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Résumé 

 Ce travail concerne les transistors bipolaires à hétérogène TBH SiGe. En parti-

culier, l'auto-échauffement des transistors unitaires et le couplage thermique avec leurs 

plus proches voisins périphériques sont caractérisés et modélisés. La rétroaction électro-

thermique intra-et inter-transistor est largement étudiée. En outre, l’impact des effets 

thermiques sur la performance de deux circuits analogiques est évalué. L'effet d'auto-

échauffement est évalué par des mesures à basse fréquence et des mesures impulsion-

nelles DC et AC. L'auto-échauffement est diminué de manière significative en utilisant 

des petites largeurs d'impulsion. Ainsi la dépendance fréquentielle de l’auto-

échauffement a été étudiée en utilisant les paramètres H et Y. De nouvelles structures de 

test ont été fabriqués pour mesurer l'effet de couplage. Les facteurs de couplage ther-

mique ont été extraits à partir de mesures ainsi que par simulations thermiques 3D. Les 

résultats montrent que le couplage des dispositifs intra est très prononcé. Un nouvel 

élément du modèle de résistance thermique récursive ainsi que le modèle de couplage 

thermique a été inclus dans un simulateur de circuit commercial. Une simulation transi-

toire entièrement couplée d'un oscillateur en anneau de 218 transistors a été effectuée. 

Ainsi, un retard de porte record de 1.65ps est démontré. À la connaissance des auteurs, 

c'est le résultat le plus rapide pour une technologie bipolaire. Le rendement thermique 

d'un amplificateur de puissance à 60GHz réalisé avec un réseau multi-transistor ou avec 

un transistor à plusieurs doigts est évalué. La performance électrique du transistor multi-

doigt est dégradée en raison de l'effet de couplage thermique important entre les doigts 

de l'émetteur. Un bon accord est constaté entre les mesures et les simulations des cir-

cuits en utilisant des modèles de transistors avec le réseau de couplage thermique. En-

fin, les perspectives sur l'utilisation des résultats sont données. 

Mots-clefs: Hétéro-transistors bipolaires (HBT), les technologies térahertz, modéli-

sation électrothermique, le couplage thermique mutuel, le dispositif à des interactions de 

circuit, oscillateur en anneau, les retards de grille de multiplication, un amplificateur de 

puissance, le transistor à plusieurs doigts, résistance thermique, capacité thermique, 

l'impédance thermique, des caractérisations de dispositifs à semi-conducteurs, mesures 

impulsion, la modélisation d'un dispositif semi-conducteur, la simulation TCAD ther-

mique 
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Abstract 

The power generated by modern silicon germanium (SiGe) heterojunction bipolar 

transistors (HBTs) can produce large thermal gradients across the silicon substrate. The 

device operating temperature modifies model parameters and can significantly affect 

circuit operation. This work characterizes and models self-heating and thermal coupling 

in SiGe HBTs. The self-heating effect is evaluated with low frequency and pulsed 

measurements. A novel pulse measurement system is presented that allows isothermal 

DC and RF measurements with 100ns pulses. Electrothermal intra­ and inter­device 

feedback is extensively studied and the impact on the performance of two analog cir-

cuits is evaluated. Novel test structures are designed and fabricated to measure thermal 

coupling between single transistors (inter­device) as well as between the emitter stripes 

of a multi-finger transistor (intra­device). Thermal coupling factors are extracted from 

measurements and from 3D thermal simulations. Thermally coupled simulations of a 

ring oscillator (RO) with 218 transistors and of a 60GHz power amplifier (PA) are car-

ried out. Current mode logic (CML) ROs are designed and measured. Layout optimiza-

tions lead to record gate delay of 1.65ps. The thermal performance of a 60GHz power 

amplifier is compared when realized with a multi-transistor array (MTA) and with a 

multi-finger transistor (MFT). Finally, perspectives of this work within a CAD based 

circuit design environment are discussed. 

Keywords: Hetero-junction bipolar transistors (HBTs), terahertz technologies, 

electrothermal modeling, mutual thermal coupling, intra-device coupling, inter-device 

coupling, device to circuit interactions, ring oscillator, propagation gate delay, power 

amplifier, multi-finger transistor, thermal resistance, thermal capacitance, thermal im-

pedance, semiconductor device characterizations, pulse measurements, semiconductor 

device modeling, thermal TCAD simulation 
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Chapter 1 General introduction 

The lecture of Richard Feynman [1] in 1959 “There is plenty of room at the bottom” 

predicts “an enormously greater range of properties that substances can have, and of 

different things that we can do” if we can arrange atoms and molecules in the way we 

want. Indeed, since the invention of the first transistor in 1947 (see Figure 1.1), semi-

conductor industry has witnessed exceptional growth and achievements in integrated 

circuit (IC) manufacturing. Until now, transistor scaling has driven the chip perfor-

mance by even accelerating the Moore's law [2]. But will it last forever [3] or will tran-

sistors reach their limiting size within a decade? In order to predict the challenges of 

Moore’s law, the International Technology Roadmap for Semiconductors (ITRS) [4] 

gives an outlook 15 years into the future.  

The further down scaling of device dimensions leads to higher operating frequencies 

that open a new spectrum of future terahertz applications. In this chapter, a general in-

troduction is given comparing different competing THz technologies. In particular, the 

future prospects of silicon germanium (SiGe) heterojunction bipolar transistor (HBT) 

technology are discussed. Ultimate limits are illustrated with special focus on the ther-

mal issue which is one of the main motivations of this work. When the integration level 

further increases, the power density on a chip becomes a critical issue [5]. The maxi-

mum power per chip is limited without using expensive cooling systems. Innovative 

solutions are required otherwise the power dissipation constraints limit the integration 

level and not device physics or economics [3].  

 

 

Figure 1.1: First transistor (two gold point contacts were applied to a crystal of germa-

nium) invented at AT&T's Bell Labs in 1947. 
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1.1 From RF to THz 

1.1.1 THz applications 

The terahertz (THz) region as part of the electromagnetic spectrum lies between mi-

crowaves and infrared light, which is typically referred to frequencies from 300GHz up 

to 3THz [6], although there is no stated convention. Terahertz waves can penetrate vari-

ous materials (clothing, plastic, ceramics, etc.) as well as tissue with low water content 

(Millimeter wave dosimetry of human skin). Unlike X-rays, THz radiation is not ioniz-

ing, and, therefore, probably causes no damage to live biological tissues. 

 

Figure 1.2: Potential applications for silicon integrated mm-wave and THz circuits. Fig-

ure taken from [7]. 

These characteristics allow a large number of new innovative applications [8] (see 

Figure 1.2) in the field of THz imaging and sensing for biology and medical sciences 

[9]–[11], non-destructive evaluation [12], [13], homeland security [14], [15]. Moreover, 

ultra high-speed communication systems at THz frequencies [16], [17] will be attractive 

for the professional as well as the consumer market. THz radiation imaging technology 

was selected as one of the "10 emerging technologies that will change your world" by 

MIT's magazine "Technology Review" (31 January 2004). The large variety of useful 

THz applications will be driving force for the economy to develop new or enhance ex-

isting technologies. 
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Figure 1.3: The atmospheric attenuation at terahertz frequencies shows the challenges of 

signal generation and detection for THz electronics and photonics. Figure taken from 

[18]. 

However, with currently available and practical THz detectors and sources, meas-

urements over distances larger than 20m are very difficult. THz waves are not very use-

ful for long-range communications [19]. The attenuation level in the earth atmosphere 

for THz waves (see Figure 1.3) is higher than for the neighboring bands. The lack of 

suitable devices to generate, detect, or properly process THz signals is the so called 

THz-gap. 

1.1.2 The THz-gap 

Generating THz signals with sufficient output power is exceptionally challenging. In 

Figure 1.4, the output power achieved with conventional sources is illustrated. Design-

ers try to close the THz-gap from the low frequency edge with electric sources (upward 

approach) and also from the high frequency edge with photonic sources (downward 

approach). In solid state devices (e.g. transistors, Gunn oscillators, Schottky diodes fre-

quency multipliers etc.), THz radiation is generated through the motion of free carriers 

in the bulk or at the surface. Photonic sources such as laser diodes generate THz radia-

tion through oscillating bound charges. The output power rapidly drops from either side 

of the spectrum. As shown in Figure 1.4, between 1THz and 10THz there is no conven-

tional source available. Electronic sources like transistors or multipliers can go up to 

1THz at room temperature [20], [21]. Conventional laser diodes can easily generate 

signals at very high frequencies, but not below 10THz [22]. 
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Figure 1.4: THz-emission power as a function of frequency for the conventional THz 

sources; IMPATT diode stands for impact ionization avalanche transit-time diode, 

MMIC stands for microwave monolithic integrated circuit, TUNNET stands for tunnel 

injection transit time [23] and the multiplexer is a Schottky barrier diode (SBD) fre-

quency multiplier, OCL stands for quantum cascade laser. Figure taken from [8]. 

There are two fundamental reasons for these restrictions that can be explained with 

the help of the Maxwell equations. First, the term that defines the generation of electro-

magnetic waves has to be confined. The Maxwell–Faraday equation 

 B
E

t

−∂∇ × =
∂

�

�

 
(1.1) 

connects the electric field E
�

 and the magnetic field B
�

. It describes the propagation of 

electromagnetic waves without any source term. The Gauss laws defined as 

 0B∇ ⋅ =
�

 (1.2) 

and 

 D ρ∇ ⋅ =
�

 (1.3) 

describe only the static fields. The only equation that contains sources for generating 

electromagnetic waves is the Ampère's circuital law (with Maxwell's correction) 

 D
H J

t

∂∇ × = +
∂

�

� �

 
(1.4) 

where H
�

is the magnetic field, J
�

 is the current density and D
�

 is the electric displace-

ment field. This is more obvious in the following form  
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0

P E
H J

t t
ε

 ∂ ∂∇ × = + + ∂ ∂ 

� �

� �

 
(1.5) 

where ε0 is the vacuum permittivity and P
�

 is the density of the permanent and induced 

electric dipole moments in the material or the polarization density. J
�

 represents the 

conduction current in electronic sources. Photonic sources are based on the term /P t∂ ∂
�

that represents the displacement current of oscillating charges. The first term is restrict-

ed by a high frequency limit wheras the latter is restricted by a low frequency limit. 

 

Figure 1.5: Illustration of a bipolar transistor with an antenna. 

In Figure 1.5, a simplified illustration of a conventional electronic source is shown 

including a bipolar transistor connected with an antenna. The AC voltage vBE creates an 

alternating conduction current, J
�

. The input signal is amplified and then transmitted 

over the antenna. Electrical sources are limited by the transit time τf of the transistor, 

which is the amount of time an electron needs to go from the emitter to the collector. 

Moreover, in every circuit there are unavoidable resistances and capacitances. Due to 

these limitations, the output power drops significantly at very high operating frequen-

cies as shown in Figure 1.4. 

  

(a) (b) 

Figure 1.6: (a) Bipolar laser diode. (b) Bandgap – generation of free charges through 

light. 

In Figure 1.6a, an illustration of a bipolar laser diode is shown as an example for a 

conventional photonic source. The forward bias across a pn diode creates population 

inversion at the pn junction which means that more carriers are in an excited state than 

in lower energy states. Electron (e-) hole (h+) pairs oscillate and generate a displacement 

current /P t∂ ∂
�

 which produces radiation. Optical sources are not restricted by the trans-
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it time or RC roll of. However the frequency of radiation is limited by the energy 

bandgap which is greater than 40meV (even for lead-salt materials), meaning that the 

frequency of radiated light lies above 10THz. 

 

Figure 1.7: THz-emission power as a function of frequency. Solid lines are for the con-

ventional THz sources. Ovals denote recent THz sources; RTD stands for resonant tun-

neling diodes, UTC-PD stands for uni-travelling carrier photodiode, DFG stands for 

difference-frequency generation. Figure taken from [8]. 

These two examples should illustrate the problems that have to be dealt with in or-

der to generate THz signals with sufficient output power. However, recent technological 

innovations in photonics and nanotechnology have led to the realization of THz devices. 

Many innovations in photonics have been published recently such as the development of 

terahertz quantum cascade lasers (QCL) [22], the uni-travelling carrier photodiode 

(UTC-PD) [24] and the resonant tunneling diodes (RTDs) [25].  

A THz QCL can provide a powerful continuous-wave THz source above 1 THz. The 

three main operational methods for THz QCLs are bound-to-continuum, interlaced and 

resonant phonon. Another promising device is the UTC-PD that can produce THz 

waves through photomixing of two laser diodes. RTDs can generate THz waves via 

tunneling of electrons through some resonant states at certain energy levels. RTDs pro-

vide only a limited power. As THz detectors, deuterated triglycine sulphate (DTGS) 

crystals, bolometers, Schottky barrier diodes (SBDs) and superconductor–insulator–

superconductor (SIS) junctions are widely used [26]–[28], and their performance have 

improved steadily.  

Photonic devices are currently the main focus of terahertz research. However, these 

devices still have to be cooled that results in high fabrication costs and low level of in-

tegration. Therefore, the upward approach is the preferred method for portable applica-

tions. 
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1.1.3 Comparison of low cost solid state technologies for THz circuits 

Due to significant improvements in the high frequency performance, low cost solid 

state technologies tend to be a promising alternative for realizing THz systems. High 

frequency diodes are widely employed as sources e.g. impact avalanche transit time 

(IMPATT) diodes [29], Gunn diodes, and resonant tunneling diodes (RTDs) and as de-

tectors e.g. SBDs. But the range of applications is limited due to their passive behavior. 

Transistors can be better integrated in multistage systems than diodes. Using a low noise 

amplifier (LNA) for detection reduces the noise figure (NF) and increases the overall 

gain of the system [30]. Therefore, a main focus lies on the development of high speed 

transistors integrated in complementary metal oxide semiconductor (CMOS) or in III-V 

technologies. 

Two main figures of merit (FoMs), the transit frequency fT and the maximum oscil-

lation frequency fmax, are often used in order to estimate the performance of a transistor. 

fT is the unity gain cut-off frequency in the common emitter configuration which is the 

frequency where the extrapolated small-signal current gain Fβ  (Figure 1.8a) equals 

one. 

 
( ) ( )

( ) 1

CE

C T
F T

B T V

dI f
f f

dI f
β = = =  

(1.6) 

fT can be calculated accurately from y-parameters [31] 

 

11

21

Meas
T

f
f

Y

Y

=
 

ℑ 
 

 
(1.7) 

according to [32]. fmax is defined as the frequency at which the unilateral power gain (or 

Mason’s invariant gain) U (Figure 1.8b) becomes unity [33]. 

 ( )max 1U f f= =  (1.8) 

 

{ } { } { } { }( )
21 12

11 22 12 214

Y Y
U

Y Y Y Y

−
=

ℜ ℜ − ℜ ℜ
 

(1.9) 
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(a) (b) 

Figure 1.8: Illustration of (a) the small-signal current gain βF and (b) the unilateral pow-

er gain U vs. frequency f. 

Generally, fmax is a more relevant parameter for analog and radio frequency (RF) 

circuit designers [30]. However, it is more sensitive to the device layout and its extrac-

tion is less reliable than that of fT. Therefore, fT is more often used for comparisons be-

tween technologies. Published records of fT or fmax are difficult to interpret, since they 

are correlated. It is possible to achieve a high fT but at the expense of a low fmax and vice 

versa. For example, reducing the base width of a bipolar transistor, on the one hand, 

results in a lower transit time that causes a higher fT, but on the other hand, the increased 

(external) base resistance reduces the fmax. Examples for state of the art performance 

records for solid state technologies are listed in Table 1 and illustrated in  

Technology CMOS SiGe HBT III-V HEMT III-V HBT 

fT/fmax 485GHz/? 

[34] 

410GHz/150GHz 

[35] 

644GHz/681GHz 

[36] 

765GHz/227GHz 

[37] 

fT/fmax 395GHz/410GHz 

[38] 

300GHz/500GHz 

[39] 

385GHz/1200GHz 

[40] 

430GHz/800GHz 

[41] 

Table 1: Published records for state of the art CMOS, BiCMOS and III-V technologies. 

