequately addressed before hand, to enable verification of the physical na-
ture of our non-local avalanche model.

To achieve this, we incorporated our new non-local avalanche compact model in an
experimental variant of the Mextram compact bipolar transistor model (version 504.10)
with self-heating [1], i.e., we shall use a private extended version of Mextram. This en-
ables us to profit from:

(a) Mextram’s internal representation of the relevant local electric field distribution,

(b) Mextram’s physics based coverage of all other possibly interfering physical effects,
and

(c) Mextram’s built-in temperature scaling rules [2–4] for the temperature dependence
of Chynoweth’s empirical law, (3.8).

For comparison purposes, we have implemented both expression (3.26) (which with
some care can practically be operated by taking the absolute value of the square root
argument) and its robust counterpart (3.30).

The verification of the semiconductor device physics, as presented in this chapter
is based on (3.26); this choice avoids compromising the physical content of the model.
The model fits obtained can also be achieved by (3.30), at the cost of compromising the
extracted parameter values by only a small percentage. By employing Mextram’s ex-
tensive capabilities, we sufficiently account for independent (relevant) physical mech-
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anisms that may interfere with the weak avalanche characteristics; this includes their
temperature dependence (Section 4.2), through self-heating effect [5].

To best serve our ambition to verify the physical content of our model, we chose to
first verify (Sections 4.3 and 4.4) our non-local avalanche compact model against data
taken from a transistor that will likely have the least alternative physical effects interfer-
ing with avalanche effects. For this reason, we chose to firstly verify our new non-local
avalanche compact model against measurements taken on a pure Si (NPN) device. This
choice avoids SiGe-specific interfering effects that may be present in e.g., high speed
SiGe devices, such as enhanced Early effect and effects of the Ge-profile on temperature
dependencies [6]. The selected device has a constant doping concentration in the collec-
tor epilayer; this was verified from the process technology data and also by the standard
physics based C(V) technique [7]. Hence, the device matched the key assumption of
constant doping level that underlines Mextram’s description of the electric field [1, 8].
The accuracy levels for the extracted non-local avalanche parameter (i.e., λe and Aλe )
for this device, will as well be studied (Section 4.5), as this is essential for quantification
of the correspondence of these parameter values to the published literature values.
Note that, for comparison purposes, the standard Mextram avalanche compact model [4,
8] will also be simulated against the same measured data for the avalanche characteris-
tics. This will enable us to observe the limited capabilities of the local model in fitting
the temperature dependence of the avalanche current. In addition, it will help in the ver-
ification process of the physical content of the extracted electric field avalanche model
parameters, as well as to measure the magnitude of the non-local effects in the employed
devices.

This model verification strategy, i.e., testing the model fitting capabilities against the
measured avalanche characteristics, will be extended to modern SiGe-HBT industrial
devices (Section 4.6), from different bipolar technologies. The employed SiGe devices
will be anonymous and denoted as: high speed, high voltage, and very high voltage de-
vices. These devices will also be used to analyse (Section 4.7) the variation in the magni-
tude of non-local effects in relation to device technology.

Carrying out the model verification on both fitting capabilities and physical nature of
the extracted model parameters is not straight forward and that is why it’s “traditionally
not" carried out in the available semiconductor device literature. This may be caused
by the fact that most of the physical effects addressed by such compact models are cou-
pled, thus analyzing such effects independently is complicated. In most available pub-
lished literature, e.g., [4, 9, 10], the verification of the fitting capabilities of the developed
avalanche models is carried out against the measurements of the multiplication factor
(Mn −1). This tacitly presupposes avalanche is the sole significant physical mechanism;
but for our case, we are also interested in addressing all interfering physical effects in the
weak avalanche regime. Also due to the fact that the multiplication factor is a concept
that describes the avalanche process alone, it is not possible to obtain a true estimate
for (Mn − 1) from the measured data over the avalanche regime; this is due to the fact
that the measured data over the avalanche regime is also significantly affected by other
temperature effects, through self-heating. Thus estimating (Mn −1) from the measured
data would in general require an assumption of other effects being negligible, but this
would suppress our goal of taking into account all these physical mechanisms so as to
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arrive at a more detailed physical interpretation of the data. Therefore, in our model ver-
ification process, the various results will be presented directly in terms of the measured
and simulated terminal current characteristics.

We note that, in all the model simulations, the ICCAP simulation software [11], in
combination with the Levenberg-Marquardt optimization algorithm [12–14], will be used.

4.2 Experimental measurement setup

For the case of model verification, we took on-wafer DC-measurements of the relevant
electrical characteristics as a function of both bias and ambient temperature. These
measurements were taken directly on the devices (on-wafer), by contacting the vari-
ous contact pads, i.e., the base (B), collector (C), and emitter (E) pads, as shown in
the schematic representation of the transistor in Fig. 4.1. We note that for some em-
ployed devices with a collector-substrate, the substrate (S) pad (not indicated in Fig. 4.1)
was also contacted during the measurement process. The applied boundary conditions
to these measurements are the external biases, i.e., base-emitter (VBE ), collector-base
(VC B ), and collector substrate (VC S ) voltages, and the ambient temperatures; while the
observed quantities are the terminal currents, i.e., collector (IC ), base (IB ), emitter (IE ),
and substrate (IS ) currents, and the junction depletion capacitances. Some of these in-
put terminal voltages and output currents are indicated in Fig. 4.1, mostly for a transistor
in forward operation mode (i.e, VBE > 0 and VC B < 0). The input bias conditions largely
depend on the electrical characteristics to be measured and the limits for such biases
depend largely on the breakdown voltages for the employed devices. The input ambient
temperatures are adjusted by changing the global chuck temperature during the mea-
surement process. Due to the applied external biases on the transistor terminals and
the generated terminal currents, power is dissipated in the transistor; this leads to an in-
crease in the local transistor temperature due to self-heating [5, 15, 16]. Thus, depending
on the magnitude of the applied terminal biases, the local device temperature may differ
from the applied ambient (chuck) temperature, due to the generated device self-heating;
this will be addressed further in the next section.

The essential DC-measurements for the relevant electrical characteristics, together
with the applied measurement bias conditions for this model verification process are
summarized in Table. 4.1 of the next section. Since one of our key goals is to study
the temperature dependence of the (weak) avalanche characteristics, we carried out
measurements of the base current (IB ) over a sequence of ambient temperatures (i.e.,
T = 25,50,75,100, and 125◦C), for a fixed base-emitter voltage (VBE ) and variable col-
lector-base voltage (VC B ), which is increased until base current IB has significantly de-
creased due to avalanche multiplication. The base-emitter bias is set to a low value, i.e.,
VBE = 0.65 V (see Fig. 4.2), in order to minimize the influence of high current effects
such as self-heating [5, 17], series resistance [18], and Kirk effect [3, 19, 20] on avalanche.
These IB measurements (i.e., forward Early measurements) were carried out on both
pure Si and SiGe industrial bipolar transistors; the corresponding measurement data will
be presented (by the symbols) in the various sections of this chapter. Note that in order
to study the effect of small variations in VBE on the simulated avalanche characteristics,
we carried out similar forward Early measurements, but now with different fixed input
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Figure 4.1: Schematic representation of the vertical NPN bipolar junction transistor showing the different cur-
rent components and voltage sources of our measurement setup. Due to the generated avalanche current
Iavl = (Mn −1)IN , the terminal base current IB will be decreased with increasing collector-base voltage VC B .
Here IN is the main transistor current without avalanche and VBE is the base-emitter voltage, which is kept
fixed during the measurements for the avalanche characteristics.

values of VBE , e.g., with VBE = 0.55 V.

Other relevant DC-measurements, i.e., base-emitter capacitance, collector-base ca-
pacitance, collector-substrate capacitance, forward Gummel, reverse Gummel, reverse
Early, and output characteristics were also carried out over the same sequence of am-
bient temperatures, and on the same bipolar devices. These measurements will enable
extraction of all relevant (input) Mextram model [8] parameters (indicated in Table. 4.1),
as well as addressing all other relevant physical mechanisms that may interfere with the
weak avalanche characteristics and their temperature dependence (as discussed in Sec-
tion 4.3).

To elaborate more on these measurements, the forward Gummel measurements were
carried out for variable base-emitter voltage VBE and fixed collector-base voltage, i.e.,
VC B = 0 V, over a sequence of the applied ambient temperatures; the sample results
at T = 25◦C are presented (symbols) in Fig. 4.5(a), while sample measurements over
all ambient temperatures are presented later in Fig. 4.4 of Section 4.3. This choice of
VC B = 0 V, minimizes the influence of avalanche, (forward) Early effect, and self-heating
on the measured terminal collector and base currents [21–24]. As can be seen from the
schematic representation in Fig. 4.1, when the external junction bias VC B = 0, then the
generated internal avalanche current Iavl = (Mn − 1)IN ≈ 0, due to the minimized car-



4

96 4. EXPERIMENTAL ASSESSMENT OF PHYSICAL EFFECTS IN WEAK AVALANCHE REGIME

(a)

(b)

Figure 4.2: Measured (symbols) and standard Mextram model simulated (solid curves) forward Gummel char-
acteristics as function of base-emitter voltage (VBE ) and fixed collector-base voltage VC B = 0 V, for a Si-BJT
with effective emitter area AE = 0.50 × 20.7 µm2. (a) Shows the base current density JB and collector current
density JC as a function of VBE . (b) Shows the DC-forward current gain (= JC /JB ) as a function of VBE . From
(a) and (b), various bias regimes of the transistor, i.e., non-ideal, ideal, and high-current, can be observed. To
minimize the influence of high-current effects on avalanche, VBE is taken from the ideal region as shown in (a)
and (b), for our case we took VBE = 0.65 V.
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rier multiplication process (thanks to the small junction electric field) [2]. In such a case,
the measured terminal collector current IC , will approximate the main transistor current
IN (mostly in the normal forward operation mode). For the reverse Gummel measure-
ments, the base (IB ) and emitter (IE ) terminal currents are measured as a function of col-
lector-base voltage (VC B ) and ambient temperature, for fixed emitter-base voltage, i.e.,
VEB = 0 V. This choice of VEB = 0 V, minimizes the effects of (reverse) Early effect on the
measured terminal currents. Measurements for the base-emitter depletion junction ca-
pacitance CBE were carried out over all ambient temperatures and variable base-emitter
junction bias, with VC B = 0 V; while those of the collector-base junction depletion capac-
itance were carried out as a function of VC B and temperature, with VEB = 0 V. Note that
for such depletion capacitance measurements, the applied junction bias must be taken
moderate in order to avoid interference of the diffusion charges [25].

4.3 Accounting for independent physical mechanisms
that interfere in the weak avalanche regime

As we discussed earlier, there are a number of independent physical mechanisms that
may interfere with the weak avalanche characteristics. These effects need to be ad-
equately addressed independently in order to enable verification of the presupposed
underlying device physics for our non-local avalanche compact model. This includes
in-depth extraction of the essential model parameters for these effects and their tem-
perature dependence taken into account. In order to fully carter for these, one needs
to incorporate our non-local model into a complete transistor model, which fully ad-
dresses these physical effects and their temperature dependence. In our case, we use
an extended version of the standard Mextram compact model for bipolar transistors [8].
Using this experimental variant of Mextram model, together with the temperature mea-
surements of relevant electrical characteristics taken on a QUBiC4+ (NPN) Si-BJT (with
emitter area AE = 0.50 × 20.7 µm2, BVCE0 = 5.3 V, and fT / fmax(VC E = 2.0V ) = 35/80GHz
at T = 25◦C), we exhaustively account for these relevant physical effects and their tem-
perature dependence.

Notably, our measured data for the base current IB , the collector current IC , and the
depletion capacitances (base-emitter and collector-base capacitances), in the avalanche
regime is also significantly affected by other temperature effects through self-heating [26–
28]; thus adequate extraction of the device thermal resistance RTH (see Chapter 2) [5, 16,
24, 29, 30] is vital so as to account for self-heating. To demonstrate this, we consider
the measured and Mextram model simulated results for electrical characteristics (over a
sequence of ambient temperatures) corresponding to the employed pure Si-BJT.

Overview of involved temperature dependencies

According to Mextram (and other standard compact models for bipolar transistors, e.g., [31,
32]), self-heating is taken into account by means of an external thermal equivalent cir-
cuit shown in Fig. 4.3. Here, the value of the voltage vdT at the temperature node dT
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gives the increase in the local device temperature [8]. Then the corresponding device
temperature Tdev is calculated from

Tdev = TEMP+DTA+273.15+ vdT , (4.1)

and the reference temperature is

Tref,K = Tref +273.15, (4.2)

where Tref (in ◦C) is the temperature at which the parameters were determined, TEMP
(also in ◦C) is the actual ambient simulation temperature, and DTA is difference between
the local ambient and global ambient temperatures. The normalized temperature is then
defined as tN = Tdev/Tref,K. The Mextram self-heating network (Fig. 4.3), contains the

Figure 4.3: Mextram’s self-heating network [8]. This circuit contains the thermal resistance RT H ,Tamb
, which

corresponds RT H , but now after temperature scaling. CT H is the capacitance and Pdiss, is the dissipated
power, which is taken as a current source. Node dT is the temperature node, which is available to the model
user, in order to enhance flexibility.

self-heating resistance RT H ,Tamb = RTH
(
Tamb/Tref,K

)ATH , where the ambient temperature
Tamb = TEMP+DTA+273.15, RTH is the thermal resistance, and ATH is the temperature
coefficient of the thermal resistance (≈ 1.3 for Si and ≈ 1.15 for Ge). This same circuit
also contains the capacitance CTH, which (as well as RT H ,Tamb ) is connected between the
ground and the temperature node dT [8]. The dissipated power Pdiss is given by the
product of all the terminal currents and voltages. Here, the bold quantities are Mextram
model parameters [8].

Using the normalized temperature tN , the temperature dependence of the various
characteristics is taken into account via the temperature scaling rules for the various
model parameters. For example, the main transistor current is defined by

IN = IsT

q I
B

[
exp

(
qeVB2E1

kB Tdev

)
−exp

(−qeV ∗
B2C2

kB Tdev

)]
, (4.3)
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where VB2E1 is the internal base-emitter voltage, V ∗
B2C2

is the internal base-collector volt-
age that takes quasi-saturation effects in the epilayer into account, and

IsT = Ist
4−AB−AQB0
N exp

(−VgB

V∆T

)
, (4.4)

with Is the collector-emitter saturation current, AB the temperature coefficient of the
base, VgB the bandgap voltage of the base,

V∆T = kB

qe

(
Tdev −Tref,K

)
, (4.5)

and AQB0 the temperature coefficient of the zero-base charge

QB0 = τBT IkT =
(
τB t

AQB0+AB−1
N

)(
Ik t 1−AB

N

)
, (4.6)

with τB the transit time of the base stored charge and Ik the collector-emitter high in-
jection knee current. In relation (4.3), the quantity q I

B is the normalized base Gummel
number [25, 33, 34]), and is given by the expression

q I
B = q I

0

(
1+ 1

2
n0 + 1

2
nB

)
, (4.7)

where

n0 =
4IsT
IkT

exp
(

qVB2E1
KB Tdev

)
1+

√
1+ 4IsT

IkT
exp

(
qVB2E1
KB Tdev

) , (4.8)

and

nB =
4IsT
IkT

exp

(
qV ∗

B2C2
KB Tdev

)

1+
√

1+ 4IsT
IkT

exp

(
qV ∗

B2C2
KB Tdev

) . (4.9)

These (i.e., n0 and nB ) are also used to compute the base diffusion charges as: for the
base-emitter part

QBE = 1

2
QB0n0q I

0 , (4.10)

and for the base-collector part

QBC = 1

2
QB0nB q I

0 , (4.11)

where

q I
0 = 1+ VtE

VerT
+ VtC

VefT
. (4.12)

In this relation, i.e., (4.12), the temperature scaling for the forward Early voltage (Vef) is
given by

Ve f T = Veft
AQB0
N

[
(1−Xp)

(
VdC

VdC T

)pC

+Xp

]−1

, (4.13)
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where VdC T is the temperature scaling of the collector-base diffusion voltage VdC , which
is defined as

VdC T =−3
kB Tdev

qe
ln{tN }+VdC tN + (1− tN )VgC , (4.14)

here VgC is the bandgap voltage of the collector. Also, in relation (4.12), the temperature
scaling Ver T for the reverse Early voltage (Ver) is given by

Ver T = Vert
AQB0
N

(
VdE

VdE T

)−pE

, (4.15)

where VdE T is the temperature scaling of the emitter-base diffusion voltage VdE , which is
defined as

VdE T =−3
kB Tdev

qe
ln{tN }+VdE tN + (1− tN )VgB . (4.16)

The quantities VtE and VtC in (4.12) are bias dependent junction voltages, which are de-
fined as

VtE = QtE

(1−XCjE )C jE T
, (4.17)

and

VtC = QtC

XCjCC jC T
, (4.18)

where QtE and QtC are the base-emitter and base-collector junction depletion charges,
respectively. While C jE T and C jC T , are the corresponding (temperature scaled) zero-bias
junction capacitances [8]; which are given by

C jE T = CjE

(
VdE

VdE T

)pE

, (4.19)

and

C jC T = CjC

[
(1−XP)

(
VdC

VdC T

)pC

+XP

]
, (4.20)

where pE and pC are respective junction grading coefficients [35]. We note that for SiGe
transistors, q I

0 in (4.12) is redefined in order to carter for the effect of Ge grading on the
Early effect, thus q I

0 is replaced by

q I
0Ge

=
exp

([
VtE

Ver T
+1

]
qe dEg T

kB Tdev

)
−exp

(−VtC
Ve f T

qe dEg T

kB Tdev

)
exp

(
qe dEg T

kB Tdev

)
−1

, (4.21)

where
dEg T = dEgt

AQB0
N (4.22)

is the temperature scaling for the dEg, the difference in the bandgap between the neutral
edges of the base at zero bias. In the present Mextram model [8], the base current is
defined in terms of the main current IN (4.3)and the current gainβ. This implies that the
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corresponding temperature scaling rules for the current gain are also employed; these
are defined as:

β f T =βft
AE−AB−AQB0
N exp

[−dVgβf

V∆T

]
, (4.23)

for the forward current gain βf, and

βr i T =βri exp

[−dVgβr

V∆T

]
, (4.24)

for the reverse current gain βri. The model parameters dVgβf and dVgβr, are the bandgap
voltage difference of forward current gain and reverse current gain, respectively.

Physical mechanisms interfering in the weak avalanche regime

From the above expressions, we see that in order to determine the weak avalanche cur-
rent Iavl, which is defined by

Iavl = (Mn −1) IN (VB2E1 ,V ∗
B2C2

), (4.25)

where IN (VB2E1 ,V ∗
B2C2

) is given by expression (4.3), other DC-measurements (as a func-
tion of both bias and temperature) need to be taken in order to determine first the input
current IN . As pointed out in the previous section, these measurements are essential
in order determine the relevant input model parameters, and thus address all relevant
physical effects that interfere with the temperature dependence of avalanche.

In Chapter 2 we presented a method for extracting RTH using the measured charac-
teristics corresponding to the weak collector-base breakdown regime [5, 29], and it was
visible that self-heating may as well be significantly interfering in the weak avalanche
regime. Therefore, RTH needs to be extracted (accurately) first, before our extended
version of the Mextram model (with the new non-local avalanche compact model) is
employed. The Mextram simulation results as shown in this chapter, were performed
on basis of values for the thermal resistance RTH as extracted by means of the method
presented in Chapter 2 [5, 29]. We note that under the weak avalanche regime, as ad-
dressed by Mextram, the main transistor current IN is approximately equal to the col-
lector current IC , in the forward normal operation of the transistor. The relevant model
parameters, some of which are presented in the above expressions, were extracted from
the DC-(temperature) measurements of the base-emitter and base-collector depletion
capacitances, forward and reverse Gummel characteristics, forward and reverse Early
characteristics, and output characteristics, as are summarized in Table. 4.1. A detailed
definition of these Mextram model parameters can be found in e.g., [1, 8, 36]. The ex-
traction process for each of these parameters [35] is left out of this thesis, but an ex-
ample will be presented later in this section. In this table (in the second column), Tref

means that the corresponding Mextram parameters (in fourth column), were extracted
at the chosen (fixed) reference temperature, while T means that those indicated param-
eters were extracted over all ambient temperatures. In the third column, we indicate the
bias or current regime, as well as the employed sequence of the ambient temperatures
[T = (T1, · · · ,T5) = (25◦C, · · · ,125◦C)] over which such measurements were taken. The
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Table 4.1: Mextram model parameters which are relevant for our new non-local avalanche model verification.
The first column represents the type of measurements taken, the second column the measured data over the
regime described by the third column. The extracted model parameters are represented in the fourth column.

Characteristic Measured data Measurement regime Extracted parameters

Base-emitter capacitance CBE [VBE , T] VC B = 0 V, T = T1, · · · ,T5 C jE
, VdE

, pE

Collector-base capacitance CC B [VC B , T] VBE = 0 V, T = T1, · · · ,T5 C jC
, VdC

, pC , XP

Forward Gummel IC [VBE , Tref] VC B = 0 V, T = Tref Is , Ver

IB [VBE , Tref] VC B = 0 V, T = Tref β f , IB f , mL f

Reverse Gummel IB [VC B , Tref] VEB = 0 V, T = Tref βr i , IBr , VLr

IS [VC B , Tref] VEB = 0 V, T = Tref ISs

Forward Early IB [VC B , Tref] VBE = 0.65 V, T = Tref Wavl, Vavl

IC [VC B , Tref] VBE = 0.65 V, T = Tref Ve f

Reverse Early IE [VEB , Tref] VBC = 0.65 V, T = Tref Ver

Forward Gummel IC [VBE , T ] VC B = 0 V, T = T1, · · · ,T5 VgB

IB [VBE , T ] VC B = 0 V, T = T1, · · · ,T5 dVgβ f , Vg j

Reverse Gummel IB [VC B , T ] VEB = 0 V, T = T1, · · · ,T5 dVgβr , VgC

IS [VC B , T ] VEB = 0 V, T = T1, · · · ,T5 VgS

Forward Early IC [VC B , T ] VBE = 0 V, T = T1, · · · ,T5 AQBO

Output IS [VC E , Tref] fixed IB , T = Tref RC c , RC bl x , RC bl i

Ic [VC E , Tref] fixed IB , T = Tref Ik

parameters corresponding to the measured Gummel plots, were extracted from either
the low bias non-ideal region or the medium bias ideal region. In Fig. 4.4, we present an
example of the measured and Mextram model simulated results of the collector and base
current densities as a function of base-emitter voltage (VBE ) and temperature. From the
results in Fig. 4.4, good fits between the measured and Mextram simulated results for
the collector and base current densities, are achieved over all bias regimes and applied
ambient temperatures. From these results, the relevant temperature dependent model
parameters, as indicated in Table. 4.1, corresponding to the forward Gummel character-
istics were extracted. Good model fits between the measured and Mextram simulated
results were also achieved for the other relevant electrical characteristics (not included
in this thesis); the relevant model parameters as indicated in Table. 4.1, were extracted
accordingly, over bias and temperature.
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(a)

(b)

Figure 4.4: Measured (symbols) and Mextram model simulated (solid curves) collector current density JC (a)
and base current density JB (b) as a function of base-emitter voltage (VBE ) and ambient temperature (T =
25,50,75,100, and 125◦C), corresponding to the QUBiC4+ (NPN) SiGe-BTJ, with emitter area AE = 0.50 × 20.7
µm2. A good agreement between the measured and simulated results can be observed over all bias regimes
and ambient temperatures. From these forward Gummel plots, the corresponding Mextram model parameters
as indicated in Table. 4.1, are extracted.
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A specific interfering physical effect that we would like to point out, is the tempera-
ture dependence of the collector current through the Early effect. This involves the tem-
perature dependent modulation of the depletion layers, and hence of the width of the
neutral base. This leads to a modulation of the base Gummel number (due to variation
of the integral limits) [25, 34], and hence the main transistor current IN [33]. Since the
weak avalanche current Iavl = (Mn−1)IN results from impact-ionization induced by elec-
trons that take part in IN , then a temperature dependent modulation of Iavl is implied. In
Mextram, the temperature dependence of the neutral base charge (at zero applied bias)
QB0 is represented by a model parameter AQB0 (also presented in Table. 4.1). As can be
seen from the above relations, AQB0 affects a number of quantities, i.e., it appears in the
temperature scaling rules for: saturation current (4.4), Early voltages (4.13) and (4.15),
Ge induced bandgap difference (4.22), and forward current gain (4.23). In other words
it directly affects the transistor main current IN , and thus the avalanche current. This
effect is also demonstrated in Fig. 4.7. In Fig. 4.5, we demonstrate how AQB0 can be ex-
tracted from the measurements (symbols) and Mextram model simulations (curves) of
the slope (dIC/dVC B ) as a function of temperature, over the non-avalanche region (see
Fig. 2.2), i.e., independently of the avalanche effects. The solid curves/lines in Fig. 4.5(a)
shows the results corresponding to the optimized parameter value for AQB0 using the
measurements over temperature (i.e., T = 25,50,75,100, and 125◦C) and the Mextram
model simulations. In Fig. 4.5(b), we show an example of the results corresponding to
the optimized value, i.e., AQB0 = 1.043 (solid curve) for a fixed VC B = 1.0V (taken from
Fig. 4.5(a)) and variable temperature. In addition, the sensitivity to AQB0 of the slope
(dIC/dVC B ) is demonstrated by cases corresponding to AQB0 = 0 and AQB0 = 2 (dashed
curves in Fig. 4.5(b)). From these results, we can observe that the slope decreases as
AQB0 increases most especially for high ambient temperatures; as expected, for low tem-
peratures, AQB0 has a marginal effect on the slope (dIC/dVC B ).

Based on the assumption that we have taken all other significant physical effects into
account then, the remaining observed differences between the measured and simulated
(using the Mextram local avalanche model [4, 8, 36]) avalanche characteristics, can be
attributed to non-local avalanche effects. These effects are addressed by our new non-
local avalanche compact model, both as a function of bias and temperature. The cor-
responding measurement and simulation results for the avalanche characteristics (both
as a function of bias and temperature) will be presented in the next section, for the em-
ployed pure Si bipolar junction transistor.

4.4 Verification results for Si bipolar junction transistor

After addressing all the independent physical mechanisms that may interfere with the
weak avalanche characteristics and their temperature dependence, we are now in posi-
tion to address the influence of non-local avalanche effects on the measured avalanche
characteristics of the QUBiC4+ (NPN) Si industrial bipolar transistor. Employing the ex-
perimental variant of the Mextram model (i.e., Mextram model [8] extended with our
new non-local avalanche model [37]), we confront model simulations for our new non-
local avalanche model with measured data taken on this Si-BJT. The corresponding model
verification results, will be presented in this section. Note that unless stated otherwise,
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(a)

(b)

Figure 4.5: Independent extraction of the Mextram’s model parameter AQB0 for the temperature dependence
of the neutral base charge, from the forward Early measurements of IC as a function of ambient temperature
(i.e., T = 25,50,75,100, and 125◦C), over the non-avalanche region. The symbols represent measured values of
the slope (dIC/dVCB) and the curves are the corresponding Mextram model simulations. Figure (a) shows the
slope as a function of collector-base voltage (VC B ) and ambient temperature; from this plot, AQB0 is optimized
over all temperatures using the measurements and Mextram model simulations. Figure (b) shows the results
corresponding to the optimized parameter value for AQB0 (solid curve) taken from (a) at VC B = 1.0 V. The
sensitivity to AQB0 of the slope is also demonstrated by showing cases for AQB0 = 0 and AQB0 = 2.0 (dashed
curves in (b)). In all these results, the base-emitter voltage is fixed to VBE = 0.65 V.
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the measurement results will be represented by open symbols, while the simulation re-
sults corresponding to our new non-local avalanche model will be represented by solid
curves. For comparison purposes, best fitting results obtained with the standard local
avalanche compact model of the Mextram model [4] will also be presented (by dashed
curves) on the same plots.

For the model parameter extraction process, first the avalanche model parameters,
i.e., Vavl, Wavl, and λe are simultaneously optimized from the base current IB measure-
ments as a function of the collector-base voltage VC B (over the weak avalanche region)
at a chosen fixed target ambient temperature (Ttgt). Next, the temperature coefficient of
the relaxation length non-local avalanche parameter Aλe is optimized from the IB mea-
surements as a function of VC B (over the weak avalanche region) and over all employed
ambient temperatures (i.e., T = 25,50,75,100, and 125◦C), including the initially cho-
sen target temperature. In order to fully account the effect of self-heating on the final
extracted model parameters, this employed parameter extraction process is repeated a
number of times (iterated) until stable model parameters are achieved. We note that this
effect of self-heating on the simulated characteristics can as well be taken into account
by simultaneously optimizing all model parameters over all ambient temperatures, pro-
vided the employed software supports this strategy. In practice, this approach is faster,
but has a number of limitations in terms of the capabilities of the employed software to
carry out such global parameter optimization over multiple input data sets.

In all the simulation results for the non-local avalanche model, T = 25◦C is taken
as the target temperature, and the avalanche model parameters (i.e., Vavl, Wavl, and λe )
are optimized first at this temperature. To enable comparison with the semiconductor
device physics (e.g., [9, 10, 31, 38]), for simulation results of the local avalanche compact
model, two target temperatures are considered, i.e., T = 25◦C and T = 125◦C. In both
cases, the electric field model parameters (i.e., Vavl and Wavl ) are optimized first at each
target temperature. This means that we will have two sets of results, i.e., one for each case
of the target temperature for the local avalanche model (i.e., top figure corresponding to
Ttgt = 25◦C, while bottom figure to Ttgt = 125◦C ), in combination with the results for the
non-local avalanche model.