 

Figure 1.9: Recent trend of device operation speed in terms of fmax and fT. Figure taken 

from [42]. 
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III-V devices tend to have a superior performance compared to Si devices due to 

higher carrier mobilities. The high speed of III-V transistors comes along with an excel-

lent noise figure (NF). However, the high fabrication costs due to expensive and small 

wafers and the poor reliability are not attractive for high volume applications. The hole 

mobility of III-V devices is worse in comparison to silicon. Hence, complementary log-

ic blocks as in CMOS technology are rather hard to realize. Moreover, due to high 

thermal resistance the integration level is much lower than for silicon. The power-

handling capability on Si is 3.5 and 2.7 times as large as that on GaAs and InP sub-

strates, respectively [43]. These arguments make silicon even with less performance the 

favorable technology for large scale applications. High performance SiGe HBTs inte-

grated in a BiCMOS technology seem to be a promising solution. 

1.2 SiGe HBT technology 

1.2.1 General overview 

SiGe HBTs provide a higher current driving capability, higher linearity, larger 

transconductance gm, lower 1/f noise property, excellent reliability, better device match-

ing and superior performance in comparison to standard silicon metal oxide semicon-

ductor field effect transistors (MOSFETs). This makes them ideal devices for micro-

wave power applications [44], [45]. Therefore, several companies have chosen to inte-

grate their high performance SiGe HBTs in a lower cost CMOS process (BiCMOS) 

which allows an improved functionality but at the same time increases process complex-

ity due to HBT integration. 

In contrast to high speed III-V technologies (with fmax exceeding 1.2THz [40]) the 

intrinsic material properties of Si limits the device operation speed. Nevertheless, opera-

tion frequency can be increased by adoption of frequency multipliers [46] and plasma 

wave detectors [47] to enable circuit operation beyond fmax. Moreover, SiGe HBT tech-

nology continues to gain momentum as shown in Figure 1.10. Optimized device struc-

ture along with aggressive scaling lead to comparable performance as III-V devices 

(fT=300GHz, fmax=500GHz [39]) as reported within the Seventh Framework Programme 

(FP7) project DOTFIVE [7] (further explanation given in 1.4.3). The follow up project 

DOTSEVEN is targeting the development of SiGe:C HBTs technologies with cut off 

frequencies fmax of around 700GHz. 
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Figure 1.10: Recent trend of SiGe HBT in terms of fT (figure taken from[48]). 

Future applications require a sufficient output power at high frequencies. A state-of-

the-art power density of 18.5mW/µm2 at 1dB compression was obtained at 94GHz [49] 

with a B5T SiGe HBT from STMicroelectronics (the same device is also used in this 

work). Moreover, a 300GHz signal source was demonstrated having an output power of 

1.7dBm around 290GHz [50]. In a similar technology (IHP) an 820GHz transceiver 

chipset for terahertz active imaging applications was fabricated [46]. In this work, a 

record gate delay of 1.65ps is demonstrated [51]. This opens the door for terahertz 

(THz) applications [52] that can be mass-produced in a cost-effective way. 

1.2.2 Ultimate limits 

There have been a number of attempts to predict the ultimate performance of SiGe 

HBTs [53], [54] using advanced device simulation tools. Recently, a more rigorous ap-

proach was presented by M. Schröter et al. [55], [56]. In [55] an ultimate vertical doping 

profile was developed only based on physical- and application-oriented considerations. 

The resulting device structure has a peak transit frequency fT close to 1.5THz at 

VBC=−1V. The most important limiting factor was seen to be the high current density 

(100mA/µm2 at peak fT, fmax) in the metal contacts that can cause reliability issue due to 

electromigration (especially of the contact vias).  

For a given semiconductor, the Johnson’s approach [53] allows calculating the ulti-

mate power performance of an electronic device. However, due to self-heating the de-

vice performance at such a high power density is often limited by thermal effects before 

the electronic limitations of the semiconductor are reached [57]. Future trends like 3-D 

integrated circuits (ultimate density limit) [58] further aggravate the thermal issue due to 

increased mutual heating effects (e.g. mutual thermal coupling). 
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1.3 Problem statement: The thermal issue 

1.3.1 General overview 

Higher device performance is mainly achieved with downscaling of device dimen-

sions and by improving the device architecture [7], [59], [60]. The higher the speed of 

advanced HBTs, the higher are their current densities and internal electric fields which 

leads to increased power dissipation [61]. Structural innovation has contributed to re-

duce the parasitic elements and to decrease the transit time by introducing shallow 

trench, deep trench, and other technological process steps [62]. Major improvements are 

the following: (i) Deep trench isolation improve the RF performance through the reduc-

tion of parasitic capacitances and crosstalk [62], [63]. The drawback is that the heat flow 

is confined within the deep trenches resulting in larger thermal impedance Zth [64]–[66]. 

(ii) In order to boost transit frequency fT, a lot of attention is paid to carefully design the 

base–collector (BC) junction and the epitaxial collector. It permits to push the Kirk ef-

fect to higher current densities, resulting in a higher fT on the one hand, but on the other 

hand, to lower breakdown voltages. Finally, it shifts the operating point to higher cur-

rent densities [67].  

Both aspects result in a more pronounced self-heating effect leading to higher circuit 

operating temperatures which affects the circuit performance, the reliability and the 

packaging costs. Moreover, thermal instabilities can occur due to the positive feedback 

between collector current IC and the device temperature of a bipolar transistor [68], [69]. 

1.3.2 Internal thermal feedback in bipolar transistors 

In a first guess, it might be supposed that the collector current would decrease with 

increasing temperature, however, in contrast to MOS devices, bipolar transistors are 

driven by minority carriers which have a positive temperature coefficient [68]. At con-

stant base-emitter voltage VBE and base current IB, an increase of collector-emitter volt-

age VCE results in higher power dissipation, 

diss B BE C CE C CEP I V I V I V= + ≈  (1.10) 

and therefore, an increase in Temperature 

th C CET R I V∆ ≈  (1.11) 

where Rth is the thermal resistance of the device. 



Problem statement: The thermal issue 

12 

  

(a) (b) 

Figure 1.11: Thermal feedback (self-heating) for (a) constant VBE and (b) constant IB. 

This is the so called thermal feedback [70]. The slope of the output characteristics at 

constant VBE (Figure 1.11a) or constant IB (Figure 1.11b) can be described with 

. .CE

jC C C

CE CE j CET const V const

dTdI I I

dV V T dV
= =

∂ ∂= + ⋅
∂ ∂

. (1.12) 

where Tj is the junction temperature of the transistor. Since 

j j diss C
th C CE

CE diss CE CE

dT dT dP dI
R I V

dV dP dV dV

 
= = + 

 
 (1.13) 

it follows that [71] 

. .

.

1

CE

CE

C C
th C

CE jT const V constC

CE C
th CE

j V const

I I
R I

V TdI

dV I
R V

T

= =

=

∂ ∂+
∂ ∂

=
∂−
∂

 (1.14) 

which means, that the slope of the output characteristics increases with temperature. 

If 

.

1

CE

C
th CE

j V const

I
R V

T
=

∂ →
∂

 (1.15) 

the device is unstable which results in an uncontrolled increase in IC (thermal runaway). 

This can be critical especially for constant VBE since temperature coefficient [71] 

, .CE BE

g BEC C
TI

j j TV V const

V VI I
X

T T V
=

− ∂ ≈ + ∂  
 (1.16) 
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is much greater than  

, .CE B

C
B C

j V I const

I
I

T
α

=

∂ ≈
∂

 (1.17) 

where XTI is temperature exponent of the saturation current IS, Vg is the bandgap volt-

age, VT is the temperature voltage and αB is the temperature coefficient of the current 

gain βf. Thermal runaway would be impossible if the following condition is true [71]. 

T
diss C CE

th g BE TI T

VT
P I V

R V V X V
≈ <

− +
 (1.18) 

Thermal stability at constant VBE can be increased with a ballasting resistance RE due to 

the negative voltage feedback. This is especially relevant if several transistors are used 

in parallel (Figure 1.12) due to thermal coupling effects. 

 

Figure 1.12: Stabilization of parallel bipolar transistors with emitter resistance RE in 

series (figure taken from [71]). 

In multi-finger transistors (MFTs) or in multi-transistor arrays (MTAs), temperature 

rises are mainly caused by self-heating and thermal coupling between neighboring de-

vices. The positive thermal feedback between the heat sources (mainly the base-

collector space charge region) results in a temperature distribution across the device as 

shown in Figure 1.13. At a certain dissipated power, the hottest finger dominates the 

others becoming hotter. This can lead to thermal runaway and destruction of the device 

in the worst case. Silicon has a good thermal conductivity; hence, unlike for III-V and 

SOI technologies, this can result in large thermal gradients across devices designed in 

close proximity. These wide variations need to be treated in a distributed manner [72]. 
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Figure 1.13: Sketch of the temperature distribution in multi-finger transistors (MFTs) or 

multi-transistor arrays (MTAs) due to positive thermal feedback. 

1.4 This thesis 

1.4.1 Motivation 

As discussed, scaling in combination with higher integration makes the 

electrothermal effect one of the key factors limiting the performance, the stability and 

the reliability of future high power, high frequency applications. Therefore, accurate 

circuit simulations in terms of device and circuit temperature are mandatory for circuit 

designers to optimize the thermal performance of their circuits. Hence, compact models 

are required that take into account the specific circuit layout, for example, the distance 

between neighboring devices. Modeling engineers need isothermal measurements for 

accurate determination of model parameters. Transistor compact models should be also 

verified on circuit level. Sensitivity analysis of device to circuit interactions can be 

used, for example, to reduce the model complexity or to analyze process variations (see 

Appendix A.5). 

Whether or not thermal issues will limit the speed of future high speed circuits, they 

must be taken into account in the design phase and so must be accurately predictable 

and, measurable. In this work, state of the art SiGe HBTs are characterized using DC, 

AC, pulsed and load pull measurements. Accurate measurement and modeling of the 

devices’ thermal impedance is presented. Circuit simulations are carried out that takes 

into account the thermal coupling between neighboring devices. Note that the circuit 

and device measurements were made on the same wafer. 
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x
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1.4.2 Organization and contributions to the state of the art 

The thesis is organized as follows: 

Chapter 2: SiGe:C HBT technology and device characterizations - The chapter 

provides a brief description of the state of the art SiGe HBT technology from 

STMicroelectronics and the advanced high-current model (HICUM) for high-frequency 

bipolar transistors. Compact model parameters are verified with on-wafer measure-

ments. 

Contribution: The chapter validates the applicability of the latest version 2.3 of 

HICUM/L2 (including the new extended formulation of transfer current [73]) for a 

modern SiGe HBT technology over a large bias and temperature range. 

Chapter 3: Advanced electrothermal device characterization – The chapter pre-

sents advanced measurement and modeling techniques that provide accurate infor-

mation about the dynamic self-heating effect inside the device as well as the thermal 

coupling effect between neighboring devices. 

Contribution: The chapter validates a novel pulse measurement system that allows state 

of the art isothermal DC and RF measurements with 100ns pulses. 

Publication: “Pulsed I (V)—pulsed RF measurement system for microwave device 

characterization with 80ns/45GHz”, M. Weiß et al., Solid-State Electronics, vol. 84, pp. 

74-82, June 2013. 

Contribution: The chapter identifies and evaluates the significant impact of 

electrothermal intra­device coupling in multi-finger SiGe HBTs using novel, specially 

designed test structures. 

Publication: “Mutual thermal coupling in SiGe: C HBTs”, M. Weiß et al., Conference 

SBMicro, Sept. 2013, Curitiba, Brazil. 

Chapter 4: Circuit-level electrothermal investigations - The chapter studies two 

circuits, electrically and thermally. First, several realizations of a large scale current 

mode logic (CML) ring oscillator (RO) with 218 transistors are presented. Second, two 

transistor arrays are operated as 60GHz power amplifiers. 

Contribution: The chapter presents layout optimizations of a RO that lead to record gate 

delay of 1.65ps. 

Publication: “Optimized Ring Oscillator With 1.65-ps Gate Delay in a SiGe:C HBT 

Technology”, M. Weiß et al., IEEE Electron Device Letters, vol. 34, pp. 1214-1216, 

Oct. 2013. 
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Contribution: The chapter demonstrates accurate thermally coupled circuit simulations 

of the investigated multi-finger SiGe HBTs. 

Publication: “Coupled electrothermal circuit simulation for high frequency multi-finger 

SiGe HBTs”, in progress. 

Chapter 5: Conclusions and recommendations – Major results of this work are 

summarized. Finally, it is proposed how the findings of this work can be used within a 

CAD based circuit design process. 

1.4.3 Projects 

DOTFIVE  [7]  

Objective: To develop SiGe heterojunction bipolar transistors operating at maximum 

oscillation frequencies of up to 500GHz at room temperature. 

Year: 2008-2010 (successfully finished) 

Partners: The project involves 15 partners from industry and academia in five countries 

teaming up for research and development work on silicon-based transistor architectures, 

device modeling, and circuit design: STMicroelectronics (France), Infineon (Germany), 

IHP (Germany), IMEC (Belgium), XMOD Technologies (France), IMS Laboratory 

(France), TU Dresden (Germany), University Wuppertal (Germany), Bundeswehr Uni-

versity Munich (Germany), TU Delft (Netherlands), University of Naples (Italy), etc.  

RF2THz SiSoC [74] 

Objective: To meet the needs of future RF and high-speed equipment, the CATRENE 

RF2THz project aims to develop silicon technology platforms for emerging RF, milli-

meter-wave (MMW) and THz consumer applications such as 77/120GHz automotive 

radars, MMW imaging and sensing, fast measurement equipment, 60GHz wireless net-

working and fast downloading systems, 400 Gbit/s fibre optics data communications 

systems, 4G photonic mobile communications and high performance RF wireless com-

munication systems as well as two-way satellite communications systems. 

Year: 2011-2013 (running) 

Partners: The project involves 31 partners from industry and academia in five countries 

teaming up for research and development work on silicon-based transistor architectures, 

device modeling, and circuit design: STMicroelectronics (France), NXP Semiconduc-

tors (France, Netherlands), IHP (Germany), Alcatel Lucent (Germany), BOSCH (Ger-

many), Agilent Technologies (Germany), XMOD Technologies (France), IMS Labora-

tory (France), TU Dresden (Germany), Fraunhofer (Germany), TU Delft (Netherlands), 

TU Eindhoven (Netherlands), ESIEE (France), ENSICAEN (France), IEMN (France), 

NEWTEC(Belgium) etc. 
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DOTSEVEN [75] 

Objective: To develop SiGe heterojunction bipolar transistors operating at maximum 

oscillation frequencies of up to 700GHz at room temperature. 

Year: 2012-2014 (running) 

Partners: The project involves 14 partners from industry and academia in six countries 

teaming up for research and development work on silicon-based transistor architectures, 

device modeling, and circuit design: Infineon (Germany), Dice Danube Integrated Cir-

cuit Engineering (Austria), IHP (Germany), XMOD Technologies (France), IMS Labor-

atory (France), TU Dresden (Germany), University Wuppertal (Germany), TU Delft 

(Netherlands), University of Naples (Italy), etc. 
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Chapter 2 SiGe:C HBT technology and device 

characterization 

2.1 Introduction 

Modern SiGe HBT technology continues to gather momentum due to its use for a 

wide variety of high frequency applications. These applications require advanced pro-

cess technologies in combination with a reliable process design kit (PDK) that contains 

accurate models of the devices fabricated in the underlying process. 