The measurement (symbols) and simulation (curves) results for the avalanche char-
acteristics as a function of collector-base voltage (VC B ) for a sequence of ambient tem-
peratures, are presented in Fig. 4.6. According to these results, deviations can be ob-
served between the best fitting results for the local compact model simulations (dashed
curves) and the measurements (symbols) as a function of temperature and VC B , over the
weak avalanche region (i.e., VC B > 4.0 V). The dashed curves in Fig. 4.6(a), correspond
to local avalanche model results where the model parameters Vavl and Wavl , were opti-
mized first at target temperature T = 25◦C, while those in Fig. 4.6(b), at target tempera-
ture T = 125◦C. The major observation from Fig. 4.6(a), is the limited fitting capability
of the standard local avalanche model [8] for the measured avalanche characteristics,
as a function of temperature. Here, the local model seems to underestimate avalanche
(mostly at higher temperatures), and thus overestimates the base current (over the weak
avalanche regime). Since the avalanche parameters were optimized first at T = 25◦C,
where non-local effects are more significant, it implies that the electric field was under-
estimated as the corresponding model parameters were significantly comprised at the
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(a)

(b)

Figure 4.6: Measured (symbols) and simulated (curves) avalanche characteristics. Dashed curves represent a
local avalanche compact model simulation results, while solid curves represent a non-local avalanche com-
pact model simulation results. Shown is the base current density (JB ) as a function of collector-base voltage
(VC B ), for a sequence of ambient temperatures (i.e., T = 25,50,75,100, and 125◦C), as observed for a QUBiC4+
(NPN) Si-BJT, for fixed base-emitter voltage VBE = 0.65V. In (a), the temperature independent local avalanche
model parameters (i.e., Vavl and Wavl) are optimized first at target temperature T = 25◦C, while in (b) they are
optimized first at T = 125◦C. From (a) and (b), we can observe that our non-local avalanche model yields excel-
lent fits with the measurements, in contrast to the local compact model simulations (over the weak avalanche
region, i.e., VC B > 4.0 V). In addition, it can be observed from (b) that the local avalanche model overestimates
the avalanche current and thus underestimates the breakdown voltage BVC EO .
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cost of achieving good model fits (dashed curves). This underestimation of the electric
field, implies that the local avalanche is now modeled by an effective electric field that
is lower than the real electric field. This same effective electric field is used to model
avalanche process at high temperatures, where the physical avalanche will behave more
like local avalanche. Thus, though the local compact model is still a local model, now it
is operated by an effective electric field (that was optimized for operation at T = 25◦C)
that underestimates the true field. As a result, the local compact avalanche model, then
underestimates the avalanche current, which results into an overestimate of the base
current (over the weak avalanche region) at higher temperatures (i.e, for T > 25◦C). This
is indeed what we observe by the dashed curves in Fig. 4.6(a). On the other hand, when
the local model parameters Vavl and Wavl are optimized first at a higher target temper-
ature, i.e., T = 125◦C, as in Fig. 4.6(b), the physical avalanche process approximates best
the local avalanche process. Due to the high temperatures, the crystal lattice vibrations
are more intense and this will lead to a stronger randomizing impact on the mobile elec-
tron cloud, thus a short relaxation time and hence a shorter relaxation length (λe ). This
can be viewed as: the incident electrons travel a much shorter distance within the high
field region before they gain the threshold energy to cause impact-ionization. Since λe

is much shorter, the incident electrons can be assumed to gain the threshold energy in-
stantaneously once they enter the high field collector-base depletion region, thus phys-
ical collector-base breakdown process approximates the local avalanche process. When
the model is optimized against the highest temperature, the deviations between the local
avalanche model simulations and the measured characteristics become apparent where
they naturally belong, according to semiconductor device physics. Indeed, at lower tem-
peratures, the energy relaxation length is longest, and non-local avalanche effects are the
most significant. Due to non-local avalanche effects, avalanche current is weaker than
predicted by the local avalanche model, hence the measured current at the base termi-
nal is larger than predicted. This is indeed what we observe in Fig. 4.6(b) by the dashed
curves. Here we see that due to the high electric fields induced by the local model (at
lower temperatures), avalanche current is overestimated and this results into an under-
estimate of the collector-emitter breakdown voltage with an open base BVC EO [9, 10, 38].
We note that, this will be the same presentation format for local avalanche model simu-
lation results in Section 4.6 for SiGe HBTs, thus the same explanation will hold. It is note-
worthy to remark that as demonstrated by Fig. 4.6, the present Si transistor technology
(even non-RF technology) has evolved to the extent that local avalanche (even though
appropriate temperature scaling of Chynoweth’s law is applied [4]), can no longer cap-
ture the full family of avalanche characteristics over temperature.

Excellent fits between the measurement results (open-symbols) and the non-local
avalanche model simulation results, as represented by the solid curves in Fig. 4.6, as a
function of collector-base voltage and ambient temperature, were achieved. These non-
local avalanche model results correspond to the extracted parameter value for the relax-
ation length λe = 64.75 nm, and the subsequently optimized value for the temperature
coefficient Aλe =−0.89.

With reference to the adopted model verification ambition (as outlined in the Sec-
tion 4.1), we note that our non-local avalanche model yields good fitting capabilities of
the measured avalanche characteristics as a function of both bias and temperature. Ver-
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ification of the physical content of our non-local avalanche model, however, requires
us to test the uniqueness, accuracy, and precision of the extracted non-local avalanche
model parameters. This will be addressed in detail in the next section on error analysis.

Example: Effect of neglecting the interfering physical mechanisms

We carried out a demonstration of the effect of neglecting the influence of the interfer-
ing physical mechanisms in the weak avalanche regime on the simulated results of the
extended version of Mextram with non-local avalanche model. As an example, we com-
pared the effect of model parameter AQBO on the simulation results; here we took values
presented earlier in Fig. 4.5, i.e., AQBO = 1.043 (the extracted model parameter value),
AQBO = 0.0, and AQBO = 2.0, and carried out the corresponding model simulations at T =
75◦C. The results are presented in Fig. 4.7, where the electric field model parameters for
the local model (dashed curves) i.e., Vavl and Wavl are optimized at T = 25◦C. As demon-

Figure 4.7: Measured (symbols) and simulated (curves) avalanche characteristics at different values of AQB0
presented earlier in Fig. 4.5. Dashed curves represent a local avalanche compact model simulation results,
while solid curves represent a non-local avalanche compact model simulation results. Shown is the base cur-
rent density (JB ) as a function of collector-base voltage (VC B ), as observed for a QUBiC4+ (NPN) Si-BJT, for
fixed base-emitter voltage VBE = 0.65V at T = 75◦C. Large deviations between the non-local avalanche model
simulations and the measured data (symbols) can be observed for AQB0 = 0.0 and AQB0 = 2.0; in contrast a
good model fit is achieved when the true extracted model parameter AQB0 = 1.043 is used.

strated earlier in Fig. 4.5, where AQB0 = 0.0 and AQB0 = 2.0 yielded an underestimate and
overestimate of the slope, respectively, the same behavior can be observed in Fig. 4.7
where large deviations between non-local avalanche model simulations (solid curves)
and measured data are observed (over the weak avalanche region, i.e., VC B > 4.0 V) for
AQB0 = 0.0 and AQB0 = 2.0. This is in contrast to extracted model parameter AQB0 = 1.043,
which yield good model fits with the measured data; this is the same value used for the
simulation results (solid curves) in Fig. 4.6. We recall that the AQB0 model parameter
corresponds to the temperature dependence of the collector current through the Early
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effect i.e., how Early effect interferes in the weak avalanche regime. Here, we can see a di-
rect influence of this physical effect on the simulated results of the non-local avalanche
compact model over the weak avalanche regime. From Fig. 4.7, parameter AQB0 appears
to have a rather similar impact on the avalanche characteristics as the non-local model
parameter Aλe . Hence, optimizing AQB0 and Aλe together would likely introduce large er-
ror margins in the estimated parameter values of both, to the point that the parameters
values are actually dependent (i.e., an error in one parameter can be compensated for by
another parameter) and hence undetermined. In this sense, a good fit to the measured
data may still be achieved, but the parameters cannot be interpreted any longer, since
they become undetermined. This demands for extraction of AQB0 independently of weak
avalanche regime, over which Aλe is extracted.

Another example of the relevant interfering physical effect in the weak collector-base
breakdown regime is self-heating. This effect was addressed for the results in Fig. 4.6
using the extraction method for the thermal resistance RT H presented in Chapter 2, to-
gether with the already built-in Mextram thermal network [8]. This RT H is then used to
determine the increase in junction temperature, due to self-heating caused by the dissi-
pated power in the device. For this device the extracted parameter value of RT H = 986
K/W is used. During the model simulations, the self-heating effect can be switched off
by taking RT H = 0 K/W. We carried out the non-local avalanche model simulations, with
and without self-heating; the from these results, we computed the percentage error in
the base current IB , and the corresponding results are presented in Fig. 4.8(a). From
these results, we can see that the percentage error in IB increases with temperature,
both over the non-avalanche region and the weak avalanche region (i.e., VC B > 4.0 V).
For lower temperatures (i.e, T = 25◦C and T = 50◦C), the error is relatively small for
both low and moderate VC B values, which shows that for such temperatures, the effects
of self-heating on the avalanche characteristics is relatively small. On the other hand,
for relatively high temperatures (i.e., T > 50◦C), the percentage error is relatively large
and it increases significantly over the weak avalanche region. The level of significance of
self-heating effect is based on the accuracy level of the non-local avalanche model pa-
rameters, i.e, λe and Aλe of 10% in relation to the published literature values for these
quantities. This accuracy level for these parameters is discussed in detail in the next sec-
tion. By considering the 10% accuracy level in the temperature coefficient Aλe = −0.9,
we carried out non-local avalanche simulations for the lower (i.e, Aλe = −0.99) and up-
per (i.e, Aλe = −0.81) limits of this error interval; from these results, we computed the
percentage error as a function of VC B and temperature. The corresponding results are
presented in Fig. 4.8(b). From the results in Fig. 4.8(b), we can observe that at ambient
temperature T = 25◦C, the computed error is very small (≈ 0), but for T > 25◦C, the er-
ror increases with temperature, with a sharp increase observed over the weak avalanche
region. The maximum error is within the range of 15 to 20%, the same error margin is ob-
served in Fig. 4.8(a); thus the significance of self-heating effect in relation to the targeted
accuracy levels of λe and Aλe .

In summary, the results in Fig. 4.8 shows that even for low base-emitter voltage, i.e.,
VBE = 0.65 V, self-heating effect is still significant in relation to the targeted accuracy
level of 10% for the non-local avalanche model parameters λe and Aλe . Therefore, in
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(a)

(b)

Figure 4.8: Percentage error in the simulated avalanche characteristics using the non-local avalanche model.
The aim of these simulation results is to demonstrate the influence of self-heating effect on the avalanche
characteristics in the weak avalanche regime. In Fig 4.8(a), the error is computed using the cases with and
without self-heating, which is achieved by setting thermal resistance RT H = 986 K/W and RT H = 0 K/W, re-
spectively. In Fig. 4.8(b), the percentage error is computed using the 10% error margin in the temperature
coefficient Aλe =−0.90, i.e., the literature value. These results are a function of VC B and temperature, for fixed
base-emitter voltage VBE = 0.65V.

order to achieve both good model fits to the measured weak avalanche characteristics
and unbiased estimates for model parameters values which can be compared to their
published literature values, the influence of self-heating on the measured characteristics
in the weak avalanche regime has to be taken into account.
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4.5 Error analysis of the non-local avalanche compact
model

In the previous section, we demonstrated the physics based non-local avalanche com-
pact model on a pure Si industrial bipolar transistor. Though this model showed good
fitting capabilities with respect to the measured data as a function of both collector-base
bias and ambient temperature, still we need to access the uniqueness, accuracy, and
precision of the extracted non-local avalanche model parameter values. This will make
our adopted model verification approach (mostly the physical nature of the extracted
model parameters) complete, since it demonstrates how good our extracted non-local
avalanche model parameter values correspond to the previously published literature
values. For this analysis, we will employ the same temperature measurements for the
avalanche characteristics taken on the pure Si QUBiC4+ (NPN) bipolar junction transis-
tor, as that used in the previous section, though now with a different data treatment.
Still ICCAP software [11], together with Levenberg-Marquardt optimization algorithm
will be used in the model simulations. We will start by accessing the root mean square
(RMS) error measure in the extracted model parameters. The magnitude of the effects
of the numerical errors and stochastic errors in the measured data on the final extracted
model parameter values will be discussed next, in the respective order.

4.5.1 Dependence of the RMS error measure on the model
parameters

In general, the root mean square (RMS) measures the deviation between the measured
data and the model simulations. For the employed simulation software (ICCAP [11]), the
RMS error is a by-product of an optimization process for a given set of input model pa-
rameters, and the returned value (in case of model convergency) corresponds to an op-
timized set of model parameters that yields the minimum possible residual/deviations.
We shall inspect the RMS error value, corresponding to the optimized set of model pa-
rameters, that minimizes the differences between the measured and simulated charac-
teristics. Thus, the smaller the RMS error value, the better the model fits.

Using the experimental variant of Mextram model, we accessed the RMS error mea-
sure as a function of electric field Mextram model parameter Wavl which was stepped
using a specified small step size. For each fixed input value for Wavl, first the param-
eters Vavl and λe are simultaneously optimized from the base current (IB ) measure-
ments as a function of the collector-base voltage (VC B ) at a chosen target temperature
(i.e., T = 25◦C for this case); the final extracted parameter values as well as the corre-
sponding value for the RMS error are recorded. Next, the parameter Aλe is optimized
from the IB measurements as a function of VC B and ambient temperature (i.e., T =
25, 50, 75, 100, and 125◦C); the final extracted parameter value for Aλe together with
the corresponding value for the RMS error [i.e., RMS error (Aλe )] are recorded as well. In
order to account for self-heating, this process is iterated until stable model parameters
are achieved. This process is repeated for a sequence of fixed values for Wavl. The fi-
nal extracted results for the avalanche model parameter values (together with the corre-
sponding values for the RMS errors) as a function of Wavl, are presented in Fig. 4.9. From
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(a) (b)

(c) (d)

(e) (f)

Figure 4.9: Dependence of the extracted avalanche parameter values for Vavl (a) and λe (b) on the electric field
Mextram model parameter Wavl. The corresponding values for the root mean square (RMS) error in Vavl and
λe (as a function of Wavl ) are represented in figures (c) and (d); where (d) is the zoom-in of (c) around the range
of values for Wavl where relatively small variations in the RMS error values are observed. The dependence of
the extracted values for Aλe on Wavl and the corresponding values for the RMS error are presented in figures
(e) and (f), respectively.



4

114 4. EXPERIMENTAL ASSESSMENT OF PHYSICAL EFFECTS IN WEAK AVALANCHE REGIME

Figs. 4.9(a) and 4.9(b), we observe an irregular increasing trend in the extracted values for
Vavl and λe as a function of Wavl. This is in contrast to what is expected from optimiza-
tion of such a smooth model over a fixed data set. In fact for a well defined model, as the
one we have, in a well defined optimization setting, the optimized Vavl and λe should
be smooth functions of Wavl. In this numerical experiment, this observed behavior sig-
nifies the incapability of the employed software to accurately reproduce the expected
smooth functional dependencies in the extracted values for Vavl and λe as a function
of Wavl. Such irregularities can be attributed to the weakly imposed convergence crite-
ria for the employed numerical algorithm. Such numerical artefact can in principle be
decreased to any desired degree, but this would require extra computational resources,
which in general may not be needed, since there would always be inaccuracies caused
by the measurement stochastic errors. And as long as such stochastic errors dominate
the the final results, the effect of numerical errors would be small enough to be consid-
ered negligible, hence this requires further quantification, which will be the subject of
Subsection 4.5.2.

As we described earlier, at each value of Wavl, we get the RMS error value which
measures the minimum deviation between the measured and simulated characteristics.
With the minimized set of values for Vavl and λe plotted in Figs. 4.9(a) and 4.9(b), the cor-
responding RMS error values are plotted in Fig. 4.9(c) as a function of Wavl. We observe
that for values of Wavl between 467.5 nm and 471.5 nm, the variations in the RMS error
values are relatively small, i.e., in the range of 2.0%. This shows that if one were to plot
RMS(Wavl, Vavl, λe ) in a 3D parameter space, the RMS along the curve (Wavl, Vavl(Wavl),
λe (Wavl)) would denote the height of the bottom of this curved surface, along Wavl. From
Fig. 4.9(d), we observe a parabolic behavior of the RMS error, which implies that along
the Wavl trajectory, the RMS error still has a well defined minimum. In short, these re-
sults show that if care is taken to optimize the model parameters with an initial condition
sufficiently close to the minimum, the RMS error is nicely parabolic and the minimum
of such is well defined. This indeed is the important conclusion from this experiment.

4.5.2 Influence of numerical accuracy of the employed simulation
software on the final extracted model parameter values

In order to analyse the effects of numerical accuracy of the employed simulation soft-
ware (i.e., ICCAP [11]) on the final extracted model parameter values, we carried out a
simulation experiment, in which we perturbed Wavl, and for each value of Wavl we si-
multaneously optimized the model parameters Wavl, Vavl, λe , and Aλe , over all ambient
temperatures (i.e., T = 25, 50, 75, 100, and 125◦C). The corresponding extracted results
(together with the RMS error values) as a function of the initial perturbed values for Wavl

are presented in Fig. 4.10. The plots in Fig. 4.10 show a random variation of the extracted
model parameter values as a function of the initial conditions for Wavl. Since everything
was fixed, except the small perturbations in the initial conditions, this observed random
variation in the extracted model parameters has to be a result of the numerical errors
of the employed commercial simulation software. From the extracted model parameter
values, we getλe = 65.7±2.8 nm and Aλe =−0.92±0.09, where we quote the mean values
and two standard deviations [39].
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(c) (d)

(e)

Figure 4.10: Dependence of the extracted avalanche parameter values [i.e., Wavl (a), Vavl (b), λe (c), and Aλe
(d)] on the initial conditions for Wavl; and the corresponding values for the RMS error (e). A random variation
of the extracted model parameter values can be observed as a function of the perturbed initial conditions.
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4.5.3 Analysis of the effect of stochastic measurement errors on the
final extracted model parameter values

We study the effect of the stochastic errors in the measured data on the final extracted
avalanche model parameter values. Ideally, this would start with repeating all measure-
ments as those described earlier on the same device a number of times, which would
result into independent input measurement data sets. Carrying out such repetitions is
beyond current resources though, thus for our case, we instead employed a numerical
experiment that mimics such repeated measurements; we optimized the model parame-
ters against different subsets of our measured data, and then observed the effect of such
on the distribution of the final extracted parameter values. For total number of data
points p = 118, we optimized against every nth subset, where n = 1, · · · ,20; with n = 1,
corresponding to all points (whole data set), n = 2, corresponding to all even points, and
so on. In other words, for each value of n, the corresponding subset contains every nth

point of the original data set.
In this simulation experiment, the model parameters, i.e., Vavl, Wavl, λe , and Aλe

are simultaneously optimized over all ambient temperatures (i.e., T = 25, 50, 75, 100,
and 125◦C) for the different data subsets. The corresponding results are presented in
Fig. 4.11, where the final extracted parameter values for λe and Aλe are plotted as a func-
tion of (1/

p
p), where p is number of data points in the various employed data subsets.

From these plots, we observed a random variation in the final extracted parameters val-

(a) (b)

Figure 4.11: Dependence of the extracted non-local avalanche parameter values for λe (a) Aλe (b) on the in-
verse of the square root of the number of data points of the various employed subsets (i.e., 1/

p
p). In this

plot, we access the effect of the stochastic errors in the measured data on the final extracted model parameter
values.

ues for λe and Aλe as a function of (1/
p

p). These can be attributed to the variations in
the magnitudes of the stochastic errors in the input measurement data subsets. These
extracted model parameter values yieldsλe = 62.1±7.8 nm and Aλe =−1.08±0.30; where
we quote mean values and two standard deviations [39, 40] of the final parameter values
optimized independently against different input measurement data points. We see that
these error intervals contain values for silicon as reported in published semiconductor
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device literature: λe = 65.0 nm [41] and Aλe =−0.90 [42, 43]. In addition, these intervals
are wider than those observed in the case of the numerical errors; which implies a domi-
nant influence of the stochastic errors in the measured data on the final extracted model
parameter values.

We also verified the physical nature of the extracted electric field model parameters
Vavl and Wavl, by employing Mextram’s physical interpretation of these avalanche pa-
rameters. According to Mextram model [1, 4, 8], these model parameters are defined so
as to obey the relation

Nepi = 2
εVavl

qe Wavl
2 , (4.26)

where ε is the permittivity and Nepi is the collector epilayer doping concentration. We
found that the value of Nepi calculated from (4.26) using the extracted parameter values
for Vavl and Wavl corresponding to all data points, equals that as independently esti-
mated from capacitance-voltage [C(V)] characteristics [44] to within about 20%. This
error margin can be attributed to the uncertainty in our knowledge about the effective
collector-base junction area of the devices under consideration. These results shows that
our new non-local avalanche compact model, also yields extracted electric field param-
eters that are in agreement with semiconductor device physics, which supports further
that our non-local avalanche model captures presupposed underlying semiconductor
device physics.

4.5.4 Summary

Based on an experimental variant of the Mextram model (Mextram model [1] extended
with our new non-local avalanche model), we studied the error margins in the extracted
avalanche model parameters and the effects of the various error sources on the final
extracted model parameter values. This analysis was carried out using (temperature)
measured data taken on a QUBiC4+ Si-BJT device, presented earlier in Section 4.3.

By considering a sequence of values for the electric field Mextram model parameter
Wavl and then optimizing other model parameters, i.e., Vavl, λe , and Aλe , at each stepped
value of Wavl, we accessed the quality of the root mean square (RMS) error measure.
Here, we employed the argument that, the plot of RMS(Wavl, Vavl, λe ) in a 3D param-
eter space would give a curved surface. Then, the plot of the RMS error re-optimized
along the curve (Wavl, Vavl(Wavl), λe (Wavl)), gives the height of the bottom of this curved
surface. We showed that the RMS error is parabolic and the minimum is well defined.
Irregularities were observed in the plots for Vavl and λe as a function of Wavl; these are
attributed to numerical artefact caused by the employed simulation software and the
convergence criteria of the optimization algorithm. Such numerically related effects can
be minimized to any desired degree (once one has access to the original code of the
commercial software), but this demands more computational resources, and it is not
needed since there is no need to be numerically more accurate than the error caused by
the stochastic component in the measured data. Indeed, by a simulation experiment,
which involved taking small perturbations of the initial input conditions of the software,
using Wavl model parameter, we showed that the effect of the numerical errors on the
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final model parameters to be relatively small, compared to the effect of stochastic errors
in the measured data on the extracted model parameters. The latter was quantified by
optimizing the model parameters against different subsets of the measured data. The re-
sulting error intervals for the extracted non-local avalanche model parameter values are
λe = 62.1±7.8 nm and Aλe = −1.08±0.30, where we quote mean values and two stan-
dard deviations [39, 40]. As these intervals contained the independently published liter-
ature values, i.e, λe = 65.0 nm [41] and Aλe = −0.9 [42, 43, 45], we observe that our new
non-local avalanche model yields values for model parameters λe and Aλe , which are in
agreement with the published semiconductor device physics values. This we present as
a strong support for our claim that our model actually captures the presupposed under-
lying device physics.

4.6 Verification results for SiGe HBTs

In the previous model verifications, a pure Si-BJT was employed, but to test the appli-
cation of our extended version of Mextram (with non-local avalanche compact model)
to advanced bipolar technologies, we extended the model simulations to DC-measure-
ments taken on modern industrial SiGe-HBTs. Here, the NPN devices used are the high
speed QUBiC4X SiGe-HBT [46], the high voltage SiGe-HBT, and the very high voltage
SiGe-HBT. Due to the presence of Ge in the neutral base of these devices, enhanced ex-
tra effects are induced on the Early effect [47] and thus on the collector current, through
the base Gummel number [38, 44, 48, 49]. The physical nature of these effects is not
well captured by the standard Mextram compact model, as an empirical relation is used
to estimate such effects [8]. For this reason, our major emphasis in this section will be
to verify our non-local avalanche model on the fitting capabilities against the measured
avalanche characteristics, as a function of both bias and temperature. Of course we will
also take a keen observation of the corresponding values for the non-local avalanche
model parameters, i.e., λe and Aλe .

4.6.1 Results corresponding to a high speed QUBiC4X SiGe-HBT

The employed high speed QUBiC4X (NPN) SiGe-HBT device has the (effective) emitter
area AE = 0.30 × 20.7 µm2, BVC EO ≈ 1.3 V, and fT / fmax(VC E = 1.5V ) = 120/150GHz at
T = 25◦C [46]. The experimental variant of the Mextram model, extended with our non-
local avalanche model was applied on the DC-temperature measurements taken on this
device (with terminal currents measured at the base, emitter, collector, and substrate
terminals). For comparison purposes, the standard Mextram’s local avalanche model [1]
was also applied on the same measured data (at different reference temperatures as em-
ployed in Fig. 4.6). The corresponding results for the measured and simulated avalanche
characteristics as a function of the collector-base voltage VC B and ambient temperature
are presented in Fig. 4.12. These results in Fig. 4.12 are analogous to those in Fig. 4.6,
though now corresponding to a modern high speed QUBiC4X SiGe-HBT. The difference
between the best achievable results based on the local avalanche model (dashed curves)
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(a)

Figure 4.12: Measured (symbols) and simulated (curves) avalanche characteristics. Dashed curves represent
a local avalanche compact model simulation results, while the solid curves represent a non-local avalanche
compact model simulation results. Shown is the base current density (JB ) as a function of the collector-base
voltage (VC B ), for a sequence of ambient temperatures (i.e., T = 25,50,75,100, and 125◦C), as observed for
a modern high speed QUBiC4X (NPN) SiGe-HBT, for fixed base-emitter voltage VBE = 0.65V. In figure (a), the
temperature independent local avalanche model parameters (i.e., Vavl and Wavl ) were optimized first at Ttgt =
25◦C, while in (b) they were optimized first at Ttgt = 125◦C. From these results, we observe that the non-local
avalanche model yields excellent fits with the measured data, in contrast to the local avalanche compact model
(over the weak avalanche region, i.e., VC B > 0.8 V).
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and results from our new non-local avalanche model (solid curves) are now much more
distinct. With our new non-local avalanche model yielding good fits with the measured
data (symbols), in contrast to the local avalanche model.

The key result as observed from Fig. 4.12 lies in the fact that Mextram 504 model
extended with our non-local avalanche model can adequately reproduce the family of
measured characteristics, also in the case of advanced SiGe HBTs. More results corre-
sponding to SiGe bipolar devices will be presented in the following subsections. Our
hypothesis that the difference between the dashed and solid curves is due to non-local
avalanche effects is strongly supported by the extracted values for the non-local avalanche
model parameters. Indeed for the relaxation length we found λe = 64.31nm, which is
comparable to λe = 65.0nm published earlier in [41], and for the temperature coeffi-
cient we found Aλe =−1.034, which is also comparable to the value Aλe =−0.90 reported
in [42, 43, 45].

As observed and explained earlier in Section 4.4, from Fig. 4.12(a), the local avalanche
model results (which were first optimized at target temperature T = 25◦C), seem to un-
derestimate avalanche (mostly at high temperatures), and thus to overestimate the base
current (over the weak avalanche region); also for this high speed device. In contrast,
when the local avalanche model parameters are optimized first at a higher target tem-
perature, i.e., T = 125◦C, as presented in Fig. 4.12(b), the local model overestimates
avalanche, and thus underestimates BVC EO ; which is in agreement with semiconduc-
tor device physics [9, 50]. Similar conclusions as those drawn from the results in Fig. 4.6,
can also be drawn from the simulation results in Fig. 4.12 in relation to our adopted
non-local avalanche model verification strategy (mostly the fitting capabilities). That
is to say, our non-local avalanche model simulations achieved good fits with the mea-
sured avalanche characteristics, as a function of both VC B and temperature. Also, the
corresponding (extracted) non-local avalanche model parameters are related to the in-
dependently published literature values.

It was reported in [51] that in SiGe HBTs, excessive neutral base recombination sig-
nificantly increases the total base current of the device, which in the end leads to a de-
crease in the device current gain. This would be due to the fact that in such SiGe de-
vices, the base is highly doped, which increases the chances for Auger-recombination in
the neutral base [52]. But from our analysis using the experimental variant of the Mex-
tram model, this effect was negligible. That is to say, excellent model fits (solid curves
in Fig. 4.12) were achieved for negligible neutral base recombination, correspond to the
setting of the Mextram model parameter XREC = 0 [1, 8] during the model simulations.
This does not come as a surprise since such modern high speed QUBiC4X SiGe devices
have a highly doped narrow base whose width is much smaller than the carrier recombi-
nation length [51]; thus neutral base recombination is highly minimized in such devices.

4.6.2 Results corresponding to a high voltage SiGe-HBT

In contrast to the model verification results presented in previous subsection, where
a high-speed SiGe-HBT was used, in this subsection a high voltage SiGe-HBT device
is employed. This NPN device has the drawn emitter size AE ≈ 0.35 × 5.2 µm2 and
fT / fmax ≈ 40/70GHZ at T = 25◦C. In addition, this device does not have a collector sub-
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(a)

(b)

Figure 4.13: Measured (symbols) and simulated (curves) avalanche characteristics (fully analogous to
Fig. 4.12), here for high voltage (NPN) SiGe-HBT device, for a fixed base-emitter voltage VBE = 0.65 V. In figure
(a), the temperature independent local avalanche model parameters (i.e., Vavl and Wavl ) were optimized first
at Ttgt = 25◦C, while in (b) they were optimized first at Ttgt = 125◦C. Excellent fits with the measurements
are achieved for simulations results corresponding to our new non-local avalanche model (solid curves), in
contrast to those corresponding to the local avalanche compact model (dashed curves).
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strate, meaning that it is more likely to experience high self-heating during the mea-
surement process for the relevant electrical characteristics. Thus, accurate extraction of
the thermal resistance (RTH) is necessary in order to achieve meaningful model verifi-
cation results for the avalanche characteristics. The results for the measured and sim-
ulated avalanche characteristics are presented in Fig. 4.13; and they are analogous to
those presented in the previous subsection, though now corresponding to a high volt-
age SiGe-HBT device. From Fig. 4.13, deviations between the best achievable simulation
results based on the local avalanche compact model (dashed lines) and the measured re-
sults (symbols) are clearly observed over the weak avalanche region (i.e., VC B > 1.5V). On
the other hand, excellent fits between the measured results and simulated results using
our new non-local avalanche model (solid curves) were achieved for extracted value of
the relaxation length λe = 63.75 nm and that of its temperature coefficient Aλe =−0.81.
These extracted non-local avalanche model parameter values correspond pretty well
with λe = 65.0 nm and Aλe = −0.90, as published in, e.g., [41] and [43, 45], respectively.
Thus similar conclusions as those drawn from the results in Fig. 4.12, can also be drawn
from the simulation results in Fig. 4.13, in relation to our adopted non-local avalanche
model verification strategy.

The same local avalanche model behavior as that observed in Fig. 4.12, can also be
observed here, when the local model parameters are optimized first at target tempera-
ture T = 25◦C (Fig. 4.13(a)), and at T = 125◦C (Fig. 4.13(b)). From the simulation results
in Fig. 4.13(b), we can observe that the standard local avalanche model [36] overesti-
mates the avalanche current, which leads to underestimation of the collector-emitter
breakdown voltage with an open base BVC EO , this is in agreement with semiconductor
device physics, e.g., [9, 53].

The major difference in relation to the results in Fig. 4.12, is that now smaller de-
viations between the measurement (symbols) and the local model simulation (dashed
curves) results can be observed. That is to say, the non-local avalanche effects are less
pronounced in this high voltage SiGe-HBT than in the high-speed QUBiC4X SiGe-HBT.
This will be discussed further in Section 4.7. Model verification results corresponding to
a very high voltage device technology will be presented in the next subsection.