The chapter is organized as follows: First, a state of the art SiGe HBT technology 

from STMicroelectronics is presented. The fabricated devices exhibit a maximum peak 

transit frequency fT of 320GHz and a peak maximum oscillation frequency fmax of 

400GHz. Second, the advanced high-current model (HICUM) is introduced that ad-

dresses the new challenges for such an advanced technology. Moreover, compact model 

parameters are validated with experimental results. The test bench for measuring DC 

and S parameters is explained and on-wafer measurements are compared to transistor 

simulations. 
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2.2 SiGe:C HBT technology from STMicroelectronics 

Within DOTFIVE, the developments of STMicroelectronics are based on a state of 

the art 130nm SiGe BiCMOS technology optimized for very high frequency applica-

tions (BiCMOS9MW) [76]. The back-end of line (BEOL) includes six copper metalliza-

tion scheme with two 3µm thick levels to reduce the signal attenuation α at 80GHz to 

0.6dB/mm [59]. A scanning electron microscope (SEM) picture illustrating main 

BiCMOS9MW process features taken from [59] is shown in Figure 2.1. The high speed 

HBTs have a peak transit frequency fT of 220GHz and a peak maximum oscillation fre-

quency fmax of 280GHz. 

 

Figure 2.1: SEM picture illustrating main BiCMOS9MW process and device features. 

Figure taken from [59]. 

In order to meet the goals of the DOTFIVE project process capabilities were ana-

lyzed and CMOS integration constraints were left aside. Vertical and horizontal scaling 

was achieved by modifying collector doping, SiGe:C/Si base profile, inside spacer 

width, process thermal budget and device layout rules to optimize the device perfor-

mances (see Figure 2.2). This has led to the B3T, B4T [77] and B5T [45] SiGe HBT 

technologies, with fT/fmax=260/330GHz, 270/370GHz and 300/400GHz, respectively. 

These technologies were available to DOTFIVE partners for modeling and circuit de-

sign purposes. Figure 2.3 summarizes the various steps in the optimization from 

BiCMOS9MW to B4T. 
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Figure 2.2: fmax vs. fT chart of CBEBC Si/SiGe:C HBTs featuring different vertical pro-

files and emitter widths LE=5µm. Figure taken from [45]. 

 

Figure 2.3: From BiCMOS9MW to B3T and B4T technology. Figure taken from [59]. 

Finally, the effective emitter width was optimized to 120nm in the B5T technology. 

Note that in this work, the effective emitter area is defined as the drawn emitter window 

minus the area of the inner spacers. The area reduction also helped to minimize the base 

resistance RB, the collector resistance RC, the collector-base capacitance CCB and the 

collector-substrate capacitance CCS. Figure 2.4 shows the double-polysilicon fully self-

aligned (FSA) selective epitaxial growth (SEG) HBT. The Si/SiGe:C HBTs feature a 

self-aligned double-polysilicon architecture with a selective epitaxial growth (SEG) of 

the base. The process, based on a 120-nm CMOS core process, uses a standard collector 

module (n+ buried layer, thin collector epitaxy and collector sinker), a selective im-

planted collector, a boron doped SEG SiGe:C base and an arsenic in-situ doped mono-

emitter. BEOL (as in BiCMOS9MW) consists of 6 copper levels, the upper two being 

3-µm thick. BVCBO and BVCEO are 5.3V and 1.5V, respectively. The devices exhibit a 

pinched base resistance of 1.8kΩ/sq and a current gain β of around 1300 at VBE=0.7V. 

Furthermore, a record output power [49] of 18.5mW/µm² at 1dB compression point, 

accompanied by a PAE of 25% was achieved. 
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Figure 2.4: Sketch of the FSA-SEG SiGe HBT architecture. Figure taken from [77]. 

2.3 A compact model for high frequency HBTs 

A compact model should be a physics-based mathematical description of the electri-

cal behavior of a device for use in a circuit simulator. There is a large demand for fast 

and reliable compact models that are accurate for a great variety of technologies. A 

“good” compact model provides high accuracy over a wide electrical (and temperature) 

range, laterally scalable parameter calculation, numerical stability and fast execution 

time. Furthermore predictive and statistical modeling as well as a reliable and well-

defined extraction procedure should be available. All these requirements are addressed 

by the compact model HICUM. 

HICUM (High-Current Model) [31] is a scalable physics-based compact bipolar 

transistor model taking into account the high current effects which are significant for 

certain high speed transistor applications. The first version was introduced in 1986 by 

H.M. Rein and M. Schröter and arrived in the public domain since 1999. It is now a 

Compact Model Council (CMC) [78] standard model and integrated in a wide range of 

simulators like ADS, ELDO, SPECTRE, HSPICE, GoldenGate, etc. HICUM is based 

on an extended and generalized integral charge-control relation (GICCR). However, in 

contrast to the (original) Gummel-Poon model, in HICUM the GICCR concept is ap-

plied without simplifications and additional fitting parameters (such as the Early voltag-

es). Therefore it allows a reliable design and circuit optimization. Some of the important 

physical effects taken into account by HICUM/L2 are briefly summarized below [79]: 

• high-current effects (incl. quasi-saturation) 

• distributed high-frequency model for the external base-collector region 

• emitter periphery injection and associated charge storage 

• emitter current crowding (through a bias dependent internal base resistance) 

• two- and three-dimensional collector current spreading 

• parasitic capacitances between base-emitter and base-collector terminal 

• vertical non-quasi-static (NQS) effects for transfer current and minority charge 
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• temperature dependence and self-heating 

• weak avalanche breakdown at the base-collector junction 

• tunneling in the base-emitter junction 

• parasitic substrate transistor 

• band-gap differences (occurring in HBTs) 

• lateral (geometry) scalability 

2.3.1 General overview 

HICUM is based on a description of the GICCR [80] from which the transfer current 

iT, is modeled as 

 ' '' '
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(2.1) 

with the GICCR constant 

 ( )2 2
10 E T nB iBc qA V nµ=  (2.2) 

and the weighted hole charge Qp,T is expressed as 

 
, 0 , ,p T p jEi jEi jCi jCi f T r TQ Q h Q h Q Q Q= + + + + . (2.3) 

vB'E' and vB'C' are the (time dependent) terminal voltages, VT is the thermal voltage, Qp0 is 

the zero-bias hole charge, QjEi and QjCi are the base-emitter (BE) and base-collector 

(BC) depletion charges of the internal transistor. hjEi and hjCi are the weighting factors 

that take into account bandgap and mobility variations within the structure of HBTs. 

The weighted diffusion charges Qf,T and Qr,T are calculated from the integral of the for-

ward and reverse transit time.  

The transit time of the entire transistor can be determined by the change of the mi-

nority charges Qp in dependence of the collector current IC 

 

CE

p
f E BE B BC C

C V

dQ

dI
τ τ τ τ τ τ= = + + + +  

(2.4) 

The transit time consists of different parts according to the neutral and space-charge 

regions of the transistor. The bias dependence of the forward transit time is described in 

HICUM through 

 ( ) ( ) ( )' ' 0 ' ' ' ', ,f C E Tf f B C f C E TfV i V V iτ τ τ= + ∆  (2.5) 
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where τf0 is the low-current component, and ∆τf represents the increase of the transit 

time at high collector current densities. At low current densities, the transit time (Figure 

2.5) is modeled as nearly constant.  

 

Figure 2.5: Illustration of the forward transit time τf as function of collector current IC. 

Figure taken from [31]. 

The critical current ICK characterizes the onset of high current effects. When the mi-

nority charge density exceeds the doping-induced charge density in the base collector 

space charge region (SCR), the SCR is further widened into the collector due to its low-

er doping level (base push-out or Kirk effect). This reduces the electrical field at the 

base-collector junction. The electrons no longer move through the collector with satura-

tion velocity, and therefore, the transit time τf rises strongly. τf can be extracted from the 

measured transit frequency fT versus collector current IC for different voltages VCE or 

VBC using  
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(2.6) 

where rCx is the external collector resistance, rE is the emitter resistance, rB is the base 

resistance, β0 is the low-frequency small-signal current gain, CBC is the base-collector 

capacitance and CBE is the base-emitter capacitance. The voltage dependent parts are 

combined in the low-current forward transit time τf0 (Figure 2.6). 

 

Figure 2.6: Extraction of transit time τf measured transit frequency fT. 

Depletion capacitances, transit time of carriers as well as the associated charges as a 

function of bias mainly determine the dynamic behavior of the transistor. These are 
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basic quantities in HICUM. Hence, the small-signal, the large-signal and the DC behav-

ior are described very accurately with a single set of parameters. Through the coupling 

of static and dynamic behavior, the fitting parameters like Early voltages and knee cur-

rents in SGPM are not required anymore. In order to reflect the physically independent 

mechanism of base and collector currents all base currents are modeled independently 

of the transfer current. 

The HICUM large signal equivalent circuit is shown in Figure 2.7. The internal 

transistor has the four nodes E’, B’, B* and C’. The internal circuit consists of the diode 

current ijBEi and the depletion charge QjEi of the base-emitter (BE) junction, the diode 

current ijBCi and the depletion charge QjCi of the base-collector (BC) junction, and the 

voltage controlled transfer current source iT. Furthermore, the minority charge is repre-

sented by its forward and reverse component, Qf and Qr. In addition, breakdown in the 

BC SCR is taken into account by the avalanche current source, iAVL , and possible tun-

neling through the BE SCR is represented by iBEti. By comparing with the equivalent 

circuit of SGPM, there are two additional nodes named B* and S’ in HICUM. The node 

B* has been added to separate the internal base resistance rBi (bias dependent) from the 

external component rBx. The internal substrate node S’ is connected to the substrate 

network with the capacitance CSu and the resistance rSu. Moreover, an emitter-base iso-

lation capacitance CBEpar as well as a base-collector oxide capacitance CBCpar is taken 

into account. 

 

(a) (b) 

Figure 2.7: a) Large-signal HICUM/L2 equivalent circuit. b) Thermal network used for 

self-heating calculation (figure taken from [31]). 

2.3.2 The self heating model 

Heat is generated in all active areas of a device which results in an increase of the 

device temperature. Self-heating leads to a shift in device characteristics and can be 

described with an electrical equivalent circuit. The simplest form for calculating the 
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increase ∆Tj of the junction temperature is a single pole sub-circuit consisting of one 

thermal resistance Rth and one thermal capacitance Cth shown Figure 2.7b. The current 

source corresponds to the dissipated power Pdiss and represents the amount of heat that 

is generated by the device. 

 
diss BE B CE CP V I V I= +  (2.7) 

The voltage node corresponds to the temperature rise ∆T 

 
j amb diss thT T T P R∆ = − =  (2.8) 

where Tj and Tamb are the junction and ambient temperatures respectively. The units for 

Rth and Cth is K/W and Ws/K, respectively. The thermal time constant is the product of 

the Rth and Cth.  

 
th th thR Cτ =  (2.9) 

In other words it is the time required for a transistor to change 63.2% of the total differ-

ence between its initial (Tamb) and final junction temperature (Tj) when subjected to a 

step function change in temperature. Note that this is a very basic simplification.  

The thermal network and the transistor model are solved together for each DC and 

transient operation. The temperature dependent model parameters are calculated taking 

into account the voltage of the temperature node. Furthermore, this node can be con-

nected with an external network consisting of thermal resistances and capacitances that 

describe the thermal device behavior more accurately (internal Rth and Cth should be 

deactivated). This option is further explained in the following chapters where it is used 

to improve the accuracy of the thermal impedance and to consider thermal coupling 

between neighboring devices. 

In HICUM, Pdiss is calculated from all relevant dissipative elements in the equivalent 

circuit if the self-heating flag flSH=2 [31] 
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where IAVL  is the avalanche current, ITS is the substrate current, Rn={ rBi, rBx, rE, rCx} are 

the series resistances and ∆Vn the corresponding voltage drop across those resistances. 

However, considering all dissipative elements can further increase the computational 

effort. The setting flSH=1 includes only the most relevant dissipative elements in the 

power calculation 

 
' ' ' 'diss T C E AVL B CP I V I V= + . (2.11) 
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Note that simulation results can be different depending on whether flSH is set to 1 or 

2 as shown in the following example (see Figure 2.8). After a delay of 10ns, a transient 

voltage pulse of 0.95V is applied at the base of a transistor model (B5T HBT with 

drawn emitter area AE=0.18x5µm2) with the emitter resistance rE=5.3Ω and external 

collector resistance rCX=11.5Ω. VCE stays constant at 1.5V. The thermal network con-

sists of Rth=4000K/W and Cth=2.9pWs/K, thus resulting in a thermal time constant 

τth=11.6ns. The obtained transient temperature rises for flSH=1 and flSH=2 are displayed 

in Figure 2.8. 

 

Figure 2.8: Simulated temperature rise for flSH=1 and flSH=2 when a voltage pulse of 

0.95V (delay of 10ns, VCE=1.5V) is applied at the base of a transistor model with the 

emitter resistance rE=5.3Ω and external collector resistance rCX=11.5Ω. 

The difference in the steady state junction temperatures of about ∆Tj=43K has cer-

tainly a significant impact on the device characteristics. In this case, it leads to different 

steady state collector currents of IC=19.0mA and IC=23.3mA for flSH=1 and flSH=2, re-

spectively. In order to verify this we consider  
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Hence, the difference in steady state temperature rise between both options ∆flSH can be 

approximated as 

 ( )2 39sh C E CX thfl I r r R K∆ ≈ + ≈ . (2.14) 

The made assumption is simplified since it neglects e.g. the temperature dependence of 

the transfer current etc. Nevertheless, the presented example demonstrates that the self-
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heating flag can have a strong impact on the simulated junction temperature. In this 

work, the self-heating flag is set to flSH=2. 

2.3.3 Parameter extraction 

A proper parameter extraction methodology is required to derive the model parame-

ters from measured data in order to fully exploit a compact model. The classical method 

of extracting model parameters is the direct extraction approach where all model param-

eters are directly determined with analytical expressions. A better way is a physics-

based scalable extraction using I-V, C-V and S parameter measurements on transistors 

with several geometries, contact configurations etc. as well as special test structure (e.g. 

tetrode, Kelvin structures). A general overview on a standard extraction procedure to-

gether with the extracted parameters is given in Figure 2.9 [81]. A full compact model 

parameter extraction is quite a wide area and beyond the scope of this thesis. 

 

Figure 2.9: Illustration of a standard extraction procedure. 
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2.4 Model verifications 

Within the DOTFIVE project, fully scalable model libraries were provided by 

XMOD Technologies (B3T, B4T) and STMicroelectronics (B3T, B4T and B5T). Sev-

eral parameters of the B5T model cards had to be improved to achieve a better agree-

ment with our measurements. For instance, the thermal resistance Rth and thermal ca-

pacitance Cth were extracted from measurements and numerical simulations within the 

work of A.K. Sahoo et al. [82]. The values for Rth and Cth are also verified in this work 

with pulse measurements and low frequency S parameter measurements in Chapter 3. 

Transistor measurements for model parameter verification purpose and circuit 

measurements have been taken from the same wafer in order to avoid simulation inac-

curacies due to process optimizations. In fact, a great number of process optimizations 

were applied in order to reach the performance goals in DOTFIVE, for example, the 

extreme Germanium grading in the base-emitter (BE) space-charge region. Therefore, 

the latest version 2.3 of HICUM/L2 including a new extended formulation [73] of the 

HICUM transfer current needs to be used. 

In this work, the main focus lies on the extension of the state of the art compact 

model by applying different thermal networks. Therefore, an accurate standard model 

(lumped model) is crucial to ensure reliable results. The main transistor in this work is 

the B5T HBT with AE=0.18x5µm2 and with double collector and base contacts. In the 

following paragraphs, a brief overview of all measurements necessary for an accurate 

parameter extraction and model verification is given. Measurements for DC and RF 

excitation at different temperatures are presented and compared with model simulations. 

2.4.1 Measurements to characterize advanced semiconductor devices  

The measurement quality and accuracy is the basis for the generation and the valida-

tion of compact models. Complex equipment in combination with elaborate calibration 

procedures is required. Moreover, a significant amount of time is spent on the collection 

of the measurement data. 