4.6.3 Results corresponding to a very high voltage SiGe-HBT

After observing from the previous model verification results (both for Si and SiGe indus-
trial bipolar transistors) that the extracted parameter values for the relaxation length (λe )
and its temperature coefficient (Aλe ) agree pretty well withλe = 65.0 nm and Aλe =−0.90,
as published in [41] and [42, 43, 45], respectively, we decided to apply these values for
the simulations of our non-local avalanche model, corresponding to a very high voltage
(NPN) SiGe-HBT device. This device has got the emitter area AE ≈ 0.4 × 3.2 µm2 and
fT / fmax(VC E = 3V ) ≈ 19/60GHz at T = 25◦C. In this case, the non-local avalanche model
parameters (λe and Aλe ) are taken as material coefficients. Since this device does not
have a collector-substrate, the effect of device temperature (through self-heating) on the
measured electrical characteristics is significant. This was observed by a sharp increase
of the measured base current IB for high ambient temperatures (i.e., T > 100◦C), even
for the non-avalanche regime (i.e., very low VC B ). For this reason, we opted to ignore
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(a)

(b)

Figure 4.14: Measured (symbols) and simulated (curves) avalanche characteristics as a function of collec-
tor-base bias VC B and ambient temperature (i.e., T = 25,50,75,100, and 125◦C), here for very high voltage
(NPN) SiGe-HBT, for a fixed base-emitter voltage VBE = 0.65V. In figure (a), the temperature independent lo-
cal avalanche model parameters (i.e., Vavl and Wavl ) were optimized first at Ttgt = 25◦C, while in (b) they were
optimized first at Ttgt = 125◦C. The non-local avalanche model simulation results (solid curves) correspond
to standard parameter values published in semiconductor device literature, which yield good model fits with
the measured data, in contrast to the local model simulation results (dashed curves).
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the results corresponding to T = 125◦C in this model verification process. As in the pre-
vious subsections, we carried out the local and non-local avalanche model simulations,
against the measured avalanche characteristics, and the corresponding results are pre-
sented in Fig. 4.14.

From the results for the avalanche characteristics as presented in Fig. 4.14, devia-
tions between the best achievable results based on the local avalanche compact model
(dashed curves) and the measured results (symbols) can be clearly observed over the
weak avalanche region (i.e., VC B > 2.5V). On the other hand, good fits between the mea-
sured and simulated results using our non-local avalanche compact model (solid curves)
were achieved for the employed value of the relaxation length λe = 65.0 nm and its tem-
perature coefficient Aλe =−0.90.

Note that for this device, the extracted non-local avalanche model parameter values
are: λe = 68.26 nm and Aλe =−0.78, and they deviate a bit from the previous employed
values from semiconductor device literature. Hence indeed the parameter values are
poorly determined in this case.

4.6.4 Summary

In this section, we presented the verification results for the extended version of Mextram
model (Mextram with our new non-local avalanche compact model), using measured
data taken on present day modern industrial SiGe HBTs; with an emphasis on testing
the model fitting capabilities against the measured data. Here, the employed RF SiGe
HBTs are a high-speed QUBiC4X device [46], a high voltage device, and a very high volt-
age device. The extended version of Mextram model, was optimized against the mea-
sured avalanche characteristics. For comparison purposes, the standard Mextram local
avalanche model [4, 8] was also optimized against the same measured data.

From the measurement and model simulation results, deviations were observed be-
tween the measured data (symbols) and the simulated results of the local avalanche
model (dashed curves) as a function of temperature, for all employed devices. In con-
trast, good fits were achieved between the measured data and the simulated results of
our new non-local avalanche model (solid curves), as function of both bias and temper-
ature. In addition to the achieved good model fits with the measured data, the extracted
values for the non-local avalanche model parameters (i.e., λe and Aλe ) are related to the
published semiconductor device physics literature values (i.e., λe = 65.0 nm [41] and
Aλe =−0.90 [42, 43]). For the case of the very high voltage SiGe-HBT, these literature val-
ues for the non-local avalanche model parameters (now taken as material coefficients)
were employed in the non-local avalanche model simulations, good model fits to the
measured avalanche characteristics were achieved. This confirms further that λe and
Aλe are indeed material coefficients, thus published literature values suffice.

A comparison of the magnitude of the observed deviations between the measured
data (symbols) and the local avalanche model simulation results (dashed curves), showed
that non-local effects are more significant in the high-speed SiGe-HBT device than in the
high voltage SiGe-HBT devices or pure Si-BJT; this will be discussed in detail in the next
section.
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4.7 Magnitude of non-local avalanche effect in different
device types

By comparing the results in Fig. 4.6, for a pure QUBiC4+ Si-BJT with those in Fig. 4.12,
which correspond to a high speed QUBiC4X SiGe-HBT (over the weak avalanche regime),
we observe (from the dashed curves) that non-local avalanche effects are more signifi-
cant in the high speed SiGe-HBT device. Also, if we compare the results for the high speed
QUBiC4X SiGe-HBT device with those corresponding to the high voltage SiGe-HBT de-
vice (i.e., in Fig. 4.13) and very high voltage SiGe-HBT device (i.e., in Fig. 4.14), we again
see that non-local avalanche effects are more pronounced in the high speed QUBiC4X
SiGe-HBT device. This observed variation in the magnitude of the non-local avalanche
effects in relation to bipolar device technologies will be discussed in detail next, and we
will focus on SiGe-HBT devices.

From bipolar transistor device technology [23, 34, 52, 54–57], the doping concentra-
tion of the collector epilayer (Nepi) in relation to the base doping concentration, plays
a significant role in the classification of bipolar transistors as high speed or (very) high
voltage devices. In this, high speed bipolar devices have a highly doped (thin) epilayer,
while high voltage devices have a low doped (thick) epilayer. Here we assume that the
transistor operates in forward normal operation [44] (VBE is taken moderate to minimize
high current effects), with the emitter more highly doped than the base and the collector
epilayer. The epilayer doping concentration directly affects the magnitude of the elec-
tric field E(x) across the base-collector depletion region. This dependence of the electric
field on the epilayer doping (for uniform Nepi) is described by Poisson’s equation [52] (for
a mono-junction due to the high doped (SiGe) base) in the presence of charges

dE(x)

d x
= qe

ε
Nepi

(
1− Iepi

Ihc

)
, (4.27)

where Ihc = qe Aem Nepivsat is the hot-carrier collector current. This relation shows that
the gradient of E(x) is directly proportional to Nepi, which means that high-speed bipolar
devices such as QUBiC4X (with high Nepi) have higher magnitudes of the field gradient
dE(x)/d x in comparison to the high voltage devices (with low Nepi). Hence, high speed
devices have a more narrow sharply-peaked electric field distribution (whose maximum
value is located within the collector-base depletion region) in comparison to the high
voltage devices [42], with a wider electric field distribution. In addition, since high speed
bipolar devices have a high doped epilayer in comparison to the high voltage devices, at
a given value of the collector-base junction bias, the epilayer of such high speed devices
will be less depleted than that of high voltage devices [7]. Hence, in high voltage devices,
the distance which the charge carriers (electrons) can travel so as to gain enough/steady
energy to cause impact ionization is relatively small in comparison to the available col-
lector-base junction depletion width. This means that carriers travel a considerable dis-
tance within the depletion region with the new steady kinetic energy capable of causing
impact-ionization. Therefore, the non-local avalanche effects in such devices, behaves
to a large extent as local avalanche effects. This is in contrast to high-speed devices with
narrow depletion width, since the energy relaxation length λe is comparable to the avail-
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able collector-base junction depletion width [9]. This implies that before impact-ioniza-
tion starts, a considerable portion of the depletion width has been covered by the in-
cident charge carriers [42], thus resulting into ‘partial’ impact-ionization. This makes
non-local avalanche effects to be more significant in such high-speed (highly scaled)
bipolar devices. Though the magnitude of non-local effect differ with device technol-
ogy, our experimental assessment has shown it to be significant in all of them, and the
new non-local avalanche compact model can sufficiently address such effect in different
device technologies, both as a function of bias and temperature.

4.8 Summary

In this chapter, we presented an extensive experimental assessment of the significant
and relevant physical mechanisms that are present in the weak collector-base break-
down regime of present day Si/SiGe industrial bipolar transistors, and do affect the ter-
minal characteristics (i.e., lead to discrepancies between the measured and simulated
family of characteristics as a function of bias and temperature). For this, we adopted a
more ambitious model verification procedure of the extended version of Mextram, in a
way that not only do we demonstrate the adequate model fitting capabilities in relation
to the measured avalanche characteristics, but also show that our model actually cap-
tures the presupposed underlaying semiconductor device physics. By employing Mex-
tram’s extensive capabilities and dedicated parameter extraction process, we were able
to take into account all other relevant physical effects that are significant in the weak
avalanche regime, and affect the observed terminal characteristics. These were taken
into account by considering the fact that the measured characteristics over tempera-
ture in the weak avalanche regime are also significantly affected by other temperature
effects, through device self-heating; thus the need for adequate extraction of the ther-
mal resistance RTH [5] for each employed device. Using measured data in the same weak
breakdown regime, a good estimated for RTH was achieved by employing the method
discussed in Chapter 2, this was used to address self-heating effect. One of these phys-
ical mechanisms we exhaustively discussed (and demonstrated), is the temperature de-
pendence of the collector current through the Early effect, which was addressed via an
independent extraction of the temperature model parameter corresponding to the zero-
bias neutral base charge [8]. We also demonstrated the significance of self-heating effect
on the measured characteristics in the weak collector-base breakdown regime, even for
lower VBE bias conditions, and thus the need to take such physical effect into account.

We showed that once all relevant and significant physical mechanisms in the weak
collector-base breakdown regime are adequately taken into account, then the Mextram
model extended with our new non-local avalanche compact model can accurately re-
produce Si-BJT and SiGe-HBT weak avalanche characteristics as a function of both bias
and temperature. The extended model also yields values for model parameters λe and
Aλe , which are in agreements with the published semiconductor device physics values
e.g., [41, 42]. Hence, a strong support for our claim that our model actually captures the
presupposed underlying device physics. This confirms both the adequacy and validity
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of the physical basis of our model formulation. We note that in most available literature
e.g. [9, 10], avalanche measured data is normally represented in form of plots for multi-
plication factor (Mn −1), tacitly based on the assumption that avalanche indeed is the
only significant mechanism in the regime it dominates. As we shown in this chapter, this
is not always true as other significant physical effects are present in the weak avalanche
regime, and these must be taken into account in present day industrial bipolar devices if
one is to achieve good model fits to the measured data and physical model parameters.
Though most of the relevant and significant physical mechanisms have been addressed
in literature, they cannot be used individually to address the earlier observed deviations
between the measured and simulated family of characteristics in the weak avalanche
regime. As we demonstrated in this chapter, they must all (collectively) be taken into
account if one is to achieve accurate compact model simulation results as a function of
both bias and temperature.
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5
Conclusions and
Recommendations

In this thesis, we carried out a study and analysis of the significant and relevant phys-
ical mechanisms in present day Si/SiGe bipolar transistors that cause the deviations
between the measured and simulated family of characteristics in the weak collector-
base breakdown regime. We developed a physics-based extended version of the Mex-
tram model that takes non-local avalanche effects and their temperature dependencies
into account; which is aimed at resolving the model fitting issues in weak breakdown
regime, over bias and temperature. The relevant physical effects virtually depend on
temperature, and device self-heating takes the central role here; this is addressed using
an improved method developed in this thesis that accurately estimates the device ther-
mal resistance from the same measured characteristics in the weak collector-base break-
down regime. Other relevant physical mechanisms that interfere in the weak breakdown
regime, were adequately addressed through application of the physical formulation and
corresponding temperature scaling rules of the Mextram compact model. We demon-
strated that the weak breakdown characteristics are not just the classical local/non-lo-
cal avalanche characteristics, but there is more to it through these interfering physi-
cal effects. With these effects adequately addressed, we showed that indeed non-local
avalanche is responsible for the deviations between the measured and simulated char-
acteristics over the weak avalanche regime; when carefully taken into account, good fits
are achieved for different present day industrial Si and SiGe bipolar transistors. Also the
extended model formulation preserves the original carefully chosen presupposed un-
derlying semiconductor device physics. Conclusions from each thesis chapter will be
presented in this chapter. Specific recommendations for potential future work will be
summarized as well in the second section of this chapter.
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5.1 Conclusions

Extraction method of the base and thermal resistance of bipolar
transistors

The resistance RB and thermal resistance RT H , play a crucial role both in characteriza-
tion and for compact modeling of present day bipolar transistors. Therefore, extraction
methods are needed to accurately determine their values for a wide range of bipolar
technologies. We presented in Chapter 2 a method to extract both the base resistance
(RB ) and the thermal resistance (RT H ) of Si and SiGe bipolar transistors, from the weak
collector-base breakdown characteristics which are used also in the other chapters of
the thesis. Our approach extends the category of methods [1, 2] that utilizes the fixed
emitter current conditions to distinguish between emitter and base resistance; which
are known [3, 4] to pose a fundamental difficulty in DC-methods that explore the nor-
mal forward bias regime. The key idea is to measure the differentials in the external
base-emitter voltage while forcing a constant emitter current, which ensures that the
voltage drop across the emitter resistance is constant, hence zero for constant RE .

Since methods in this category [1, 2] employees the weak collector-base breakdown
characteristics to vary the base current independently of the emitter current, then the
differentials in internal base-emitter voltage with respect to the collector-base voltage,
would strongly be affected by Early effect and self-heating. These two effects were con-
sistently accounted for by our extraction method so as to arrive to accurate extraction of
both base and thermal resistance. The method includes an experimental identification
of its regime of applicability, i.e., an experimental check on the validity of the presup-
posed underlying assumptions; with three suggested approaches that can be employed.
Since violation of the employed assumptions has observable consequences, the input
data for the extracted method must be selected from this regime of applicability.

The extraction method was demonstrated on DC-measured data taken on a modern
RF SiGe-HBT, and the corresponding RB and RT H values were extracted. From these re-
sults, the presupposed underlying assumptions were verified. We compared extracted
results for RB and RT H from our method, with corresponding results from other inde-
pendent DC- and AC-methods. Among these methods, is the DC-method proposed by
Vanhoucke and Hurkx [2], which estimates both RB and RT H by considering the change
of the internal base-emitter voltage (VBEi ) due to self-heating, while it ignores the in-
fluence of collector-base Early effect on VBEi . For a fixed constant emitter current, this
method yields the same extracted RB value as the method presented in this work (since
they both take self-heating effect into account), while the method in [2] yields the ex-
tracted value of RT H that is at least 10% larger than that from our extraction method.
This observed difference in RT H value can directly be related to the ignored influence of
Early effect (in the method proposed in [2]), which leads to an underestimation of the
collector current and thus the device dissipated power [5–8], this results into an over-
estimation of the device thermal resistance. These results were also confirmed by the
self-consistency check process, where Mextram model [9] simulation results were used
as input data for our extraction method. Results from Mextram’s operating point infor-
mation (OP-info), which takes into account self-heating effect on the model parameters,
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are treated as the known exact values of RB and RT H , thus compared with the extracted
results from our method and those from the method proposed in [2]. The deviations be-
tween the value of RT H from the OP-info and that from the method we presented in this
work is ≈ 0.9%, while that with the method proposed in [2] is ≈ 16.0%. This shows that
our proposed extraction method yield more accurate extracted results of RT H in com-
parison to the method proposed in [2]; which is the key result from the improvements
provided by the method in this work. A deviation of less than 2.0% was observed be-
tween the OP-info value of RB and that extracted from our proposed method (which is
the same as that for the method proposed in [2]).