Historically, advances in transistor modeling have often coincided with the devel-

opment of new measurement techniques [83]: (i) The vector network analyzer (VNA) to 

measure small-signal scattering (S) parameters [84]; (ii) mechanical and electronic load-

pull systems to map small- and large-signal performance parameters as a function of the 

load and source impedance [85]; (iii) pulsed DC [86] and S-parameter [87] systems 

used to overcome dispersive phenomena (e.g. self-heating, trapping); (iv) large-signal 

vector network analyzer to characterize transistors under realistic large-signal modula-

tions [88]. 
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In this work, measurements were performed directly on-wafer with a semi-

automatic wafer prober (Süss Microtec) and coplanar probes (Süss Microtec, Cascade). 

Software automation (with Agilent ICCAP) over GPIB allows many measurements to 

be recorded quickly. On-wafer probing avoids issues related to manufacturing or pack-

aging and is therefore adequate method to characterize active and passive devices and 

circuits. A temperature regulator (thermo chuck) controls the ambient device tempera-

ture. DC measurements were made with the semiconductor parameter analyzer HP4155. 

For RF measurements the HP4155 was combined with the VNA Rohde & Schwarz 

ZVA67. The system was calibrated using the short-open-load-thru (SOLT) technique on 

an impedance standard substrate (ISS). For the de-embedding of metal parasitics (pads, 

interconnections and vias) STMicroelectronics has provided on-wafer Open and Short 

dummies. 

  

(a) (b) 

  

(c) (d) 

Figure 2.10: Forward Gummel plot (a) at constant VBC and (b) at constant VCE: Compar-

ison between measurements (symbols) and compact model simulations (solid lines) for 

B5T CBEBC HBT with AE=0.18x5µm². Enlarged section for high current injection in 

(c) and (d). 
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2.4.2 DC characteristics 

The measurement of the current­voltage I-V relationships is the most basic form to 

characterize transistors. Continuous DC measurements are widely used since they re-

quire only a simple measurement setup and provide fast and accurate measurements in 

combination with a low noise floor.  

The forward Gummel plot is shown in Figure 2.10 where the base and collector cur-

rent (IB, IC) are plotted versus the base-emitter voltage VBE on a semi-logarithmic scale 

for constant base-collector voltage VBC (Figure 2.10a) or constant collector-emitter volt-

age VCE (Figure 2.10b). At high current injection the device characteristics can be better 

observed in the enlarged sections displayed in Figure 2.10c and Figure 2.10d.  

  

(a) (b) 

  

(c) (d) 

Figure 2.11: DC output characteristics of B5T CBEBC HBT with AE=0.18x5µm² where 

IC (a) and IB (b) is shown against VCE for five constant values of VBE and IC (c) and VBE 

(d) is plotted against the VCE for five constant values of IB. 

The DC output characteristics for constant VBE and constant IB are illustrated in Fig-

ure 2.11a and in Figure 2.11c, respectively. The corresponding IB and VBE plotted 

against VCE are shown Figure 2.11b and Figure 2.11d, respectively. DC measurements 
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are in good agreement with the compact model in almost all operating regions (hard 

saturation, high injection, avalanche). 

2.4.3 Depletion capacitances 

The junction capacitances can be extracted from capacitance-voltage C-V measure-

ments or in our case from “cold” S-parameter measurements made at a frequency of 

5GHz. The base-emitter CBE (Figure 2.12a) and the base-collector CBC (Figure 2.12b) 

junction capacitances are determined with (2.15) and (2.16), respectively. 

 ( )11 12

0CE

BE

V V

Y Y
C

ω
=

ℑ +
=  

(2.15) 

 ( )12 21

0
2

BE

BC

V V

Y Y
C

ω
=

ℑ +
= −  

(2.16) 

 

  

(a) (b) 

Figure 2.12: Depletion capacitances of B5T CBEBC HBT with AE=0.18x5µm²: (a) 

Base-emitter capacitance CBE vs. base-emitter voltage VBE at VCE=0V and (b) base-

collector capacitance CBC vs. base-collector voltage VBC at VBE=0V. 
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2.4.4 RF characteristics 

The high frequency performance of the device can be represented by fT and fmax that 

were obtained through S-parameter measurements (see Figure 2.13) up to 45GHz. fT 

(Figure 2.14a) and fmax (Figure 2.14b) are calculated using Equations (1.7) and (1.9), 

respectively. The compact model is in good agreement with the measured S parameters 

versus frequency as well as with the calculated fT and fmax versus IC. Peak fT and peak 

fmax are 320GHz and 400GHz at an IC of 10mA and 8mA, respectively. A similar device 

was measured in [89] up to 300GHz. Note that probably the considered transistor comes 

from another wafer lot fabricated with modified process parameters [45], [90] since the 

device has a lower peak fT.  

 

 

(a) (b) 

 

(c) (d) 

Figure 2.13: Magnitude of (a) S11, (b) S12, (c) S21, (d) S22 versus frequency. Comparison 

between measurements (symbols) and compact model simulations (solid lines) for a 

B5T CBEBC HBT with AE=0.18x5µm². 
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(a) (b) 

Figure 2.14: Transit frequency fT (a) and maximum oscillation frequency fmax (b) vs. 

collector current IC at VBC=[0, -0.5, 0.5]V. Comparison of measurements (symbols) and 

HICUM model (solid lines) for B5T CBEBC HBT with AE=0.18x5µm². 

2.4.5 Temperature dependence 

DC and RF measurements were carried out at different ambient temperatures 

(27°C−100°C) to validate the temperature dependence of the compact model parame-

ters. IC and IB versus VBE and fT versus IC at a VBC of 0V are shown in Figure 2.15a and 

Figure 2.15b, respectively. Good agreement between compact model and measured de-

vice in the considered temperature range can be observed. Peak fT is reduced from 

320GHz to 270GHz by increasing the temperature up to 100°C. 

 

(a) (b) 

Figure 2.15: Temperature dependence validation: (a) Forward Gummel plot at constant 

VBC=0V, (b) transit frequency fT versus collector current IC at VBC=0V for ambient tem-

peratures T=[27, 40, 50; 75, 100]°C for B5T CBEBC HBT with AE=0.18x5µm². 
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2.5 Conclusions 

An advanced SiGe HBT technology provided by STMicroelectronics featuring 

fT/fmax of 320GHz/400GHz was presented. A brief overview on the basic operation prin-

ciple of the physics-based compact bipolar transistor model HICUM has been given 

with special focus on the device self-heating. It can be stated that HICUM addresses the 

challenges of this advanced high frequency HBT technology. An accurate transistor 

model is mandatory for further investigations in Chapter 3 and 4. The compact model 

parameters of the main device have been extensively validated with a large number of 

measurements for various temperatures. 
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Chapter 3 Advanced electrothermal device characterization 

3.1 Introduction 

In Chapter 2, the lumped transistor model was validated. However, for advanced sil-

icon technologies lumped models have their limitations regarding thermally distributed 

effects. The chapter characterizes electrothermal effects using advanced measurement 

and modeling techniques. Firstly, the thermal impedance of advanced SiGe:C HBTs is 

extracted from low-frequency S parameter measurements. Secondly, a combined pulsed 

DC - pulsed RF state of the art measurement system is presented. Isothermal DC and 

AC measurement data can be achieved allowing a complete characterization and explo-

ration of the safe operating area (SOA). Thirdly, distributed thermal networks are ap-

plied at the temperature node of the transistor compact model. (i) A recursive network 

that permits a better description of the dynamic self-heating effect inside one device in 

comparison to the standard single pole network. (ii) A thermal coupling network that 

characterizes the thermal coupling between neighboring devices. 
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3.2 Characterization of self-heating 

3.2.1 Thermal impedance extraction from low frequency S parameters 

The characterization of electro­thermal self-heating inside devices remains an essen-

tial task for model developers in order to determine the device operating temperature. In 

the literature, several DC measurement techniques for the extraction of the thermal re-

sistance Rth are proposed [91]–[93]. In steady-state thermal models, the device tempera-

ture instantaneously follows the power that is dissipated and the dynamic thermal be-

havior is disregarded. The dynamic behavior can be described by the thermal impedance 

Zth which can be expressed as in Equation (3.1) [70]. In general, the thermal impedance 

Zth can be determined from transient [94]–[98] and AC measurement techniques [99]–

[101]. The device thermal response ranges from about few kilohertz to about 200MHz 

in SiGe HBTs [99]. Hence, Zth is limited to low frequencies where it can be extracted. 

Low frequency S-parameter measurements are suitable since it is a relatively simple and 

precise measurement procedure. 

1
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 (3.1) 

3.2.1.1 Theoretical background 

Collector current IC and base current IB are functions of the three independent varia-

bles: (i) the base-emitter voltage VBE (ii) the collector-emitter voltage VCE and (iii) the 

junction temperature T. To generalize the following equations VBE, VCE, IB and IC are 

replaced by V1, V2, I1 and I2, respectively. 
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A linearization valid for small signal excitations at a constant bias condition leads to 
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where each y-parameter is defined as 

m
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n

f
y

V

∂=
∂

    1; 2m =  1; 2n = . (3.4) 

Here, index 1 and 2 indicate the base and collector ports, respectively.  
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From Equation (1.12) one obtains the following expression [70] for the Y parame-

ters (the bar indicates that the parameter is temperature dependent) 

_

. , . .m m m m

m m m m
mn isomn

n n n nV const V T const V const V const

dI f f fdT dT
y y

dV V T dV T dV
= = = =

∂ ∂ ∂= = + ⋅ = + ⋅
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 (3.5) 

where ymn_iso is temperature independent. The temperature dependence is approximated 

for small signal excitations with 
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m
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f

T
α

=

∂=
∂

 (3.6) 

where αm is the relative change of Im per degree temperature change at a constant volt-

age Vm (∂f2/∂T = ∂IC/∂T is defined in Equation (1.16)). The junction temperature T is 

defined as 

amb th dissT T Z P= + ⋅  (3.7) 

where Tamb is the ambient temperature (chuck temperature) and Pdiss is the dissipated 

power in the device that results from 

1 1 2 2dissP V I V I= +  (3.8) 

The change in dissipated power dPdiss with small signal excitation can be written as 

1 1 1 1 2 2 2 2dissdP dV I V dI dV I V dI= + + + . (3.9) 

From the Equations (3.7) and (3.8) it follows that 
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which can be transformed to 
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Using the Equations (3.5) and (3.11), the following expression for Zth is obtained. 
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Since in Equation (3.5) the term dT/dVn is greater for V2 (VCE) than for V1 (VBE), y12 and 

y22 are the most affected, and therefore, should be the most suitable for extraction of Zth. 

In case of y22, Zth would be 
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22 22_ 22 22_
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Since 12BEV y  is very small compared to 22CEV y , Equation (3.13) can be simplified to 
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Measurements at different ambient temperatures are required to extract the temperature 

dependence of the collector current αIC. However, if the thermal resistance 
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is already known, Equation (3.12) can be normalized to 
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In this case, low frequency S parameter measurements at room temperature are suffi-

cient to extract Zth. In the case of y22, Zth_norm would be 
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However, if Rth is unknown, αIC has to be extracted due to Equation (3.14) which ap-

pears not trivial especially when VBE is constant as it can be seen in Equation (1.16).  

Another approach presented in [99] uses H parameters to calculate the thermal im-

pedance. The measured S parameters are transformed into H parameters [102]. 
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 (3.18) 

Repeating the steps (3.5)-(3.11) for 12h  leads to [99] 
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where the arising 22h  is also separated into isothermal and temperature dependent part. 

Using Equation (3.7), αVBE can be described as [99] 
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Since ∂Rth(T)/∂T·Pdiss and ∂Pdiss/∂T·Rth are small in respect to 1, the first order approxi-

mation can be used. Note that, αIC is now defined as in Equation (1.17) due to constant 

IB. Solving for Zth yields 

12 12_

12 1222_ 12_( ) ( )
iso

th

VBE C B iso CE IC CE iso

h h
Z

I h I h V V h hα α
−

=
+ + + −

. (3.21) 

The temperature dependence of VBE (αVBE) and IC (αIC), used in Equation (3.19) and 

(3.21), is extracted from the output characteristics with constant IB at different chuck 

temperatures Tamb (27°C-100°C). The measurements (symbols) of VBE and IC versus the 

Tamb at a VCE of 1.5V for a B5T HBT (with drawn AE=0.18x5µm2) compared with a first 

order mathematical fit (lines) is shown in Figure 3.1a and Figure 3.1b, respectively. In 

this case, the use of a constant αVBE of 1.1mV/K and a constant αIC of 0.062mA/K is 

valid since the H parameters were measured at the same DC bias. 

  

(a) (b) 

Figure 3.1: Measured values of VBE (a) and IC (b) for constant values of IB are shown 

versus different chuck temperatures Tamb (27°C-100°C) for a B5T HBT with drawn 

AE=0.18x5µm2. The measurements (symbols) are approximated with a first order math-

ematical fit (lines) using constant temperature dependencies αVBE of 1.1mV/K and αIC of 

0.062mA/K. 

The terms 12 Bh I  and h22_isoVCE (h22_iso calculated from isothermal model simula-

tions) are negligible against IC. Moreover, due to the very small value of αIC, the term 

12 12_( )IC CE isoV h hα − can be neglected compared to VBE CIα  (simplifications also validated 

in [99]). Hence, Zth can be approximated as 

12

th
VBE BE C

h
Z

V Iα
≅ . (3.22) 

 

  

20 40 60 80 100
0.80

0.85

0.90

0.95

1.00

1.05

1.10

1.15

V
B

E
 [V

]

T
amb

 [°C]

 I
B
=50µA

 I
B
=100µA

 I
B
=200µA

 I
B
=400µA

 I
B
=600µA

 αVBE=1.1mV/K

20 40 60 80 100
0.010

0.015

0.020

0.025

0.030

0.035

0.040

0.045

0.050
I C

 [A
]

T
amb

 [°C]

 I
B
=50µA

 I
B
=100µA

 I
B
=200µA

 I
B
=400µA

 I
B
=600µA

 αIC=0.062mA/K



Characterization of self-heating 

42 

3.2.1.2 Low frequency S parameter measurements 

Low frequency S parameters were obtained in the frequency range from 30kHz to 

3GHz (corresponding to the thermal time constant) where dynamic self-heating is visi-

ble. A commercial low-frequency (LF) vector network analyzer (VNA) Agilent E5061B 

(5Hz-3GHz) is used with noncommercial bias tees specially developed to cover the fre-

quency range of interest. The VNA was calibrated on-wafer using SOLT method and 

the data was de-embedded using Open and Short test structures. 

In order to extract the isothermal small signal parameters it is necessary to define the 

high frequency edge fth_max  

_

1

2th th th
th max

R C
f

τ
π

= > . (3.23) 

of the frequency range where thermal feedback influences the electrical comportment of 

the measurements. There are various studies in literature to identify thermal feedback in 

electrical characteristics, for example, in [103] z22 is used which is defined as follows. 
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For frequencies much lower than the thermal time constant τth, z22 approaches negative 

values (negative differential resistance) which is caused due to self-heating. The nega-

tive slope  

22

.
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C I const

V
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I
ω

=

∆→ ≅
∆

 (3.25) 

can be observed in the output characteristics for constant IB (Figure 1.11b). In Figure 

3.2a, the real part of z22 versus frequency is simulated with the validated compact model 

(measurements vs. simulation in Paragraph 2.4). IB is constant (IB=350µA) and VCE is 

varied between 1.49V and 1.51V. The real part of z22 for 0ω →  corresponds to the 

negative slope of the output characteristic at same bias conditions as shown in Figure 

3.2b. 
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(a) (b) 

Figure 3.2: Simulation: (a) Real part of z22 versus frequency of B5T HBT model 

(AE=0.18x5µm2) for IB=350µA and VCE=1.49V-1.51V and (b) corresponding slope on 

the output characteristics of the device. 

At higher operating frequencies where signal changes over time are much shorter 

than τth the device temperature stays essentially constant and there is no longer a ther-

mally induced negative differential resistance [103]. Therefore, the real part of z22 gets 

positive due to Early and Kirk effect. However, it is difficult to define a distinct value of 

fth_max.  

A more precise localization is achieved with the phase of y22 (see Figure 3.3a). Iso-

thermal compact model simulation does not lead to negative values of the phase. There-

fore, the zero crossing can be used to define fth_max. In this work, fth_max lies in the range 

of 300-500MHz. Measurements (solid black) and isothermal simulations (dashed red) of 

the magnitude of y22 at VBE=[0.95, 0.96, 0.97, 0.98, 0.99, 1]V and VCE=1.5V are dis-

played in Figure 3.3b. At frequencies lower than fth_max, the isothermal magnitude of y22 

is constant. 

 
 

(a) (b) 

Figure 3.3: Phase (a) and magnitude (b) of measured y22_meas (solid line) and simulated 

y22_iso (dashed line) versus frequency for B5T HBT (AE=0.18x5µm2) at VBE=[0.95, 0.96, 

0.97, 0.98, 0.99, 1]V and VCE=1.5V. 
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Having determined y22_iso, one can calculate the normalized thermal impedance 

Zth_norm with (3.17). Magnitude and phase of Zth_norm for a 0.18×5µm2 SiGe HBT is 

shown in Figure 3.4a and Figure 3.4b, respectively. In Figure 3.4c and Figure 3.4d, the 

magnitude and phase of Zth is calculated using the second proposed method (3.22) 

which requires the measured h12(ω) and αVBE. The result is compared with magnitude 

and phase of RthZth_norm (Rth≈4000K/W, see in [82]). Good agreement can be observed 

comparing the results of the two methods. 

  

(a) (b) 

  

(c) (d) 

Figure 3.4: Magnitude (a) and phase (b) of the normalized thermal impedance Zth_norm 

calculated with (3.17) from low frequency y22 measurements for B5T HBT 

(AE=0.18x5µm2). Magnitude (c) and phase (d) of Zth calculated with (3.22) from low 

frequency h12 measurements compared with RthZth_norm using Rth≈4000K/W. 

3.2.1.3 Discussion 

The thermal effect is very pronounced for the considered device. Thermal feedback 

disappears at frequencies above fth (≈500MHz) when the magnitude of Zth becomes al-

most zero. The four-pole parameters, especially the short circuit output admittance (y22) 

and the reverse voltage gain (h12), can be strongly temperature dependent at low fre-

quencies. The presented approach allows the extraction of Rth and Cth in dependence of 

power and temperature. In our case, the calculation of Rth appears very sensitive to the 
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term m jf T∂ ∂ . Thus, small inaccuracies in αVBE can lead to large errors in the calculated 

Rth=Zth(ω=0). Therefore, an Rth extraction using DC measurements at different tempera-

tures as presented, for example, in [93] is preferred. However, robust results have been 

achieved for Cth extraction using the normalized Zth_norm with Equation (3.16) using y22. 

Note that the proposed approach supposes a unique average temperature and has to be 

used with care for multi­finger devices. 

3.2.2 Pulse measurements for microwave device characterization 

Due to increased self­heating, measured DC and AC characteristics become intrinsi-

cally temperature dependent, e.g. for two different bias points the internal device tem-

perature is different. This makes compact model parameter extraction very cumbersome 

because these parameters are very often temperature dependant e.g. access (base, emit-

ter, collector) resistances, transit times and saturation currents. In order to characterize 

the temperature dependence of model parameters, isothermal data is in principle neces-

sary. This can be achieved by performing DC and S parameter measurements under 

pulsed condition. Even if pulsed measurements may not completely eliminate 

self­heating, they do reduce the device temperature significantly and thus allow (i) 

achieving quasi­isothermal measurement data, (ii) extracting thermal resistance Rth and 

capacitance Cth [104], (iii) extending the measured bias range towards higher voltages 

and current densities. The latter is necessary in order to verify the compact model and 

its extracted parameters under realistic conditions: the device characterization needs to 

go beyond the standard measurements since most high frequency applications require 

large-signal operation, in which currents and charges have to be modeled accurately 

over a sufficiently wide bias range. 

An automatic measurement setup is presented that can be applied to high speed mi-

crowave devices. The system enables simultaneous measurements of pulsed DC and 

pulsed S-parameter characteristics. Measurements with pulse widths down to 80 ns are 

shown for DC and 150 ns for RF in a broad frequency range (500 MHz – 45 GHz) with 

current resolution in the µA range. These performances are beyond those of the pulsed 

measurement systems (PMSs) in [105]–[107]. A detailed description of the PMS is giv-

en including the general principle, the experimental setup and the related measurement 

procedure. Moreover, system optimization and verification using a homemade pulsed 

simulation environment is presented. 

3.2.2.1 Principle 

Pulse measurements are based on recording the transistor response to short pulsed 

stimuli applied at its terminals. The main idea is that if the pulse width is sufficiently 
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short, there is not enough time for the internal temperature of the device to change sig-

nificantly. 

A pulse generator produces short pulses starting from a defined DC quiescent condi-

tion at low power dissipation. The applicability for different device technologies and 

geometries is limited by the internal resistance and the I-V compliance values of the 

generator. In order to avoid high-frequency oscillations, the pulses pass through a bias 

tee (diplexer) with a 50 Ω RF load on its RF port. A calibration that takes into account 

the resistance of bias tees and cables is required.  

The pulse width Tw and the pulse period Tp must be adapted to define the duty cycle 

D for the device under test (DUT), as D=Tw/Tp·100%. The pulse duration must be large 

enough to achieve sufficient measurement precision, but much smaller than the thermal 

time constant to ensure isothermal behavior of the device. Besides, the duty cycle has to 

be sufficiently small to allow that the device can cool down within one period. Accord-

ing to the DUT a duty cycle lower than 10% is generally adequate. 

 

Figure 3.5: (a) Oscilloscope measurement of synchronized DC and RF pulse. 

Since the pulses are applied for a small time compared to the total period, pulsed 

measurements cause little stress to the DUTs, so they allow measurements outside the 

SOA without damaging the transistors and study phenomena such as the pinch-in effect 

of the emitter current [108]. Moreover, it is possible to perform pulsed RF 

measurements, where an RF and a DC pulse can be superimposed using DC and RF 

port of a bias tee (see Figure 3.5). The DC pulse form strongly depends on the input 

resistance of the pulse generator and of the DUT as well as lumped parasitics of cables 

and bias tees. Therefore, the pulse form should be verified with an oscilloscope in order 

to define the measurement window to be in a steady region of the pulse. 

3.2.2.2 Experimental setup 

On­wafer measurements were made on B3T and B5T SiGe HBTs (see Paragraph 

2.2) in GSG configuration at controlled room temperature. Pulse measurements were 

carried out with the pulsed DC analyzer Keithley 4200­SCS in combination with the 

VNA Rohde & Schwarz ZVA67 (with ZVAX extension unit) as shown in Figure 3.6. 

The 4200­SCS consists of two pulse measurement units (4225 PMUs) that generate the 

pulse and measure the pulse response. The pulses are applied directly to the base of the 
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DUT, while the collector voltage is held constant and the emitter is connected to the 

ground. The PMU allows to create pulses larger than 80ns with minimum rise and fall 

times of 20ns. Measurements with sufficient accuracy were obtained using a time 

window between 60% and 90% of the DC pulse duration. 

In order to synchronize the DC and RF pulses, the 4200­SCS sends a trigger signal 

generated with the pulse generator unit (4220 PGU) to the ZVA67. The synchronization 

has been adapted with delay parameters and verified with the oscilloscope LeCroy 

Wavepro960. The input resistance of channel 1 (base monitor) and channel 2 (collector 

monitor) of the oscilloscope are set to 50Ω and 1MΩ, respectively, to prevent the 

system from oscillations. A reasonable trade­off between accuracy and measurement 

time has been reached using an averaging factor between 5 and 10. 

In this configuration, a duty­cycle of up to 50% is possible, however accurate results 

were achieved using values between 1% and 10%. Below 1%, the RF pulsed 

measurements exhibit insufficient accuracy, while above 10%, thermal dispersion can 

occur in the DUT. RF pulsed measurements could be performed up to 67GHz, but 

cables and connectors set the limit to 45GHz. The maximum measurable current is 

200mA, while the maximum admissible voltage is 10V. The measured RF data is 

transferred from the ZVA67 to the 4200­SCS over a GPIB interface. 

 

Figure 3.6: Experimental set-up of the PMS, where DC and RF pulses are applied 

through the DC and RF ports of the bias tees at the base and the collector of the DUT. 
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3.2.2.3 Software 

Accurate device characterization with pulse measurements requires accurate data 

acquisition. The company NMDG was instructed to implement a special library in the 

4200­SCS allowing automatic pulsed DC and pulsed DC/RF measurements with focus 

on SiGe HBT characterization. DC bias conditions are reached with a corrective algo-

rithm. For example, due to the load impedance at the collector, the IC response produces 

a negative VCE pulse that has to be compensated. Therefore, an iterative algorithm de-

termines a corrected VCE pulse using the setpoint value, the load impedance and the 

measured current response in order to keep the collector voltage constant during the 

measurement. 

3.2.2.4 Pulsed S parameter 

To characterize the small­signal behavior of active devices, low RF power has to be 

used (especially for bipolar transistors). The source level was chosen to be ­28dBm (at 

the RF port of the bias network) in order to ensure the linear condition and at the same 

time to have a sufficient accuracy level. First of all, a power calibration with an RF 

power of ­20dBm is performed that adapts the source level for each frequency to 

achieve a constant RF power level. After that, a standard SOLT calibration (­28dBm) is 

carried out. During measurement, biasing level and pulse synchronization is verified by 

monitoring port 1, port 2 and the trigger trace on the oscilloscope LeCroy WAVEPRO 

960 (see Figure 3.6). 

3.2.2.5 System optimization 

In this section, the operation principle of the PMS is reproduced using pulsed simu-

lations. The simulation environment helps to better understand the operating principle of 

the PMS and is an effective tool to optimize the pulse stability and system parameters as 

duty cycle, measurement window, etc. Moreover, pulsed and non-pulsed DC and S pa-

rameter characteristics are compared in order to verify the consistency of the PMS with 

conventional measurements. 

3.2.2.5.1 Pulse simulations 

Since the PMS is rather complex for theoretical treatment, pulsed simulations were 

carried out imitating the behavior of the system. The pulse shape strongly depends on 

the input resistance of the pulse generator and the DUT as well as lumped parasitics like 

cables and bias tees. Therefore, a circuit model of the PMS was implemented in ICCAP 

(Figure 3.7) including all passive and active components as for example the bias net-

work (Figure 3.8). 
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The impedance of the coaxial cables delays the pulse signal by about 20ns and is 

characterized with a distributed coaxial cable model. Simulating the measurement bench 

requires not only the consideration of all passive components but also the same data 

acquisition procedure. For instance, in simulation and measurement, the transient base 

and collector currents are calculated using the voltage drop across a 50Ω resistor. Be-

sides, it is possible to select the same input parameters like amplitude and width of the 

DC pulse, as well as the position of the measurement window. This enables the optimi-

zation of these parameters, e.g. data sampling in the stable region of the pulse or optimi-

zation of the duty cycle. 

 

Figure 3.7: Schematic circuit diagram of the pulse measurement simulation environ-

ment, where DC pulses are applied through the DC and RF ports of the bias tees at the 

base and the collector node of the transistor compact model. 

 

Figure 3.8: Schematic circuit diagram of the bias tee network. 

During simulation it is possible to monitor all parasitic currents as well as the tem-

perature of the transistor. The latter requires an accurate compact model of the DUT. 

The temperature node of the transistor model is connected to a thermal network in order 
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to precisely determine the transient thermal heating inside the device when a short pulse 

is applied. Simulation results are presented in Paragraph 3.3.1.2. 

  

(a) (b) 

  

(c) (d) 

Figure 3.9: Base voltage pulses VBE(t) from 0.75V to 0.95V with pulse widths Tw of 

100ns, 150ns and 300ns and a constant collector voltage VCE of 1.5V are (a) applied to 

the HBT and (b) simulated with an HBT model. (c) VCE stability optimization by apply-

ing (i) a load resistance RL of 1MΩ, (ii) RL of 50Ω or (iii) RL of 50Ω and a load capaci-

tance CL of 100nF at the collector node of the HBT model. (d) Enlarged image section 

of pulse simulation with stabilized condition (iii) with indicated measurement window 

for collector current IC(t). 

3.2.2.5.2 VCE stability 

In Figure 3.9a, base voltage pulses VBE(t) from 0.75V to 0.95V with pulse widths Tw 

of 100ns, 150ns and 300ns and a constant collector voltage VCE of 1.5V applied at the 
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base of a high speed HBT are shown. During the base pulse, a VCE overshoot is 

observed that results in a maximum VCE deviation of 15% in the measurement window 

for a base pulse of 100ns. Similar overshoot effects have been reproduced with circuit 

simulations of the PMS, shown in Figure 3.9b. The stability of VCE during the pulse can 

be improved by applying at the collector node (i) a load resistance RL of 50Ω or (ii) a 

load resistance RL of 50Ω and a load capacitance CL of 100nF as shown in Figure 3.9c. 

Best results are achieved with the latter configuration (see Figure 3.9d). However, the 

current flowing through the capacitance ICap modifies the measured collector current 

IC,meas while the actual collector current IC does not change. In order to assure that 

IC,meas=IC, DC pulsed I-V characteristics are measured in a first run without connecting 

the capacitance. In a second step, the capacitance is connected and pulsed RF 

measurements are carried out. 

             
(a) (b) 

 

(c) (d) 

Figure 3.10: Comparison of conventional RF (as reference) and pulsed RF measure-

ments from 3GHz to 43GHz performed on calibration standards (ISS): (a) S11, S22 of an 

S11
S22
Ref

frequency

D = 1%

S11
S22
Ref

frequency

D = 5%

0.985

0.99

0.995

1

1.005

0 10 20 30 40 50

m
a

g
(S

) 

f [GHz]

S12

S21

S12_ref

S21_ref

-90

-80

-70

-60

-50

-40

-30

-20

-10

0

0 10 20 30 40 50

lo
g

(m
a

g
(S

))
 

f  [GHz]

S11

S22

S11_ref

S22_ref



Characterization of self-heating 

52 

Open structure with a duty cycle D of 1%; (b) S11, S22 of an Open structure with a duty 

cycle D of 5%; (c) S12, S21 and (d) S11, S22 of a Thru structure with duty cycle D of 5%. 

3.2.2.5.3 Duty cycle 

The duty cycle defines the time that the DUT operates in an active state as a fraction 

of the total period. Moreover, it is a limiting factor for achieving sufficient measurement 

precision. Therefore, pulsed S parameters have been compared with standard S parame-

ter measurements, as shown for a measured Open (see Figure 3.10a and Figure 3.10b) 

and Thru structure (see Figure 3.10c and Figure 3.10d). Since the VNA measures during 

the full pulse period, a small duty cycle brings the RF signal level close to the VNA 

noise level [106]. In this configuration, pulsed S parameters with a duty cycle below 1% 

lack of accuracy (see in Figure 3.10a measured Open standard). Good agreement was 

achieved between conventional and pulsed RF measurements with a duty cycle D of 

5%. 

Pulsed simulations allow us to verify if the device has enough time to cool down 

within a period. In Figure 3.11, two pulse periods of VBE(t) as well as the internal 

temperature rise ∆T(t) calculated by the compact model are shown. The device is pulsed 

from 0.25V to 0.95V at the base node with Tw of 3µs and a constant VCE of 1.5V. It is 

shown that the device needs around 2µs in order to completely cool down. Hence, for a 

pulse width of 100ns, the duty cycle should not be larger than 5%. 

 

Figure 3.11: Duty cycle verification with pulsed simulations: Pulse width Tw=3µs and 

duty cycle D=5%. 
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(a) (b) 

Figure 3.12: Validation of PMS with conventional DC and RF measurements: (a) Base-

emitter voltage VBE versus collector current IC and (b) transit frequency fT versus base 

emitter voltage VBE measured with 3µs pulse width for constant collector emitter volt-

ages VCE=[0.5,1.5]V for an HBT with a drawn emitter area AE=0.18x5µm². 