The extraction method for RB and RT H presented in this work is local in bias- and
temperature space: measured data involved for a single parameter extraction includes
only small variations in emitter-base bias conditions and temperature. With respect to
collector-base biasing, only a traverse of the weak avalanche regime is involved. This
enables parameter extraction as a function of bias and temperature. The method is also
local in device space: it is directly applicable to individual bipolar transistors; no addi-
tional (DC-) test structures are needed. This makes the method cost efficient e.g., with
respect to parameter extraction as a function of geometry. We note that, extracted results
for the thermal resistance RT H from this method were used in Chapter 4 of this thesis to
address self-heating effects on the measured electrical characteristics that significantly
interfere in the weak avalanche regime of present day Si/SiGe bipolar transistors.

Compact model for non-local avalanche effect in bipolar transistors

Following a literature survey to find out the actual relevant and significant physical mech-
anisms in present days Si BJT’s and SiGe HBT’s that cause the deviations between the
measured family of breakdown characteristics and their simulated counterparts, we de-
veloped a physics based compact model for non-local weak avalanche in bipolar tran-
sistors. The physical background of this model is the approximate energy balance equa-
tion [10] and Chynoweth’s empirical law [11] for impact-ionization. The resulting ex-
pression for the impact-ionization as a function of electron temperature, turns out to be
a sharply peaked function about the maximum positions, for any realistic regime of pa-
rameters as valid for conditions in the collector region of bipolar transistors. To enable
integration of such sharply peaked functions, we developed a method which is based on
the Taylor series expansion of the integral in terms of the width of the peak. We employed
this method to derive an approximate expression for the integral of the impact-ioniza-
tion rate (as a function of the electron temperature) over the width of the collector-epi-
layer, i.e., the approximate expression for the multiplication factor (Mn −1); whose mul-
tiplication with the collector current, yielded the non-local avalanche current Iavl. The
resulting formulation is explicit in nature and in terms of elementary functions, so it can
be readily implemented in existing complete compact bipolar transistor models, such as
Mextram [12], whenever the model provides an explicit relation for the electric field. We
took into account the temperature dependence of the new introduced physical parame-
ter, i.e., the relaxation length λe , and this provide possible means to compare the model
parameters to the earlier published literature values. The introduced new parameter is
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the temperature coefficient Aλe . Thus, only two new non-local avalanche model param-
eters were introduced, and these correspond to independent material coefficients, so
that their values can be compared to values independently published in semiconductor
device literature.

For purposes of implementation in a complete compact transistor model, like Mex-
tram [9] and to enable practical applications, the approximate expression for the multi-
plication factor (Mn −1) was modified further, in order to take into account cases where
it becomes subject to evaluation for parameter and bias values outside its range of phys-
ical validity, for example during automated parameter optimization procedures. The
resulting expression is globally robust, in a way that it preserves the accuracy of the
original formulation for the low and intermediate collector currents, but suppresses the
avalanche current in the high current limit. For the case of Mextram 504 [12] bipolar
transistor model, the existing formulation for the local electric field is used to define
the non-local model input field value at the maximum position. The multiplication fac-
tor (Mn −1) corresponds to the Mextram model variable for the generation factor GE M

[12], while other quantities correspond to existing Mextram model parameters or model
constants [13]; in fact, as we have demonstrated, their values can be directly obtained
from independent published literature. Therefore, this new physics-based non-local
avalanche compact model can easily be implemented in the standard Mextram compact
model (yielding an extended version of Mextram model), to enable accurate simulation
of non-local avalanche effects and their temperature dependencies in present day in-
dustrial bipolar transistors. This extended version of Mextram, can possibly be used to
resolve the misfits (demonstrated in the introduction chapter of the thesis) between the
measured and simulated family of characteristics in the weak collector-base breakdown
regime. Note that this extended version of Mextram is kept as closely as possible to the
carefully chosen semiconductor device physics, such that the values for new introduced
model parameters can easily be related to the available device physics.

Assessment of the physical mechanisms in the weak collector-base
breakdown regime

Using the derived physics based extended version of the Mextram compact model, in
Chapter 4 we carried out an experimental assessment of the relevant and significant
physical mechanisms in the weak collector-base breakdown regime of present day Si
BJTs and SiGe HBTs that cause the deviations between the measured and simulated char-
acteristics. For this, we adopted a model verification ambition of not only verifying the
fitting capability regarding the targeted characteristics, but also demonstrating that our
model actually captures the presupposed underlaying semiconductor device physics.
With this latter goal being achieved by showing that the extracted values for the two new
model parameters (the relaxation length λe and its temperature coefficient Aλe ) corre-
spond to values that have been previously published from independent sources; which
generally requires estimation of the accuracy of the extracted values for these parame-
ters.

Employing the extended version of the Mextram model together with the measured
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data taken on present day industrial bipolar devices, we demonstrated that the break-
down characteristics in the weak avalanche regime are actually not just the classical
local/non-local avalanche characteristics, but other physical mechanisms are also sig-
nificant in this regime, and affect the terminal characteristics. These interfering physical
mechanisms must be adequately addressed in order achieve good model fits to the mea-
sured characteristics and physical values of λe and Aλe . The presence of these effects
limits the traditional approach of plotting the breakdown characteristics in terms of the
multiplication factor (Mn −1), which is generally based on prejudice of only avalanche
being the significant mechanism in this regime it dominates. The fact that these physical
effects are coupled and virtually depend on temperature, (a) makes parameter extraction
so challenging and (b) device self-heating becomes important due to scaling and device
isolation technologies in modern RF-devices. Though self-heating is a simple concept,
an experimental determination of the thermal resistance (RT H ) is a generally recognized
challenge. By using the measured characteristics in the same weak breakdown regime
together with the extraction method presented in Chapter 2, a good estimate for RT H

was determined. With this value for RT H , the effect of self-heating on the measured
electrical characteristics that significantly interfere in the weak avalanche regime was
addressed. Among other significant effects that were taken into account is the tempera-
ture dependence of the collector current through the Early effect. This was addressed in-
dependently of the avalanche effects by determining the temperature coefficient for the
zero bias neutral base charge in the non-avalanche regime. Generally these physical ef-
fects were distinguishable, and thus accounted for independently of the weak avalanche
effects.

With these interfering physical effects/mechanisms adequately taken into account,
we demonstrated that non-local avalanche is indeed responsible for the deviations be-
tween the measured and simulated family of characteristics in the weak collector-base
breakdown regime, for present day bipolar devices. This was achieved by showing that
the extended version of the Mextram model (with our new non-local avalanche com-
pact model) can accurately reproduce Si-BJT and SiGe-HBT weak collector-base charac-
teristics as a function of both bias and temperature, for all employed industrial bipolar
transistors (corresponding to different transistor technologies). The physical content of
our extended model (i.e., the model captures the presupposed underlying physics) was
verified using measured data taken on a pure Si-BJT, as this choice avoids SiGe-specific
interfering effects. This required an estimation of the accuracy of the extracted values
for the new model parameters λe and Aλe . Our model produced results for values of λe

and Aλe , that correspond to within approximately 10% to independently published liter-
ature values for these parameters; which confirms both the adequacy and validity of the
physical basis of the model formulation.

Therefore, in the weak collector-base breakdown regime, a number of coupled phys-
ical mechanisms other than avalanche are present and they play a key role in the de-
viations between the measured and simulated family of characteristics in this regime.
Avalanche alone as portrayed in literature is not sufficient to address such deviations.
The family of these coupled physical effects must all be adequately addressed in order
to enable accurate simulation of the measured characteristics; this also enables the ex-
tended model to preserve its carefully chosen underlying device physics. In practical
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applications of our model formulation for non-local avalanche, no parameter extraction
should be needed to find the added non-local avalanche parameters; known material co-
efficients from independently published semiconductor device literature should suffice.
Moreover, once our new non-local avalanche model would be available in any complete
transistor model (for our case the extended version of Mextram), the fact that one can
rely on its physical basis and known parameter values may assist in extraction or verifica-
tion of model parameters representing other effects (e.g., the temperature dependence
of the Early effect), that interfere in the weak collector-base breakdown regime.

5.2 Recommendations for future work

Generalization of the RB and RT H extraction method

In chapter 2, we presented an extraction method for both the base resistance RB and
thermal resistance RT H of bipolar junction transistor from the DC-measurements. One
of the key assumptions applied in the derivation of this extraction method is that the de-
vice Early voltage VA is much greater than the applied base-collector voltage (VC B ). This
assumptions limits the application of this extraction method to bipolar devices with very
low Early voltages . Such devices in this category may include ultra high-speed SiGe-HBT
devices, with relatively high epilayer dopping in relation to the base dopping concentra-
tion [5, 14]. Due to the high doping across the base-collector junction, the Early voltage
of such devices will tremendously reduce [7, 15, 16]. Our proposed extraction method,
need to be modified in order to enable its applications on such devices with low Early
voltages. Attempts to achieve this was taken [17], where we relaxed the assumption of
VA ÀVC B . In this we reformulated relation (2.20) as

Y = [RB +αT RT H ] (VC B +V eff
A ) , (5.1)

where

Y =−
[

dVBE

d IC
+ VT

IC

(
VA +VC B

V eff
A

−1

)]
. (5.2)

Here we see that Y contains the Early voltage (VA) and the thermal voltage (VT ). Using
(5.1), we define an improved extraction procedure for RB and RT H in a way similar to
that described at the end of Section 2.2. First, we determine the extraction region from
the DC-measurements taken at a sequence of constant emitter currents (IE ) as described
in Section 2.3, and the input data is taken from this region of validity. In this extraction
region, the intercept on the vertical axis of the plot of Y as a function of (VC B +V eff

A ) gives
the extracted RB and the corresponding slope (STOTnew ) is equivalent to αT RT H ; where
αT =−dVBE /dT is determined as described in Section 2.3.
In order to determine Y (assuming small local temperature variations), the Early voltage
VA need to be determined first. This means that another extraction method for VA is
needed. There are various methods published in literature that can be used to extract
the bias dependent VA such as those published in [1, 18]. Note that, in this generalized
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extraction method, the accuracy of the extracted VA for a given bipolar transistor will
affect that of the extracted RB and RT H .

To study the limitations of this method, we need to use measurement data taken on
real bipolar devices with very low Early voltage. Similar experimental verification steps
as those employed in Chapter 2 can still be employed here as well, but requires the mea-
sured data taken on the real low VA device. These devices were not accessible during the
time of this extraction method development, thus we were unable to carry out a demon-
stration of this generalized method on real experimental data. This can be done in the
future once the necessary measurement data becomes available. We believe that this
will provide a key step in analyzing the application limits for this proposed extraction
method, as well as a room for further improvements of this method.

Verification of the non-local avalanche model in high current regime

A physics base compact model for non-local avalanche effects in present day Si/SiGe
bipolar transistors was derived in Chapter 3 of this thesis. As this compact expression is
globally robust, it can also be applied on non-local avalanche model simulations corre-
sponding to flat-field current regimes. It was demonstrated extensively in [19, 20] that
through the small-signal admittance parameters (Y-parameters), the effect of avalanche
on the various characteristics in the high current regime can be studied. Using the real
part of the Y12 admittance parameter, i.e., Re(Y12) the effect of avalanche on different
characteristics such as the unit power gain GU can be analyzed. From the small signal
circuit, Re(Y12) =−gπ, the conductance in the base-collector junction due to avalanche.
Note that the imaginary part of Y12, gives the collector-base depletion capacitance. Since
Re(Y12) =−gπ, it suggests that we in practice -Re(Y12) might be an observable suitable to
quantify and study avalanche in the small signal AC regime of transistor operation. Using
a small signal equivalent circuit of a full compact model for bipolar transistors e.g., Mex-
tram model [12, 21], in combination with the two-port network circuit representation in
common-emitter configuration, we obtain

−Re(Y12) = gπ+O(ω2), (5.3)

where ω = 2π f is the angular frequency. Here O(ω2) denotes the additional terms of at
least second order in ω [21]; which represents effects from parasitic resistances and ca-
pacitances (in combination with other model quantities like transconductance). Note
that the effects of parasitics on Re(Y12) are of second order as a function of frequency,
as opposed to, e.g., the first order contribution of the collector-base capacitances to the
Im(Y12) [19]. On basis of this observation, it can be expected that, if the measurements
are to be taken at sufficiently low frequencies and sufficiently high output bias voltages,
the real part of Y12 is going to be dominated by the avalanche conductance gπ [19]. But
at sufficiently high frequencies, the O(ω2) parasitic terms will dominate −Re(Y12). In [20]
an experimental verification of avalanche effect in the AC-regime was demonstrated us-
ing the Mextram’s standard local avalanche model [9, 22, 23]. The qualitative behavior
of the real part of Y12 admittance parameter as a function of frequency and bias con-
ditions, as described earlier, was clearly observed in the measured data that was taken
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on real industrial SiGe HBTs. As discussed previously we observed the impact of weak
avalanche on Re(Y12) under conditions of collector current at about the peak cut-off fre-
quency fT . In this regime, the interpretation of data is not much hampered by other
high current effects (e.g., base push out and current spreading [24]); avalanche can be
observed in Re(Y12), analogous to current modulation effects in the intrinsic collector-
base capacitance, which can be observed in Im(Y12). From the simulation results, the
effect of non-local avalanche on the various AC-characteristics was clearly observable,
and our non-local avalanche model showed fitting capabilities to the relevant AC-char-
acteristics. But since the major goal is to study the temperature dependence of avalanche
current; this non-local avalanche model need to be verified on the relevant AC-charac-
teristics measured at a range of temperatures. Since the original physics based non-local
avalanche model i.e., (3.26) was comprised in order to achieve a counterpart that is rel-
evant for complete standard compact models i.e., (3.30), the major goal would now be
to verify the fitting capabilities of the non-local avalanche model against the measured
AC-characteristics. Similar to the verifications in Chapter 4, AC-measurements taken in
different industrial bipolar devices can be used; this will help to study the robustness of
the model in terms of device technologies.

Using the known non-local avalanche model parameter values to
extraction or verify model parameters for other physical effects

In Chapter 4, we verified that the non-local avalanche compact model presented in this
work, sufficiently captures the presupposed underlying semiconductor device physics.
This was achieved by demonstrating that the extracted values for the non-local avalanche
model parameters λe and Aλe are in good agreement with the independently published
literature values, i.e., λe = 65 nm [10] and Aλe = −0.90 [25–27]. Thus no parameter ex-
traction for these non-local avalanche model parameters is needed, these known mate-
rial coefficient values should suffice. This paves the way for employing these material
coefficients together with the physical basis of the model in the extraction or verifica-
tion of model parameters representing other physical effects that interfere in the weak
avalanche regime. In this, once the new non-local avalanche is incorporated in a com-
plete compact transistor model, then these two non-local avalanche model parameters
can be fixed to the known material coefficients from the published literature, and then
other model parameters representing the interfering physical effects, as discussed in
Section 4.3 can be extracted. By incorporating the non-local avalanche compact model
into a full compact bipolar transistor model, and then fixing λe and Aλe to the known
material coefficients, it should be possible achieve more physical model parameters for
such physical interfering effects, and thus enable verification of model on the presup-
posed underlying physics.

Extension of the non-local avalanche compact model

During our derivation of the non-local avalanche compact model, we followed the most
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employed trend of compact models, i.e., the avalanche current being limited to weak
avalanche regime. This weak avalanche formulation assumes that the generated car-
riers due to impact-ionization do not generate extra charge carriers, i.e., no avalanch-
ing. In practical applications, this assumption is not always valid and in some cases, the
proposed weak avalanche based compact models fail to capture the targeted avalanche
characteristics. In some cases, such characteristics can be captured at the expense of
the physical nature of the relevant model parameters; which generally affects the over-
all compact model fitting capabilities. But due to the fact that the non-local avalanche
model we presented in this work captures the presupposed underlying physics, it pro-
vides a foundation for further device-physics-based development of model in direc-
tions of strong avalanche regime. This can possibly be done by including the secondary
ionization in the model for avalanche current, that is neglected in the weak avalanche
model.
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A
Functions used for the non-local
avalanche compact model

A.1 Integration of a Gaussian function

An illustrative demonstration of the practical application of expression (3.24) and of the
key role of the coefficient γ f would be the application of (3.24) to compute the integral
of the Gaussian function, defined by

f A,β(x) = A exp

(
− x2

2σ2

)
, (A.1)

where A and σ (standard deviation) are parameters. A natural choice for the central
point s in this case is the position of the maximum of this function, which is at x = 0. The
corresponding values for f A,β(x) and its spatial derivatives at s = 0 are:

f A,β(0) = A, f
′
A,β(0) = 0, f

′′
A,β(0) =−A, f

′′′
A,β(0) = 0, f

′′′′
A,β(0) = 3A

σ2 . (A.2)

Substitution of (A.2) into (3.24) and simplifying further, leads to an approximate expres-
sion ∫ ∞

−∞
fβ(x)d x ≈ 2

√
2

3
Aγ f σ . (A.3)

The right hand side (RHS) of (A.3) in this case takes the form of the exact expression for
the integral of the Gaussian function (A.1), for all values of parameters A and σ, when
we choose γ f = p

3π/2. This value for γ f is indeed a constant real value that does not
depend on the parameters A and σ.
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A.2 Smooth bounded functions

For the case of standard compact model formulations, smoothly bounded functions are
usually employed in order to find a smooth transition between the two asymptotes of
a given function. This is vital to enable convergence of the employed model (mostly
near the point of discontinuity), during the compact model simulation process. Such
functions have got the following properties

f (x) =
{ 0, for x < 0,

x, for x > 0,
(A.4)

and for compact modeling, a smooth transition between the two asymptotes is required.
The commonly used functions are hyperbolic functions of the form [1]

f (x) = 1

2

(
x +

√
x2 +4ε2

)
, (A.5)

which is plotted in Fig. A.1; indeed this function describes a hyperbole. As can be seen

Figure A.1: The hyperbole function f (x) as defined by relation (A.5) and the corresponding asymptotes for
different values of ε.

from Fig. A.1, around x = 0, the function (A.5) does not converge very fast to the asymp-
totes. In this, other functions some of which are presented in [1], can be employed. For
the work in this thesis (i.e., in Chapter 3 and Chapter 4), we used the smooth bounded
functions of the form

f (x) =


x0 +ε ln

[
1+exp

( x−x0
ε

)]
, for x < x0,

x +ε ln
[

1+exp
(−(x−x0)

ε

)]
, for x > x0,

(A.6)
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Figure A.2: The hyperbole function f (x) as defined by relation (A.6) and the corresponding asymptotes for
different values of ε.

which is plotted in Fig. A.2, for arbitrary values of ε and x0 = 0.001. We can see that this
function indeed describes a hyperbole and provides a smooth transition between the
asymptotes. Such functions have been implemented in the standard Mextram compact
model [1, 2].

For the work in Section 3.3, x0 = −0.5Bn(T ), which is the lower limiting value from
the square root function of equation (3.30). The constant ε≈VDC/Wavl, where VDC is the
collector-base diffusion voltage (a Mextram model parameter). The variable x = Eavl,
where Eavl is defined by equation (3.31). Then from (A.6), the function f (x) = Ẽavl, the
smoothly bounded function used in equation (3.30).
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Summary

With the current increasing demand for faster and more reliable communication and
computing electronic devices such as faster wireless communication networks, circuit
designers are forced to carry out device optimization in order to achieve the maximum
possible performance. To enable full circuit optimization, designers depend on com-
pact models for the different circuit elements; this means that the compact models for
the individual elements need to be accurate and reliable in order to achieve the best
possible performance under different bias and temperature conditions. For present day
RF bipolar transistors, there is a tradeoff between device speed and breakdown voltage,
i.e., faster devices have got a lower breakdown voltage; this imposes a great difficulty in
devices such as power amplifiers, which require both high currents and voltages. For
this, circuit designers are forced to explore device operation beyond certain breakdown
voltages. Thus, the need for reliable compact models that can be used to accurately sim-
ulate the transistor characteristics in the breakdown regime under different operation
conditions.

This thesis addresses the physical mechanisms that are relevant and significant to
breakdown characteristics of present day industrial Si BJT’s and SiGe HBT’s. As is demon-
strated in the thesis, the standard Mextram model version 504.10, for example, actually
is not capable of accurately simulating characteristics in the weak collector-base break-
down regime as a function of both bias and temperature, even though all appropriate
temperature scaling rules, well established as they have been in the past for previous
generations of semiconductor technology, appear to have been applied. This thesis anal-
yses and resolves this inadequacy of Mextram. With respect to the physics involved, the
key questions are: what are the mechanisms in this regime responsible for these misfits
and how can they be addressed in order to achieve accurate model simulations? Ad-
dressing these questions formed the goal of this thesis. Between the introduction to the
thesis provided in Chapter 1, and the overview of the conclusions and potential future
prospects presented in Chapter 5, the thesis progresses as follows.

In Chapter 2 an extraction method for base resistance (RB ) and thermal resistance
(RT H ) of Si/SiGe bipolar transistors is presented. This method uses the measurements of
the transistor characteristics in the weak collector-base breakdown regime, to accurately
determine RB and RT H , by consistently accounting for the influence of self-heating and
Early effect on the internal base-emitter voltage. Generally this method extends the cat-
egory of the methods that utilizes the weak collector-base avalanche current to vary the
base and collector currents independently of the emitter current, while eliminating volt-
age fluctuations across the emitter resistance by enforcing a fixed emitter current. The
method was demonstrated on measured data taken on present day RF SiGe HBT’s, and
the corresponding results were compared with those from other earlier published extrac-
tion methods. By using the simulated data of the standard Mextram compact model as
the input data of the method (instead of the measured data), we carried out a self-con-
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sistency check of the method; from the corresponding results, our extraction method
yielded more accurate values for RT H than the earlier proposed methods. The RT H from
this method is used later in Chapter 4 to take into account the influence of self-heating
on the electrical characteristics in this weak collector-base breakdown regime.

In Chapter 3, an extended review of the relevant and significant physical mechanisms
that are responsible for the deviations between the measured family of weak breakdown
characteristics and their simulated counterparts, as a function of both bias and temper-
ature is carried out. Firstly, an extensive review of the physical mechanisms addressed
by the Mextram compact model is undertaken. Secondly, a development of a physics-
based compact model formulation of non-local avalanche effects in bipolar transistors
and their temperature dependencies is carried out. The physical basis of this non-local
avalanche model is the approximate energy balance equation and Chynoweth’s empiri-
cal law for impact-ionization. The ionization coefficient (α) as a function of the electron
temperature, turned out to be a sharped peaked function about the maximum position.
The approximate expression for the multiplication factor (Mn −1) is attained by Taylor
series expansion of the integral of α over epilayer width, in terms of the relative width
of the function peak. With only two new model parameters, the final expression for the
weak avalanche current turned out to be explicit in nature and in terms of elementary
function, so it could easily be implemented in existing full compact bipolar transistor
models. A compact formulation suitable for industrial applications of this non-local
avalanche model was also derived and it accurately approximates the original formu-
lation for low and intermediate collector currents, but it suppress the avalanche current
for high collector currents. Using the existing Mextram model electric field distribution,
the Mextram model was extended with the new non-local avalanche model; the resulting
extended version of Mextram is physical in nature with only two new introduced model
parameters, i.e., the relaxation length and its temperature coefficient. This extended
model version is used to assess the relevant and significant physical mechanisms in the
weak collector-base breakdown regime.

Chapter 4 is devoted to an experimental assessment of the family of weak collector-
base breakdown characteristics by employing the physical extended version of the Mex-
tram model (with included the non-local avalanche compact model) derived in Chapter
3. Using the measurement data taken on present day Si/SiGe industrial bipolar transis-
tors, we demonstrate that these observed breakdown characteristics are actually not just
classical local/non-local avalanche characteristics as portrayed in most published liter-
ature, but other physical mechanisms are significant as well in this breakdown regime.
We showed that these physical effects can actually be distinguished, and thus taken into
account independently of avalanche effects. Here, we took advantage of the well de-
veloped physical basis of the Mextram compact model in addressing these effects, to-
gether with our extraction method for RT H developed in Chapter 2 to address self-heat-
ing effects on the measured electrical characteristics that significantly interfere in the
weak collector-base breakdown regime. With these interfering physical effects well ad-
dressed, we demonstrated that the avalanche mechanism responsible for the deviations
between the measured and simulated breakdown characteristics is non-local avalanche
indeed, and with non-local effects adequately taken into account, accurate model fits
to the measured characteristics taken on present day industrial Si/SiGe bipolar transis-
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tors are achieved as a function of both bias and temperature. Also with these physical
effects adequately taken into account, the developed model (Mextram extended with
our new non-local avalanche compact model) actually captures the presupposed un-
derlying semiconductor device physics. Here, our extracted values for the electron en-
ergy relaxation length and its temperature coefficient, in actual industrial bipolar devices
under normal forward bias conditions, are in agreement with earlier independent pub-
lished values for these material coefficients. Though the relevant and significant physical
mechanisms in the weak collector-base breakdown regime, each separately, have already
been published in semiconductor device literature, and while most of them have been
adopted in standard compact models for bipolar transistors, these effects cannot be used
individually to address the deviations between the measured and simulated family of
characteristics in this regime. All of them must be jointly taken into account in order to
achieve accurate simulation of the characteristics in this breakdown regime; this is well
demonstrated and verified in Chapter 4.

Since the derived extended version of Mextram model is physical in nature, and the
new model parameters are indeed material coefficients, with parameter values already
available in published semiconductor device literature, the new compact model can be
used to extract or verify model parameters representing other physical effects that inter-
fere in the weak collector-base breakdown regime. Also the physical basis of the model
can form a foundation for extension of the model to strong avalanche breakdown regime.



Samenvatting

Door de huidige, toenemende vraag naar snellere en meer betrouwbare elektronische
apparaten voor communicatie en informatieverwerking, zoals snellere draadloze com-
municatie-netwerken, worden circuit ontwerpers gedwongen het uiterste uit elektroni-
sche componenten te halen. Voor volledige optimalisatie van circuits zijn ontwerpers
afhankelijk van compacte modellen voor de verschillende circuit elementen. Opdat ont-
werpers de beste prestaties kunnen realiseren onder uiteenlopende omstandigheden
wat betreft temperaturen en elektrische randvoorwaarden dienen compacte modellen
voor de individuele circuit elementen nauwkeurig en betrouwbaar te zijn. De huidige
hoogfrequent (RF) bipolaire transistoren weerspiegelen typisch een compromis tussen
snelheid en doorslagspanning; dat wil zeggen, snellere transistoren hebben een lage-
re doorslagspanning. Dit impliceert aanzienlijke moeilijkheden met betrekking tot bij-
voorbeeld vermogensversterkers, in welke immers zowel grote stroomsterkten als hoge
spanningen optreden. Door deze context zijn circuit ontwerpers gedwongen om compo-
nenten te laten werken bij spanningen die groter zijn dan sommige doorslagspanningen.
Hieruit komt de behoefte voort aan betrouwbare compacte modellen die kunnen wor-
den ingezet om de karakteristieken van transistoren te simuleren in het doorslagregime,
en zulks onder uiteenlopende omstandigheden.

Deze dissertatie bestudeert de fysische mechanismen die relevant en significant zijn
met betrekking tot de doorslagkarakteristieken van huidige industriële silicium (Si) bi-
polaire transistoren (BJT’s) en silicium-germanium (SiGe) heterojunctie bipolaire tran-
sistoren (HBT’s). Zoals wordt gedemonstreerd in de dissertatie is bijvoorbeeld het stan-
daard Mextram model, versie 504.10, niet in staat om nauwkeurig karakteristieken te
simuleren, als functie van elektrische randvoorwaarden en temperatuur, in het zwakke
collector-basis doorslagregime. Dit ondanks het feit dat alle van toepassing zijnde tem-
peratuurschalingsregels in Mextram lijken te worden toegepast, terwijl die regels in het
verleden toch grondig zijn vastgesteld voor toenmalige generaties van halfgeleider tech-
nologie. Deze dissertatie analyseert deze tekortkoming van Mextram en presenteert er
een oplossing voor. Met betrekking tot de betrokken fysica zijn de sleutelvragen dan:
welke zijn de mechanismen die in dit regime verantwoordelijk zijn voor de waargeno-
men afwijkingen en hoe kunnen ze in acht worden genomen, opdat nauwkeurige mo-
del simulaties worden gerealiseerd? Tussen de inleiding verschaft in hoofdstuk 1, en
het overzicht van conclusies en mogelijke toekomstige ontwikkelingen gepresenteerd in
hoofdstuk 5, is de opbouw van deze dissertatie als volgt.

In hoofdstuk 2 wordt een extractie methode gepresenteerd voor de basisweerstand
RB en de thermische weerstand (RT H ) van Si/SiGe bipolaire transistoren. Deze methode
benut gemeten karakteristieken van een transistor in het zwakke collector-basis door-
slagregime om nauwkeurig RB en RT H te bepalen, op basis van een consistent in reke-
ning brengen van de invloed van zelf-verwarming en van het Early effect. De methode
breidt de categorie uit van methoden die de zwakke collector-basis doorslagstroom be-
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nutten om de basis- en collector stromen onafhankelijk van de emitterstroom te varië-
ren. Tegelijkertijd worden spanningsfluctuaties over de emitter weerstand voorkomen
door een constante emitterstroom op te leggen. De methode wordt gedemonstreerd
op basis van data die gemeten is aan huidige hoogfrequent SiGe HBT’s en de resulta-
ten worden vergeleken met corresponderende resultaten verkregen met eerder gepubli-
ceerde extractiemethoden. Door gesimuleerde data van het standaard Mextram model
te benutten als invoerdata voor de methode (in plaats van gemeten data) hebben we
zelf-consistentie tests uitgevoerd; onze extractie methode bleek nauwkeurigere waar-
den voor RT H op te leveren dan de eerder voorgestelde methoden. De waarde voor
RT H als verkregen met de methode wordt in hoofdstuk 4 benut om de invloed van zelf-
verwarming in rekening te brengen met betrekking tot de elektrische karakteristieken in
het zwakke doorslagregime.