3.2.2.6 Verification with conventional DC/AC measurements 

From measurements and simulations it has been found that the thermal steady state 

of a B5T HBT with a drawn emitter window AE=0.18x5µm² is reached above a pulse 

width of 3µs. Therefore, conventional DC measurements (Agilent 4155B) and 3µs 

pulsed measurements are compared in Figure 3.12a. Moreover, S parameters were 

measured from 1GHz to 45GHz using VNA Rohde & Schwarz ZVA67. The transit fre-

quency fT shown in Figure 3.12b is extracted at 15GHz. In steady state condition, pulsed 

and conventional measurements give consistent results, as expected. 

3.2.2.7 Pulsed DC results 

Figure 3.13a and Figure 3.13c show pulsed measured output curves obtained for a 

HBT with a drawn emitter window AE=0.27x5µm² and AE=0.84x5µm². Measurements 

were carried out with pulse widths from 80ns up to 50µs. The good agreement between 

long pulse widths and standard DC measurements validates the consistency of the sys-

tem. It can be observed that IC increases as pulse duration becomes longer. The longer 

the pulse width, the more DC power is dissipated in the device and, therefore, the higher 

is the internal device temperature. Figure 3.13b and Figure 3.13d show the IC increase 

for a given VCE as a function of the pulse width. These characteristics have been extract-

ed from Figure 3.13a and Figure 3.13c, respectively, by collecting the measured IC val-

ues at a given VCE for each pulse width. For the narrowest pulse widths, it can be ob-

served that IC tends to a steady value; hence, an almost isothermal measurement is 

achieved. 
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(a) (b) 

 

(c) (d) 

Figure 3.13: Output characteristics for VBE=0.95V measured with various pulse widths 

from 80ns up to 50µs for an HBT with (a) AE=0.27x5µm² and (c) AE=0.84x5µm². Col-

lector current IC versus pulse width Tw for different collector emitter voltages VCE for an 

HBT with (b) AE=0.27x5µm² and (d) AE=0.84x5µm². 

3.2.2.8 RF results 

Figure 3.14 shows VBE versus IC and the current gain cut­off frequency fT versus VBE 

for a HBT with AE=0.5x5µm². S parameters are obtained up to 45GHz as a function of 

VBE from 0.8V to 0.98V for VCE=[0.5, 1.5]V. S parameters were de-embedded with an 

Open structure and the fT is extracted at 15GHz. For VCE=0.5V internal self­heating is 

very small, therefore, measurements for various pulse widths should be close to each 

other, as can be observed in Figure 3.14. On the other hand, for VCE=1.5V, the transistor 

is significantly heated resulting in higher IC and lower peak fT for longer pulse widths. 
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(a) (b) 

Figure 3.14: (a) Base-emitter voltage VBE versus collector current IC and (b) transit fre-

quency fT versus base emitter voltage VBE measured with 150ns, 300ns and 1µs pulse 

widths at constant collector emitter voltages VCE=[0.5,1.5]V for an HBT with 

AE=0.5x5µm². 

3.2.2.9 Discussion 

In Figure 3.15, the DC compact model of an HBT with AE=0.18x5µm² (lines) is 

compared with pulsed measurements (symbols). Two simulations have been carried out: 

(i) Using the compact model with the extracted thermal network (green line); (ii) using 

the compact model without self-heating (black line). The comparison of the pulse meas-

urement for 100ns with isothermal simulation shows that isothermal condition is not 

fully reached but that the internal junction temperature of the device is significantly 

reduced. Nonetheless the obtained device characteristics are almost isothermal and ena-

ble new possibilities for model parameter determination. Moreover, the system allows 

transient thermal impedance measurement [82] for further investigations. 
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Figure 3.15: Base-emitter voltage VBE versus collector current IC: Comparison of pulsed 

measurement (symbols) and DC simulation (line) with self-heating and without self-

heating at a constant collector emitter voltage VCE=1.5V for an HBT with 

AE=0.18x5µm². 

3.3 Distributed electrothermal modeling 

In general, distributed models describe spatial and temporal variations more realistic 

than simpler lumped models. Lumped models are rather inadequate when the data have 

high spatial and temporal resolution. For example, transient thermal heating effects or 

thermal coupling between devices cannot be accurately modeled with the standard 

thermal network integrated in most compact models. In this Section, the conventional 

single pole thermal network is replaced with higher order networks that better embodies 

the physics background of the electrothermal heating phenomenon. 

3.3.1 Thermal impedance model 

3.3.1.1 Recursive electrothermal network 

The passive thermal network represents the dynamic link between instantaneous 

power dissipation and the temperature variation due to self-heating. In most common 

compact models, the distributed thermal network is reduced to a single pole 

electrothermal equivalent network as shown in Figure 3.16a. The corresponding thermal 

impedance is given by (3.1) with n=1 
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In the literature, several thermal equivalent circuits like Foster, Nodal or recursive 

networks were proposed in order to model the dynamic thermal behavior more accurate-

ly. Such networks should be related to the real physical structure of the device and 

should have as less as possible additional model parameters. Moreover, good conver-

gence in a circuit simulator and low calculation time are necessary. A comparative study 

has been proposed in [82] where a recursive thermal network (Figure 3.16b) equivalent 

to a transmission line was found to be the most suitable. Several studies [100], [104], 

[109] have verified the accuracy and the applicability of this network, and therefore, it is 

applied in this work. 

  

(a) (b) 

Figure 3.16: (a) Single pole thermal network (b) n-cell Recursive thermal network. 

The recursive network shown in Figure 3.16b consists of distributed resistance ca-

pacitance (RC) pairs where the sum of series resistances is equal to Rth of the single pole 

network. 
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In DC condition both networks give the same results since the thermal capacitance Cth 

has no effect and ( 0)th thZ Rω → = . 

 

Figure 3.17: Magnitude of RthZth_norm vs. frequency for a SiGe HBT with 

AE=0.18x5µm². Measurements (symbols) are compared to simulations using single pole 

(solid line) and recursive network (dashed line). 
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The recursive network was verified in terms of accuracy with increasing number of 

cells in [82]. Note that, using only one cell is equal to the single-pole network. In [82], it 

is observed that a higher number of cells provides better accuracy. However, in this 

work, a nine cell network is used since the difference to higher order networks is 

deemed not significant enough to further enhance the accuracy of the simulation. Mag-

nitude of the normalized thermal impedance multiplied with Rth is shown in Figure 3.17. 

It is obvious that, the measured thermal impedance is not accurately modeled with the 

standard single pole thermal network (Rth=4000K/W, Cth=2.9pWs/K). Thermal parame-

ters for the 9 cell recursive network are extracted from normalized Zth_norm 

(R=1300K/W, C=2.8pWs/K, KR=0.9 and KC=1.8). The recursive network in combina-

tion with extracted parameters is significantly more precise at lower frequencies. Fur-

thermore, this can be observed by magnitude and phase of y22 in Figure 3.18. 

  

(a) (b) 

Figure 3.18: Comparison of (a) magnitude and (b) phase of y22 among different 

electrothermal networks.  
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imum achievable cancellation performance of predistortion linearization of a power 

amplifier. 
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using the conventional single pole (Figure 3.19a) and the nine stage recursive network 

(Figure 3.19b) were compared in terms of accuracy. Simulations using the conventional 

thermal network are inadequate to fit properly the measured output characteristics. The 

deviation is caused due to the mismatch of thermal impedance in the frequency domain 

(Figure 3.17). In contrast, very good agreement for output (Figure 3.19b) and VBE versus 

IC characteristics (Figure 3.19c) can be observed using the recursive network. When a 

transient pulse is applied to the device, theoretically an infinite number of thermal time 

constants are necessary to represent the thermal response. Hence, dynamic self-heating 

could not be properly modeled using a single pole network, as it has only a single time 

constant [112]. 

 

(a) (b) 

 
(c) 

Figure 3.19: Simulations (lines) and measurements (symbols) for a SiGe HBT with 

AE=0.18x5µm². Output characteristics at VBE=0.95V for various pulse widths from 

100ns up to 1µs obtained by applying a single pole (a) and recursive (b) network at the 

temperature node of the compact model. (c) IC versus VBE characteristics for VCE=[0.5, 

1.5]V (simulations with the recursive network). 

3.3.2 Distributed thermal coupling model 
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coupling can have significant impact on circuit performance. A common case where 

thermal coupling should be considered is in multi-transistor arrays (MTAs) and multi-

finger transistors (MFTs). The individual transistors/fingers, depending on trench isola-

tion and proximity, can be strongly thermally coupled through the substrate. MFTs are 

often used since they are more suitable for high frequency operation due to small base 

access resistance and capacitance.  

In the design process the center fingers are considered to be the most critical. As-

suming a device temperature during the design phase that differs too much from the real 

value, can result in thermal runaway under actual working conditions and destruction of 

the device in the worst case. In this section, intra­device thermal coupling in a MFT and 

inter-device coupling in a MTA is studied using measurements on specially designed 

test structures. In addition, the MFT is investigated by physical simulation. Thermal 

coupling parameters are extracted and implemented in a distributed transistor model. 

 

(a) (b) 

 

 
(c) (d) 

Figure 3.20: Schematic diagram (a) and layout (b) of the test structures. Micrograph (c) 

of test structure suitable for RF measurements and (d) of the enlarged section where the 

six transmission lines are connected to the emitter/collector stripes. 
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3.3.2.1 Test structures 

In order to accurately model the electro­thermal behavior of high power devices, test 

structures are required to characterize self­heating and thermal coupling. The first test 

structure contains five transistors in parallel to measure the effect of inter-device cou-

pling. The second test structure contains a MFT to measure thermal coupling between 

the emitter stripes (intra-device coupling). 

The two test structures are similar: (i) each emitter has a drawn emitter area 

AE=5x0.18µm2, (ii) the five fingers/transistors are electrically connected as shown in 

the schematic diagram (Figure 3.20a). In this configuration each finger/transistor can be 

used either for heating or sensing. Each emitter port can be biased by independent volt-

age/current sources to control the dissipated power. The common collector is accessible 

which allows the base-collector voltage to be significantly reverse biased in order to 

generate the desired heat. The IE(VBE) characteristic is used in order to sense the 

temperature. Therefore, each transistor has to be calibrated by measuring IE(VBE) at low 

current densities (negligible heat generation) at different chuck temperatures. Thermal 

interactions can be easily studied due to the various possible heat/sense combinations. 

For each structure two different versions were designed: (i) optimized for DC meas-

urements; and (ii) optimized for RF measurements. The layout of the DC structure is 

displayed in Figure 3.20b. The resistance of interconnects between pads and transistors 

is reduced using the metal layers M3, M4, M5 and M6 in parallel. For RF measure-

ments this would lead to a high parasitic capacitance. Therefore, a second structure with 

50Ω transmission lines (only M6) was designed that is suitable for RF measurements 

(Figure 3.20c). The enlarged section is shown in Figure 3.20d where the six transmis-

sion lines are connected to the emitter/collector stripes. In both structures, a slotted 

ground plane (M1 and M2 in parallel) is connected to all base contacts. 

The multi transistor array (Figure 3.21a, only two transistors are shown) has a 

shallow trench isolation (STI) between emitter and collector contact and each transistor 

is surrounded by a deep trench isolation (DTI). In the MFT (Figure 3.21b) the adjacent 

fingers share the collector stripes at the side, hence, the emitters (heat sources) have no 

thermal isolation (DTI) and are closer to each other in comparison to the MTA (distance 

between emitter fingers DFinger=5µm, distance between emitter contacts of single tran-

sistors DTransistor=[7, 9, 11]µm). Therefore, higher thermal coupling is expected in the 

MFT. A 3D sketch of both devices is shown in Figure 3.22. 
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(a) 

 

(b) 

Figure 3.21: (a) Multi­transistor structure with STI and DTI (distance D between the 

deep trench walls). (b) Multi­finger­transistor structure with shared collector contacts. 

 
 

(a) (b) 

Figure 3.22: A 3D sketch of (a) the five-transistor array (MTA) with STI and DTI (dis-

tance D of 3µm between the deep trench walls) and (b) the five-finger transistor (MFT). 

3.3.2.2 VBE variation as thermometer 

When using bipolar transistors as thermometer there are mainly three temperature 

sensitive quantities that have been widely used in the literature [94]: (i) collector reverse 

saturation current, (ii) current gain and (iii) forward base-emitter junction voltage VBE. 

The latter has been chosen since VBE(T, IE=const) is almost linear, easy predictable and 

varies little among similar devices. 

In constant current mode, the negative thermal feedback leads to a decrease in VBE 

with temperature. In the proposed setup, an emitter current is forced while VBE is meas-
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ured. In order to calibrate the fingers/transistors VBE was measured at different chuck 

temperatures ranging from 300K to 373K and for different forced emitter currents IE 

(see Figure 3.23a). In general, the temperature coefficient K (Figure 3.23b) is calculated 

with 

 
( ) ( )

high low

BE high BE low

T T
K

V T V T

−
=

−
. (3.28) 

Having K and the measured change in base-emitter voltage ∆VBE the temperature rise 

can be determined with 

 
j BET K V∆ = ⋅∆ . (3.29) 

For further investigations, the forced emitter current IE is chosen to be 1µA where 

the internal self-heating can be neglected and where the BE junction has a sufficiently 

high temperature sensitivity to enable the required measurement accuracy. K does not 

significantly differ between transistors/fingers having the same emitter dimensions. 

 

(a) (b) 

Figure 3.23: (a) Measured VBE at different chuck temperatures ranging from 300K to 

373K and for several forced emitter currents IE. (b) Absolute value of the temperature 

coefficient K vs. the emitter current IE. 

3.3.2.3 Extraction of thermal coupling factors from measurements 

On-wafer measurements were carried out at room temperature using a SUSS 

MicroTec probing station equipped with a thermal chuck. DC as well as RF structures 

are embedded in GSG pads to avoid oscillations. Probing was done with two differential 

GSGSG probes (SUSS MicroTec) and two GSG probes (Picoprobe). Measurements 

were obtained using the DC analyzer HP4155A using the four Source/Monitor Units 

(SMUs) and two Voltage Monitor Units (VMUs). The sensing transistors are forced 

with an emitter current IE of 1µA while VBE is measured. The temperature is then calcu-

lated using the extracted K. In this operating condition a sensitivity of around 

-1.55mV/K (see Figure 3.23b) is achieved. The heating transistors are operated in for-

ward direction at different dissipated power levels Pdiss.  
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Figure 3.24 shows the resulting temperature rises ∆T in the case when only T4 (see 

schematic diagram in Figure 3.20a) is heating. VBE of T4 is increased while VBC is held 

constant at 0.5V. Firstly, T measurement in the MFT is presented in Figure 3.24a. If T4 

dissipates a power of 18mW (IC ≈12mA, VBE≈0.91V), the temperature of the adjacent 

fingers is increased by 11°C. If all fingers operate together this value would be more 

than doubled with respect to the central emitter. The thermal coupling resistance (slope) 

is almost linear with the dissipated power of T4. It is rather governed by the thermal 

conductivity and the device architecture than by the electrical operation regime. Ther-

mal coupling between single transistors is much smaller (see Figure 3.24b). If T4 oper-

ates at the same power (≈18mW) the temperature of the neighboring transistors (dis-

tance between the DTI D=1.5µm, see Figure 3.21) is increased by a little more than 

3°C. The reduced thermal coupling effect is mainly due to the deep trench isolation 

around each transistor and the larger distance between the heat sources (see Figure 3.21, 

DFinger=5µm, DTransistor=[7, 9, 11]µm). As expected, thermal coupling further decreases 

with wider spacing as shown in Figure 3.24b. 

 
(a) (b) 

Figure 3.24: (a) Temperature increase inside emitter fingers of the MFT in the case 

when only T4 is heating. (b) Temperature increase inside the single transistors of the 

MTA for three different distances between the DTI (D=[1.5, 3, 5]µm). 

By measuring various heat/sense combinations the coupling factors between the fin-

gers can be determined with 
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where P is the dissipated power and T is the temperature inside the sensing (index X) 

and the heating (index Y) transistor. The junction temperature TY is calculated with the 

transistor compact model (AE=0.18x5µm², validated for chuck temperatures from 27°C 

to 100°C in 2.4.5). The transistor measurements were carried out on the same wafer 
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been recalculated. The coupling factors for intra- and inter-device mutual thermal heat-

ing (including different transistor spacing) are plotted versus dissipated power of the 

heating device in Figure 3.25a and in Figure 3.25c-d, respectively.  

Thermal coupling slightly decreases with Pdiss. Since the sensed temperature rise 

must be smaller than the temperature rise in the heating device, it follows that 

_ _th YY th XYR R>  Moreover, Rth rises with temperature due to nonlinear thermal conduc-

tivity of silicon [114]. Considering this for Rth_YY and Rth_XY in (3.30), Rth_YY increases 

faster than Rth_XY with Pdiss, and therefore, CXY decreases. The coupling factors between 

direct neighbors (C12, C21, C32, etc.) and indirect neighbors with one (C13, C31, C35 etc.) 

or two (C14, C25) devices in between hardly differ from each other due to symmetric 

heating. Differences are a little more pronounced for the multi­finger transistor due to 

varying distances between finger positions and deep trench walls. 

  
(a) (b) 

  
(c) (d) 

Figure 3.25: Thermal coupling parameters CXY plotted versus the dissipated power of 

the heating transistor TY for intra- and inter-device coupling: (a) MFT, (b, c and d) 

MTA with distance between DTI D=[0.15, 0.3, 0.5]µm, respectively. 
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Table 3, Table 4 and Table 5) heating are extracted at a dissipated power Pdiss≈10mW. 

In addition, the CXY(Pdiss) dependence is rather weak in this case (see Figure 3.25); the 

extracted CXY-values can be used for a wide bias range. 

 

Figure 3.26: Transit frequency fT versus dissipated power Pdiss at collector-base voltage 

VCB=0.5V.  

 

Heating Thermal coupling factors CXY [%] 

Finger T1 T2 T3 T4 T5 

T1 100% 15.30% 8.22% 5.29% 4.04% 

T2 16.33 100% 14.55% 8.05% 5.70% 

T3 8.70 14.62% 100% 14.62% 8.70% 

T4 5.70 8.05% 14.52% 100% 16.33% 

T5 4.04 5.29% 7.96% 15.30% 100% 

Table 2: Thermal coupling parameters between the five transistor fingers 

(AE=[0.18x5]µm2) T1, T2, T3, T4 and T5 extracted from measurements at a dissipated 

power Pdiss≈10mW. 

Heating Thermal coupling factors CXY [%] 

transistor T1 T2 T3 T4 T5 

T1 100% 3.41% 1.79% 1.25% 0.93% 

T2 3.21% 100% 3.24% 1.84% 1.25% 

T3 1.75% 3.28% 100% 3.28% 1.75% 

T4 1.25% 1.84% 3.44% 100% 3.21% 

T5 0.93% 1.25% 1.76% 3.41% 100% 

Table 3: Thermal coupling parameters between parallel connected transistors 

(AE=[0.18x5]µm2) T1, T2, T3, T4 and T5 (distance between deep trench walls 

D=1.5µm) extracted from measurements at a dissipated power Pdiss≈10mW. 

0 5 10 15 20 25 30
0

50

100

150

200

250

300

350

400

f T
 [G

H
z]

P
diss

 [mW]

 CM Simulation V
CB

=0.5V

 Measurement V
CB

=0.5V



Advanced electrothermal device characterization 

67 

Heating Thermal coupling factors CXY [%] 

transistor T1 T2 T3 T4 T5 

T1 100% 2.69% 1.54% 1.11% 0.81% 

T2 2.63% 100% 2.68% 1.50% 1.04% 

T3 1.43% 2.66% 100% 2.66% 1.43% 

T4 1.04% 1.50% 2.81% 100% 2.63% 

T5 0.81% 1.11% 1.59% 2.69% 100% 

Table 4: Thermal coupling parameters between parallel connected transistors 

(AE=[0.18x5]µm2) T1, T2, T3, T4 and T5 (distance between deep trench walls D=3µm) 

extracted from measurements at a dissipated power Pdiss≈10mW. 

Heating Thermal coupling factors CXY [%] 

transistor T1 T2 T3 T4 T5 

T1 100% 2.49% 1.30% 0.88% 0.67% 

T2 2.41% 100% 2.36% 1.33% 0.91% 

T3 1.29% 2.34% 100% 2.34% 1.29% 

T4 0.91% 1.33% 2.38% 100% 2.41% 

T5 0.67% 0.88% 1.30% 2.49% 100% 

Table 5: Thermal coupling parameters between parallel connected transistors 

(AE=[0.18x5]µm2) T1, T2, T3, T4 and T5 (distance between deep trench walls D=5µm) 

extracted from measurements at a dissipated power Pdiss≈10mW. 

3.3.2.4 Extraction of thermal coupling factors from TCAD simulations 

The 3D-nature of the heat flow inside transistors makes simple approximations of 

compact models of limited value. Predictive methods, therefore, require the accurate 

representation derived from numerical simulation. Thermal TCAD simulations were 

made with the Sentaurus device version E-2010.12 [115] which is a multidimensional 

simulator for semiconductor devices. 

In this steady state thermal analysis, the BC junction of the device is considered to 

be the “heat source” due to the high power density. The heat source is defined by a 

thermode in Sentaurus, which is an isothermal surface. The available model is the 

“Sentaurus Electrothermal Resistance” model as shown in Figure 3.27. The 

electrothermal resistance has two electrical contacts (electrodes u1 and u2) and one 

thermal contact (thermode t). The electrical behavior of the resistance is described by 

the Ohm’s law and the dissipated power (Pdiss=(U1–U2)I) is equivalent to the generated 

heat flow inside the device. 
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Figure 3.27: Sentaurus electrothermal resistance model. 

Due to the symmetry of the device, ½ of the five finger HBT structure is built on a 

semi-infinite Si-block (see Figure 3.28). The thickness of the substrate region is 300µm 

as the wafer thickness. The five base-collector (BC) junctions (heat sources) are equal to 

effective emitter area (LE_eff x WE_eff) and have been placed with exact technological 

(B5T) distances from each other. The heat sources are surrounded by SiO2 shallow 

trench isolation (STI) and the whole structure is surrounded by SiO2 (filled with poly-

silicon) deep trench isolation (DTI). The boundary surfaces of the Si-block are adia-

batic, i.e. there is no heat flow to the surroundings. The wafer back-side is isothermal 

and initially kept at ambient temperature (300K) which is considered as the “thermal 

ground” (Tamb). Only the lower device part starting from BC junction to Tamb is simulat-

ed. A temperature dependent thermal conductivity κ is used in Sentaurus Device which 

is given by the following equation 
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where κa = 0.03 cmKW-1, κb = 1.56 x 10-3 cmW-1and κc = 1.65 x 10-6 cmW-1K-1 (for 

silicon). The range of validity is from 200K to well above 600K (taken from Sentaurus 

device [115] user manual). 

 

Figure 3.28: Semi-infinite Si substrate including heat sources and boundary conditions. 

Different power values are applied at five rectangular heat sources (placed at the 

base-collector junction of each finger). Figure 3.29a shows the lattice temperature TLattice 

distribution inside the device for an applied power of 30mW. A cross section of TLattice 
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along the heat source in x direction is displayed in Figure 3.29b where a temperature 

difference between center and side fingers of ∆T=15K is observed. 

 

(a) 

(b) 

 

(b) 

Figure 3.29: (a) Lattice temperature TLattice distribution inside the device when a 

power of 30mW is applied at five rectangular heat sources. (b) A cross section of TLattice 

along the heat source in x direction. 

The steady state temperature at each BC junction is measured when several constant 

power values are applied at one finger. In Figure 3.30a measurements and TCAD results 

of the temperature increase ∆T inside the neighboring fingers are compared when only 

T4 is operated as heat source. The compact model determines a slightly higher ∆T. In 

Figure 3.30b, the coupling factors extracted from the measurements and TCAD simula-

tions are in good agreement. The coupling factors extracted from TCAD for 

Pdiss=10mW are shown in Table 6. 
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(a) (b) 

Figure 3.30: (a) Temperature increase ∆T inside the neighboring fingers in the case 

when only T4 is heating; comparison of measurements (symbols) and TCAD results 

(solid lines). ∆T of T4 (symbol) is calculated by the compact model. (b) Thermal cou-

pling parameters CXY plotted versus the dissipated power of the heating transistor TY 

Comparison between extracted parameters from measurements (symbols) and TCAD 

simulation (solid lines). 

 

Heating Thermal coupling factors CXY [%] 

finger T1 T2 T3 T4 T5 

T1 100% 15.61% 8.66% 5.70% 4.30% 

T2 16.39% 100.00% 14.93% 8.52% 5.98% 

T3 9.15% 15.01% 100.00% 15.00% 9.14% 

T4 5.98% 8.52% 14.93% 100% 16.39% 

T5 4.30% 5.70% 8.66% 15.61% 100% 

Table 6: Coupling factors for intra­device coupling extracted from 3D TCAD simula-

tions (Pdiss=10mW) for a five finger HBT with drawn emitter area AE=[0.18x5]µm2. 

3.3.2.5 Thermal coupling model 

In this section, the thermal model from [116] is applied which allows substrate 

thermal coupling between the active fingers/transistors of the test structures to be accu-

rately represented in a circuit simulation environment. The thermal equivalent circuit 

contains resistors and voltage-controlled voltage sources. The derivation of the coupling 

coefficients has been described in Paragraph 3.3.2.3. 

A linearized thermal coupling model in the case of two transistors (shown in Figure 

3.31) is defined as 

 1 11 12 22 _11 1 12 _ 22 2th thT T c T R P c R P∆ = ∆ + ∆ = +  

2 21 11 22 21 _11 1 _ 22 2th thT c T T c R P R P∆ = ∆ + ∆ = +  

(3.32) 
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where ∆T1 and ∆T2 are the temperature increases in the two transistors, Rth_11 and Rth_22 

are the self-heating thermal resistances, c12 and c21 are the mutual thermal coupling fac-

tors and P1 and P2 are the dissipated powers. As shown in the previous section, thermal 

coupling factors are not constant with temperature since the silicon substrate and the 

dielectric materials have temperature dependent thermal conductivities. Thus, the linear-

ity principle of (3.32) is only valid for small signal excitations. However, in our case 

this is sufficient since the coupling factors vary little with Pdiss (see Figure 3.25). 

 

Figure 3.31: Extended thermal network for self-heating and thermal coupling for two 

sources. 

A netlist­based method calculating the thermal coupling between devices in an elec-

trical simulator is very suitable for circuit designers. Therefore, the thermal nodes of 

five lumped HICUM transistor models are connected to a distributed thermal network 

proposed by [116]. The method retains the thermal resistance of each device. The ther-

mal coupling terms are implemented using voltage controlled voltage sources (see Fig-

ure 3.31). The thermal interaction can be exactly represented by the extracted coupling 

coefficients of the controlled sources. This simple approach makes the construction of 

the thermal coupling network very straightforward. 

In Figure 3.32, output characteristics of the MFT test structure for a constant 

VBE=[0.85, 0.9, 0.95]V are compared to circuit simulations using the extracted distribut-

ed thermal network (coupling parameters in Table 2). In Figure 3.32a, emitter 1, 2 and 3 

operates solely, which means that the differences are mainly caused by the difference in 

thermal resistance of each finger. The parallel operation of 2, 3 and 5 fingers is dis-

played in Figure 3.32b, c and d, respectively. Since the device structure is symmetrical, 

other combinations will not provide significant information. Coupled electro-thermal 

simulation of the five lumped finger models is in very good agreement with all meas-

ured configurations. 
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(a) (b) 

 

(c) (d) 

Figure 3.32: Output characteristics of a multi-emitter HBT with a drawn emitter finger 

area AE = 0.27x5 µm². The measurements and circuit simulations using a distributed 

network were carried out for a VBE = [0.85, 0.9, 0.95]V and different finger combina-

tions where (a) 1 emitter (b) 2 emitters (c) 3 emitters (d) 5 emitters operate in parallel. 

In addition, measurements of the MFT and MTA embedded in standard transistor 

modeling structures (see also Paragraph 4.3.1) were carried out. Within these structures 

the transistors are biased through common base and common collector and the emitters 

are on ground. Hence, MFT and MTA can be measured normally with two GSG probes. 

Measured results of the MFT and the MTA are displayed in Figure 3.33a and Figure 

3.33b, respectively. As expected, measured collector currents of the MFT test structure 

(Figure 3.32d) and of the MFT standard modeling structure (Figure 3.33a) are very 

close. Circuit simulations (solid lines) using the coupling network are compared to 

measured output characteristics. Coupling factors of the MTA can be found in Table 3. 

Furthermore, simulations are added without thermal coupling. Difference in IC when 

thermal coupling is deactivated, is almost negligible in the MTA, whereas it is signifi-

cant in the MFT. 
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(a) (b) 

Figure 3.33: Measured (symbols) and simulated (lines) output characteristics for 

VBE=[0.8, 0.85, 0.9, 0.95]V of (a) the MFT and (b) the MTA (distance between deep 

trenches D=3µm) with a drawn emitter area AE=0.18x5µm². Simulations with thermal 

coupling (solid lines) and without thermal coupling (dashed lines) are shown. 

3.4 Conclusions 

Firstly, the self-heating effect in SiGe HBTs was evaluated with low frequency 

measurements and pulsed measurements. A generalized methodology was presented for 

frequency domain thermal impedance extraction using small signal two port measure-

ments in the frequency range below thermal cut-off. Moreover, an advanced pulsed I-V 

and pulsed RF measurement system has been presented which allows adapting the duty 

cycle, the pulse width and the synchronization of DC pulse and RF pulse. Collector bias 

voltage as well as duty cycle was optimized and validated by pulsed simulation. Self-

heating inside the device was significantly decreased using small pulse widths. 

Secondly, the standard thermal network was replaced by higher order networks in 

order to model accurately dynamic self-heating and thermal coupling between neighbor-

ing devices. The better accuracy of the recursive network was verified comparing 

pulsed compact model simulation with pulsed measurements. Furthermore, the effect of 

thermal inter- and intra-device coupling for trench isolated HBTs was measured and 

modeled. Thermal coupling between single devices (inter-device) and between the emit-

ter stripes of a multi-finger transistor (intra-device) was measured using novel test struc-

tures that were specially designed and fabricated. Thermal coupling factors were ex-

tracted from these measurements as well as from 3D thermal simulations and found to 

be in good agreement.  

Inter-device coupling between transistors having a distance of 1.5µm between the 

deep trench walls was found to be less than 5% due to better thermal isolation. The 
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thermal coupling effect, as expected, is further reduced with wider spacing between the 

transistors. In contrast, intra-device coupling is more pronounced. A maximum coupling 

of 17% between neighboring fingers was measured. Due to restrictions by the design 

rules of the PDK it was not possible to study a wider spacing of the emitter fingers. 

The two presented models are easy to use for circuit designers and predict accurate-

ly thermal effects in high speed SiGe HBTs. Regarding the simulation of multi-finger 

transistors, a similar accuracy could be probably also achieved using a lumped model 

with a single fitted thermal resistance. However, this would totally ignore the non-

homogeneous temperature distribution across the multi-finger device. The proposed 

thermal network would give the designer access to thermal nodes of each finger. The 

resulting benefits for the designer are further discussed in Chapter 4. 
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Chapter 4 Circuit-level electrothermal investigations 

4.1 Introduction  

In the Chapters 2 and 3, HBT modeling methods for DC and small-signal excitation 

have been discussed and analyzed. However, transistor compact models should not only 

be verified on device-level. Circuit-level investigations can, for example, (i) verify the 

device operation under large signal regime, (ii) study the electrical and thermal interac-

tion between devices in close proximity or (iii) evaluate the sensitivity of the circuit 

performance to device characteristics. An example is shown in Appendix A.5 where the 

impact of process variations on the FoMs of a 94GHz low noise amplifier (LNA) was 

investigated. 