In hoofdstuk 3 wordt een uitgebreid overzicht gegeven van de relevante en signi-
ficante fysische mechanismen die van invloed zijn op de gemeten familie van zwakke
doorslag karakteristieken en hun gesimuleerde tegenhangers, als functie van zowel elek-
trische randvoorwaarden als temperatuur. Om te beginnen wordt een uitgebreid over-
zicht opgesteld van de fysische mechanismen die door het standaard Mextram model
in rekening worden gebracht. Vervolgens wordt een fysisch gebaseerd compact model
ontwikkeld voor niet-lokale lawine effecten in bipolaire transistoren, inclusief tempera-
tuur afhankelijkheden daarvan. De fysische basis van dit niet-lokale lawine model is de
benaderende energiebalansvergelijking en Chynoweth’s empirische wet voor inslag io-
nisatie. De ionisatie coëfficiënt (α), als functie van de elektronentemperatuur, blijkt een
functie te zijn die scherp is gepiekt rond de positie van zijn maximum. Een benaderende
expressie voor de vermenigvuldigingsfactor (Mn−1) wordt verkregen middels een Taylor
reeks ontwikkeling, in termen van de relatieve breedte van de piek van de functie, van de
integraal vanα over de dikte van de epilaag. Het resultaat is een expressie voor de lawine
stroom, die slechts twee nieuwe modelparameters introduceert. De expressie is expli-
ciet in termen van elementaire functies en daardoor zeer geschikt voor implementatie
in ieder bestaand compleet compact transistormodel. Een compact model formulering,
geschikt voor industriële toepassing van dit niet-lokale lawine model, werd ook afgeleid.
Dit model benadert de oorspronkelijke formulering nauwkeurig voor lage en middelho-
ge stroomsterkten, maar het onderdrukt de lawine stroom bij hoge stroomsterkten. On-
der gebruikmaking van Mextram’s bestaande model voor het relevante elektrische veld,
werd het Mextram model uitgebreid met het nieuwe niet-lokale lawine model. De resul-
terende uitgebreide versie van Mextram is fysisch van aard en heeft slechts twee nieuwe
model parameters, te weten de relaxatie lengte en de temperatuur coëfficiënt daarvan.
Deze uitgebreide model versie is benut om relevante en significante fysische mechanis-
men in het zwakke doorslagregime nader te onderzoeken.

Hoofdstuk 4 is gewijd aan een experimenteel onderzoek van de familie van zwakke
collector-basis doorslagkarakteristieken, dat gebruik maakt van de fysische, uitgebreide
versie van het Mextram model zoals ontwikkeld in hoofdstuk 3 (dus inclusief het com-
pacte model voor niet-lokale lawinevorming). Gebruikmakend van gemeten data, ver-
gaard met betrekking tot moderne, industriële Si/SiGe bipolaire transistoren, hebben we
gedemonstreerd dat waargenomen zwakke doorslag karakteristieken feitelijk geen zui-
vere, klassieke lokale- dan wel niet-lokale doorslagkarakteristieken zijn, zoals die worden
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geportretteerd in het overgrote deel van de beschikbare literatuur; integendeel, we laten
zien dat andere fysische effecten evenzeer significant zijn in dit doorslagregime. We heb-
ben gedemonstreerd dat deze fysische effecten feitelijk kunnen worden onderscheiden,
en dus in rekening kunnen worden gebracht, onafhankelijk van lawine effecten. Bij het
bestuderen van deze effecten hebben we profijt getrokken van de goed ontwikkelde fy-
sische basis van het Mextram model, alsook van onze extractie methode voor RT H , zoals
ontwikkeld in hoofdstuk 2; dit laatste om zelf-verwarming goed in rekening te kunnen
brengen met betrekking tot interpretatie van de waargenomen elektrische karakteristie-
ken in het zwakke doorslagregime. Onder adequate rekenschap van alle zich manifeste-
rende fysische effecten hebben we gedemonstreerd dat het mechanisme, verantwoorde-
lijk voor de resterende afwijkingen tussen gemeten en gesimuleerde doorslag karakteris-
tieken, inderdaad niet-lokale lawinevorming is. Na adequate rekenschap van niet-lokale
effecten, kunnen gemeten karakteristieken van moderne Si/SiGe bipolaire transistoren
nauwkeurig worden gereproduceerd, als functie van zowel elektrische randvoorwaarden
als temperatuur. Voorts blijkt, wanneer deze fysische effecten zorgvuldig in rekening
worden gebracht, het ontwikkelde model (Mextram, uitgebreid met ons nieuwe com-
pacte model voor niet-lokale lawinevorming) daadwerkelijk getrouw de vooronderstel-
de, onderliggende halfgeleidercomponentfysica te vangen. Onze geëxtraheerde waar-
den voor de elektron energie relaxatie lengte, en diens temperatuur coëfficiënt, met be-
trekking tot hedendaagse industriële bipolaire transistoren, onder normale voorwaart-
se bedrijfscondities, zijn in overeenstemming met eerdere, onafhankelijk gepubliceerde
waarden voor deze materiaal coëfficiënten. Hoewel de relevante en significante fysische
mechanismen in het zwakke doorslagregime elk afzonderlijk eerder zijn gepubliceerd in
de literatuur der halfgeleidercomponentfysica, en hoewel de meeste van deze zelfs zijn
opgenomen in standaard compacte modellen, is een verklaring van de afwijkingen tus-
sen waargenomen en gesimuleerde karakteristieken in dit regime niet goed mogelijk op
grond van enig van deze effecten afzonderlijk. Al de betrokken effecten moeten in hun
onderlinge samenspel in rekening worden gebracht om tot een getrouwe simulatie van
de karakteristieken in dit doorslagregime te komen. Dit wordt duidelijk gedemonstreerd
en geverifieerd in hoofdstuk 4.

Omdat de afgeleide, aangevulde versie van Mextram fysisch van aard is, en omdat
de nieuwe modelparameters inderdaad materiaalcoëfficienten zijn, kan het nieuwe mo-
del worden ingezet om modelparameters voor andere fysische effecten, en wel die die
zich ook manifesteren in het zwakke collector-basis doorslagregime, te extraheren of te
verifiëren. Voorts verschaft de fysische basis van het model een fundering voor verdere
uitbreiding van het model, bijvoorbeeld in de richting van het sterke lawine doorslagre-
gime.



List of Publications

– R. Setekera and R. van der Toorn, “Compact Model for Non-local Avalanche Ef-
fect in Advanced Bipolar Transistors: an Assessment of the Relaxation Length and
its Temperature Dependence", Solid-State Electronics, submitted for publication
(September 2015).

– R. Setekera, L. Tiemeijer and R. van der Toorn, “Verification of the Simultaneous
Local Extraction Method of Base and Thermal Resistance of Bipolar Transistors",
World Academy of Science, Engineering and Technology: International Journal of
Electrical, Computer, Energetic, Electronic and Communication Engineering, vol.
08, no. 10, pp. 1456-1460, September. 2014.

– R. Setekera, L. Tiemeijer, W. Kloosterman and R. van der Toorn, “Analysis of the
Local Extraction of the Base and Thermal Resistance of Bipolar Transistors", In
Proceedings of IEEE Bipolar/BiCMOS Circuits and Technology Meeting, BCTM 2014,
September 28 - October 01 2014, San Diego, California, USA, pp. 215-218.

– R. Setekera, R. van der Toorn and W. Kloosterman, “Local Extraction of the Base
and Thermal Resistance of Bipolar Transistors", In Proceedings of IEEE Bipolar/BiCMOS
Circuits and Technology Meeting, BCTM 2013, September 30 - October 03 2013,
Bordeaux, France, pp. 21-24.

155





Acknowledgements

Doing PhD is like walking a long journey on a hilly narrow bounded path, so one can
choose to get tired a long the way and then turn back or can decided to press on for the
price ahead; but if one chooses to press further, he must stay focused in order to avoid
the various destructions a long the way that may lead him to slip off that narrow path.
I would like to thank God the creator of the universe who guided me through this chal-
lenging journey, He provided enough knowledge, wisdom, strength and grace I needed
each day, and He never left me alone. Not forgetting the wonderful gift of life, without it
all will be vanity. During this journey, many people supported me in different aspects, I
will do my best to appreciate them here, but in order not to forget any individual, I will
try to avoid mentioning names, and instead, I will give a general acknowledgement.

First and far most, I would like express my utmost gratitude to my supervisor, Dr.
Ramses van der Toorn for a number of reasons. For giving me a chance to work within
his group on such an interesting but challenging research topic. I am really so grateful
that you took a bold stand to offer this physics related position to a mathematician, this
cannot easily be found, and it was so priceless to me; in fact it is the one which kept me
going even when challenges can along the way, my goal was to reward your trust by all
means. Though I had the necessary mathematics, but starting this physics related PhD
was challenging, it required building sufficient knowledge on a number of subjects such
as compact modeling, Mextram model, ICCAP, and taking measurements in advanced
labs, I am so grateful for the materials you provided and the long discussions we had,
these helped me to build the required knowledge in the shortest time possible. At times
we had to spend some long hours in front of a computer showing me how ICCAP works
and how Mextram simulations and parameter extraction are done, not forgetting the
measurement process, this was a key to understanding what my research was all about-
thank you very much. You also introduced me to various experts in the field (like those at
NXP), which helped me to build more knowledge through various discussions with them,
as well as exposure to the application of my research work. During my research period, I
found out that it was very difficult to come up with something new in this already satu-
rated research field, with the fact that many companies have got their own local research
groups working on related topics, made it more challenging and at times discouraging,
but you were always available for open discussions, always rising some valuable ques-
tions, which helped me to get a new picture of problem at hand; eventually we came up
with some interesting results that have been appreciated by the industrial community.
Last but not least, I would like you for the very long discussions we had about different
life and philosophical topics, these helped me to step out of the PhD world and learn
about at other interesting things.

Special thanks to my PhD promotor Prof. Arnold Heemink, for accepting me in his
Mathematical Physics group and for his meekness. In all the interactions we had, he
made me feel more than welcome, as well as comfortable during the various meetings.

157



158 ACKNOWLEDGEMENTS

Not forgetting, he is a good listener, who gives you room to express your point during
discussions without interruptions.

I would also like to acknowledge NXP Semiconductors for the financial support of
this work, and for providing us with some of the bipolar devices (wafers) used for the
work in this thesis. In addition, I would like to extend my gratitude to special NXP mem-
bers, i.e., Willy Kloosterman, Dr. ir. Andries Scholten, and Dr. L. F. Tiemeijer for the
various open discussions we had, their ideas helped me to develop the work presented
in this thesis. Great thanks to Ir. Ralf Pijper, for availing the advanced electronic lab at
NXP and for teaching me how to carry out such advanced measurements. Not forgetting
Atef Akhnoukh and Peter Swart, for their wonderful help with DC and RF measurements.
In the same regard, I would like to extend my appreciation to DIMES TU Delft, for avail-
ing me with the (DC-) measurement lab, thank you very much.

During my PhD journey, I came across a number of individuals at TU Delft, who
contributed in various ways to this journey. I cannot mention each one of them, as the
list can go on and on, but I would like to thanks fellow PhD students and staff-members
of ECTM, DIAM, and GS for their great support, greetings, smiles, and encouragement;
thank you very much. Special thanks to Prof. L. K. Nanver, first for accepting me in
her research group as a new PhD student and for continuous support/advise even when
we left her research group. I wish to thank my fellow PhD student A. Rajab, for great
jokes we had in our office and staying around; you created such a wonderful working
environment.

Heartfelt thanks to Wim Tiwon for the dedicated efforts to ensure that our comput-
ers are always working perfectly: he was always willing to have long discussions about
the problem(s) at hand and to reply continuous emails in order to solve the problem in
the shortest time possible. I extend my great thanks to Dorothee Engering and Evelyn
Sharabi the wonderful secretaries of DIAM, and Marian Roozenburg, secretary of ECTM,
for their assistances with all administrative work.

Honestly I would not be able to complete this PhD without the continuous support
and prayers from my beloved family. Thank you very much, I am so proud of you. My
Church family, you mean a world to me, thank you very much for your prayers and en-
couragements; may the Almighty God blessed you abundantly. I also wish to thank all
my friends both from Uganda and around the world, for the advise, jokes, encourage-
ments, discussions, corrections, and support in one way or the other; I am so grateful.

Finishing PhD is one think, and using it to make a difference is another think; my
prayer is that: “God You help me to use this PhD for the glory of Your Name. I know this is
a new journey to walk, but I cannot walk it successfully without you Lord, I pray that your
hold my hand and lead me, guide me through this path which is unknown to me, but well
known to You Father; help me to walk according to Your will and Lord make me fruitful
everywhere You will lead me, I know without You I can do nothing, Ameny".



About the Author

Robert SETEKERA

Robert Setekera was born in Mukono Uganda on June 1, 1983. He attained is BSc (in
Mathematics and Physics) in October 2006 from Makerere University Kampala, Uganda.
In September 2009, he received his double MSc degrees in Industrial and Applied Math-
ematics with specialization in Computational Science and Engineering, from Eindhoven
University of Technology, Eindhoven, The Netherlands and Technical University Kaiser-
slautern, Kaiserslautern, Germany.

After his MSc, he joined the Postmaster program (Mathematics for Industry) at the
Department of Mathematics, Eindhoven University of Technology, Eindhoven, The Nether-
lands, where he received a Professional Doctorate in Engineering (PDEng) degree in
September 2011. Here, he worked on a number real-life industrial problems and used
various mathematics skills to solve such challenging and interesting industrial problems.

In October 2011, he joined the faculty of Electrical Engineering, Mathematics and
Computer Science, Delft University of Technology, Delft, The Netherlands, where he
worked towards the PhD degree, under Delft Institute of Applied Mathematics (DIAM).

His current research focus includes compact modeling, semiconductor device char-
acterization and parameter extraction with respect SiGe HBTs especially mm-wave de-
vices.

159




	Introduction
	SiGe HBTs for advanced RF applications 
	Junction breakdown mechanism in SiGe HBTs
	Local and non-local avalanche mechanisms
	Self-heating mechanism
	Forward Early effect

	Semiconductor device modeling
	Device simulation
	Compact semiconductor device modeling for IC simulation
	Mextram compact model for Si BJTs and SiGe HBTs

	Thesis Motivation
	Thesis aim/purpose
	Thesis outline
	titleReferences

	Extraction of the base and thermal resistance of bipolar transistors
	Introduction
	Derivation of the RB and RTH extraction method
	Experimental application and evaluation of the method 
	Measurement setup
	Determination of the extraction region
	Extraction of both RB and RTH

	Comparison to other RB and RTH extraction methods
	DC extraction methods
	RF extraction methods
	Noise measurements method

	Self consistency check of the extraction method
	Self consistency check for RTH
	Self consistency check for RB
	Summary

	Summary
	titleReferences

	Compact model for non-local avalanche effect in bipolar transistors
	Introduction
	Compact model for non-local avalanche current
	Derivation of the electron temperature
	Non-local impact-ionization rate
	Multiplication factor: (Mn-1)
	Approximate analytical integration of sharply peaked functions
	Approximate expression for the multiplication factor (Mn-1)
	Temperature scaling of model parameters

	Implementation of the non-local avalanche model in Mextram
	Summary
	titleReferences

	Experimental assessment of physical effects in weak avalanche regime
	Introduction
	Experimental measurement setup
	Independent physical effects that interfere in weak avalanche regime
	Verification results for Si bipolar junction transistor
	Error analysis of the non-local avalanche compact model 
	Dependence of the RMS error measure on the model parameters
	Dependence of parameters on software's numerical accuracy
	Effect of stochastic measurement errors on extracted parameters
	Summary

	Verification results for SiGe HBTs
	Results corresponding to a high speed QUBiC4X SiGe-HBT
	Results corresponding to a high voltage SiGe-HBT
	Results corresponding to a very high voltage SiGe-HBT
	Summary

	Magnitude of non-local avalanche effect in different device types
	Summary
	titleReferences

	Conclusions and Recommendations 
	Conclusions
	Recommendations for future work
	titleReferences

	Functions used for the non-local avalanche compact model
	Integration of a Gaussian function
	Smooth bounded functions
	titleReferences

	Summary
	Samenvatting
	List of Publications
	Acknowledgements
	About the Author