Due to an increased density of transistors on a given chip thermal effects can signif-

icantly affect the performance (reliability, propagation delays, power dissipation) of the 

overall circuit [117], [118]. Hence, a more accurate thermal analysis is required to study 

the thermal issues at the device and circuit level. The design of analog circuits requires 

accurate device models for computing the impact of the junction temperature on device 

characteristics. For analog/RF designers it would be advantageous to include thermal 

analysis in the state of the art CAD based design and optimization process. Thermal 

analysis should include, e.g. the impact of the distance between devices on the gain, 

stability factor, input and output matching, etc. This would allow direct computation of 

the resulting circuit performance, hence providing an initial valid solution for circuit 

designers. 

In this chapter, the device's large signal dynamical behavior is studied by means of 

two circuits. Firstly, several realizations of a large scale current mode logic (CML) ring 

oscillator (RO) with 218 transistors are presented. The circuit architecture as well as 

optimization steps are explained. The accuracy of circuit simulations is improved con-

sidering the measured circuit temperature. Electrothermal simulations of the whole cir-

cuit are carried out using the distributed thermal coupling compact model extracted in 

the previous chapter. Secondly, two transistor arrays are operated as 60GHz power am-

plifiers. Harmonic balance simulations are compared with 60GHz RF power measure-

ments using load pull variation. Electrical and thermal performance between multi-

finger transistor and multi-transistor are compared. Lumped and distributed transistor 

models are verified under large signal conditions. The nonlinear behavior of microwave 

devices can only be investigated at large-signal operation. This is very important to pre-

dict accurately the performance of microwave nonlinear circuits such as power amplifi-

ers, mixers and oscillators.  
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4.2 Ring oscillator 

In order to benchmark the technology performance for high-speed circuit operation, 

the transit frequency fT, the maximum oscillation frequency fmax and the RO gate delay 

τgate are powerful figures-of-merit. Evaluating a device technology using ring oscillators 

is a simple and widely used method. There have been a number of demonstrations of 

ring oscillator gate delays less than 5ps [119]–[123]. In comparison to figures of merit 

like fT or fmax, the gate delay τgate seems more relevant since it evaluates a technology at 

circuit level, including the specific back-end of line (BEOL) wiring. Indeed, intercon-

nect parasitics can have a significant impact on high-speed switching operations [124]. 

This section examines different RO circuits fabricated in B4T and B5T technology. 

The proposed CML ROs comprise 53 inverter stages with a single ended voltage swing 

of 200mV. These specifications were agreed upon by DOTFIVE partners (IHP, In-

fineon) to allow a direct comparison between the different technologies. The circuit 

performance as well as the circuit temperature is studied. Through an optimization of 

process and circuit layout, τgate is reduced from 2.72ps [122] to 1.65ps [51] which beats 

the lowest reported value of 1.9ps [123] (the RO architecture of this work is similar to 

Ref. [123]). 

4.2.1 Working principle and specifications 

An RO consists of a number of inverter stages where the output of the last stage is 

fed back to the input of the first stage. Each (inverting) stage can be modeled by a sin-

gle-pole transfer function in the frequency domain 
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where AV is the voltage gain and ω0=2πf � is the frequency that the inverter stage will 

attenuate to half its original power. The loop gain of the RO L(jω) results to [125] 
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where n is the number of stages. The term (-1)n+1 must be positive to ensure a negative 

feedback. Hence, an odd number of inverting stages must be used. However, an even 

number of stages can also be used if the inverting stages have a differential output and 

the output nodes of one stage are inverted. The phase margin mφ of an n-stage RO is 

expressed as [126] 

 ( )180 arctan Vm n Aφ ≅ − ⋅  (4.3) 

Hence, the number of stages n must be 
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to guarantee a negative phase margin which allows oscillation.  

The signal must go through each of the N inverter stages twice to provide a full pe-

riod (fosc). Thus, the propagation delay τgate can be calculated with 

 1

2gate
oscN f

τ =
⋅ ⋅

. (4.5) 

A simplified CML model is presented in [127]. τgate can be approximated as a function 

of device and circuit parameters 
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where rB, rC and rE are base, collector and emitter resistances, CBE is the total BE capaci-

tance, CBCi and CBCx are intrinsic and extrinsic base-collector capacitances and CCS is 

the substrate capacitance. 

4.2.2 First RO circuit 

4.2.2.1 Circuit description 

A sketch of the RO including 53 inverter stages is shown in Figure 4.1a and the 

schematic diagram of one CML stage is displayed in Figure 4.1b. The tail current of 

each stage is controlled via a simple current mirror. The current flowing through each 

stage is defined by the current tuning terminal VPOL and the resistors RE and RM. An 

output buffer (emitter follower) provides the voltage swing without voltage amplifica-

tion. The RO layout should monitor the performance of STMicroelectronics B3T (B3T 

RO measurements see in Appendix A.3) and B4T process (see Paragraph 2.2). There-

fore, the CBEBC HBT with drawn emitter length LE=5µm was chosen to be the main 

transistor since it has a high fT and fmax in combination with an accurate compact model 

(information provided from STMicroelectronics modeling team). In this work, a scala-

ble model library of B4T transistors is used that was developed by XMOD within the 

DOTFIVE project. The transistor compact model (CBEBC HBT with drawn 

AE=0.23x5µm2) was verified with DC and RF measurements carried out on a transistor 

modeling structures fabricated next to the RO. Measurements and simulations are pre-

sented in the Appendix A.1. 
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(a) (b) 

Figure 4.1: (a) Sketch of the ring oscillator with 53 CML inverter stages. (b) Schematic 

view of one CML inverter stage. 

The layout of the RO and a micrograph of the fabricated circuit are shown in Figure 

4.2. The RO is biased through five DC Pads situated in the middle of the ring. The volt-

age source VPOL is proportional to the current of the current mirror. Through variation 

of VPOL and VCC, τgate can be measured as a function of current per gate Igate. The output 

signal is taken from the RF signal port. The RF pads are designed for RF probes with a 

100µm pitch and ground-signal-ground (GSG) configuration. 

 

(a) 

 

(b) 

Figure 4.2: (a) The layout of the RO and (b) a micrograph of the fabricated circuit. 

The 3D sketch of one inverter stage including the inter-stage wiring is displayed in 

Figure 4.3. The inverter stages are connected via metal 6 (M6). Parasitic resistances and 

VEE VEE VCCVPOLVCC

53 InverterOutput Buffer
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capacitances between all inverter stages have been extracted through the 3D fast field 

solver StarRC (Synopsys). 

 

Figure 4.3: 3D sketch of one inverter stage including back-end wiring. 

4.2.2.2 Calculation of circuit environment temperature  

In a circuit, the most part of the heat is generated from the power dissipated by the 

devices embedded in the substrate. In general, compact models consider the temperature 

rise caused by self-heating using a thermal impedance network. For a single transistor 

the ambient temperature can be considered to be approximately room temperature. This 

is not valid in our case, as we have a highly integrated circuit with hundreds of active 

and passive devices. The real operating temperature in the local circuit area results from 

mutual heating of all active and passive components.  

 

Figure 4.4: Device junction temperature T results from the local circuit temperature Tcirc 

and the ambient temperature Tamb. 

As shown in Figure 4.4, in a circuit the self-heating-induced temperature rise inside 

a device ∆T can be described as 

 1 2jT T T∆ = ∆ + ∆  (4.7) 

where ∆T1 is the temperature difference between the chuck temperature Tamb and the 

average temperature in the local circuit area Tcirc (∆T1=Tcirc−Tamb) and ∆T2 is the tem-

perature difference between Tcirc and the device temperature Tj (∆T2=Tj−Tcirc). ∆T1 is 

caused by mutual heating of all active and passive components within the circuit. In 

order to calculate Tcirc that is given by 

 
,

 
  diss

circ amb th circ
circ

P
T T R

A
= +  (4.8) 

Metal 6

Via

Transistor
Resistor

Wafer
Circuit (Tcirc)

Transistor (Tj)

Tamb=300K

L

W

ΔT1

ΔT2



Ring oscillator 

80 

the RO circuit is assumed as a rectangular heat source at the top with an adiabatic sur-

face. Integrating the temperature rise of a thermal point source over the whole source 

area yields the total temperature rise [128] 
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where κ is the thermal conductivity of silicon, Pdiss dissipated power and W and L are 

effective width and length of the circuit area. It is difficult to determine the effective 

area Acirc of the circuit since it is very dependent on the layout. In this case, the effective 

area is defined by the area of all inverter stages (the center region including the pads is 

not taken into account). The lateral dimension of the substrate as well as the substrate 

thickness is considered to be infinite regarding the circuit dimension. For the latter this 

is not the case, thus, the calculated value is only intended to be a rough approximation. 

For example, a collector current per gate Igate of 11.3mA resulting in a circuit power 

consumption Pcirc of 1860mW and a ∆T1 of about 23K. ∆T2 is then determined through 

the thermal resistance Rth of the transistor model. 

The presented approach is rather simple since it considers a homogeneous tempera-

ture distribution across the circuit. Therefore, it will be compared with on-wafer tem-

perature measurements in a next step. However, adapting the simulation temperature 

(local circuit temperature) as a function of the bias conditions (power consumption of 

the whole circuit) would be a convenient way to consider mutual heating of all passive 

and active devices without increasing the computation time. 

4.2.2.3 Simulation versus measurement 

Figure 4.5 exhibits a wafer map of measured gate delays. An average gate delay of 

2.76ps was measured with a maximum relative deviation over the wafer of only 2% 

demonstrating good homogeneity. In Figure 4.6a, measurement and simulation results 

for the gate delay τgate are shown. τgate decreases with higher Igate at low power. After τgate 

has reached its minimum it increases as Igate further increases. This behavior corre-

sponds with the transit frequency fT versus collector current IC of the main transistor in 

Figure 4.6b. The minimum gate delay τgate,min and peak fT are at an Igate and an IC of 

around 7mA, respectively. Pre-layout and post-layout simulation considering the 

parasitics of all inverter stages is displayed. The underestimated τgate for the post-layout 

simulation (PLS) is probably the result of additional parasitics like pads or cables that 

have not been taken into account. Post layout extraction of the RC network yields to a 

τgate reduction of around 25%. The significant decrease of τgate at high power dissipation 

could not be reproduced by simulation with a constant temperature of 300K. Taking into 

account the circuit temperature Tcirc due to mutual heating (as described in previous par-

agraph) gives much more realistic results. However, at high power dissipation τgate is 
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still underestimated which is probably due to the simplifications made for calculating 

the circuit temperature. 

 

Figure 4.5: Measured wafer map of the gate delay τgate for an Igate of 7mA. 

  

(a) (b) 

Figure 4.6: (a) Propagation gate delay τgate vs. total current Icc and current per gate Igate. 

Pre-layout (ideal) and post-layout (PLS) simulation results including self-heating and 

circuit average temperature Tcirc are compared with measurements at an ambient tem-

perature Tamb of 300K. (b) Transit frequency fT versus collector current IC of the main 

transistor (CBEBC HBT with a drawn emitter area of 0.23x5µm2). 

4.2.3 Circuit optimization 

The design of millimeter-wave circuits requires accurate compact models of active 

and passive devices including their three-dimensional (3D) physical effects and 

parasitics. In order to enable circuit optimization such models need to be scalable in-

cluding variations of geometry (i.e. emitter width/length), contact configuration (i.e. 

number of base, emitter and collector fingers) as well as number of transistors in paral-

lel. The targeted specifications of the circuit should be fulfilled at best in the first run to 

avoid enormous costs of additional design cycles and decrease the time to market.  

For the next technology step (B5T) the performance of the RO should be further im-

proved. The RO circuits should be fabricated with B4T and B5T lateral dimensions on 

the same wafer. Hence, the impact of lithographic (lateral) scaling on the circuit per-

formance can be analyzed. Note that, the vertical profiles correspond to the B5T pro-
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cess. The major difference is a reduction in the effective emitter width from 0.13µm to 

0.12µm. A new B4T and B5T scalable model library extrapolated from the previous 

process node B4T was provided by STMicroelectronics to enable circuit design. The 

optimum transistor where the gate delay reaches its minimum τgate,min was determined by 

means of transient simulations. For several emitter lengths lE, contact configurations and 

number of devices in parallel (CBEBC1, CBEBC2, ...), transistor model cards were 

generated using a scalable model library of the B4T and B5T technology. 

 

(a) (b) 

Figure 4.7: (a) Simplified inverter with an ideal current source to reduce the computing 

time of the circuit simulations. (b) Simulation results for a single B5T HBT with 

CBEBC configuration are shown as contours for constant τgate for variation of ideal tail 

current I0 and emitter length lE. 

In addition to the influence of the transistor, τgate is affected by the voltage swing 

and the load resistance of each inverter. A simplified inverter with an ideal current 

source (see Figure 4.7a) was used to reduce the computing time. The ideal tail current I0 

and the load resistance RL were varied to find τgate,min at 200mV voltage swing. The text 

files including the circuit netlist were generated automatically using a script that also 

launches the circuit simulator in batch mode for the ca. 3500 transient simulations. The 

simulation results for a single B5T HBT with CBEBC configuration are shown as con-

tours for constant τgate in Figure 4.7b.  
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(a) (b) 

Figure 4.8: Simulated τgate,min versus drawn emitter length lE using devices with vari-

ous contact configurations and number of transistors in parallel (CBEBC1, 

CBEBC2, ...) for (a) B4T and (b) B5T model cards. 

The resulting τgate,min versus drawn emitter length LE for various device configura-

tions is shown in Figure 4.8a and Figure 4.8b for B4T and B5T model cards. In this 

simulation, a τgate,min of 2.25ps and 1.84ps was reached for B4T and B5T devices, re-

spectively. Except for the CBE configuration, τgate further decrease (B4T, B5T with 

LE<2.5µm) or stay constant (B5T with LE>2.5µm) with LE. However, at high power 

levels the performance can be reduced due to thermal effects (e.g. mutual thermal cou-

pling) that are not considered in the simulation. Depending on the layout features, MTC 

can be significant [113]. Therefore, CBEBC HBT with a drawn emitter area of 

0.23x5µm2 tend to be a good trade-off between device performance and dissipated pow-

er. However, in order to study the geometry dependence of τgate, the same RO architec-

ture was designed with several drawn emitter lengths of the main transistor: (i) 

LE_drawn=1.5µm [129], (ii) LE=3µm and (iii) LE=5µm (full test chip in Appendix A.4, see 

Figure A.5). 

4.2.4 Second RO circuit 

4.2.4.1 Circuit description 

The circuit architecture is similar to the previous design. The CML ROs consist of 

53 inverter stages with a single ended voltage swing of 200mV. The schematic diagram 

of the modified CML stage is displayed in Figure 4.9a. The tail current is controlled via 

a current mirror (T1, T5, T6) where the transistors T5 and T6 copy the current in order 

to have a more symmetric design. A low pass filter (RF, CF) was included to remove AC 

spurious signals from the power supply. The value of the current flowing through each 
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stage is defined by the voltage Vpol of the current mirror. The output buffer (Figure 4.9b) 

is designed as simple emitter follower with voltage gain of almost unity.  

 

 

(a) (b) 

Figure 4.9: The schematic diagram for the CML inverter with the current mirror in (a) 

and for the output buffer in (b). 

 

Figure 4.10: 3D sketch of modified inverter stage including back-end wiring. 

The 3D sketch of the modified inverter stage is shown in Figure 4.10 including the 6 

copper level metallization scheme. For the B5T process the BEOL was not changed. 

The new circuit layout (see Figure 4.11a) was improved in terms of parasitic intercon-

nections. A micrograph of the fabricated circuit is displayed in Figure 4.11b. The in-

creased number of pads reduces the voltage drop between power supply and circuit. The 

pads are positioned at the periphery to permit a more compact design. Comparing the 

3D sketches of the new (Figure 4.10) and the previous inverter layout (Figure 4.3), tran-

sistors and passive components are placed closer together resulting in a reduced wire 

length.  

Metal 6

Via

Capacitance
TransistorResistor



Circuit-level electrothermal investigations 

85 

 

 

(a) (b) 

Figure 4.11: The layout view (a) of the improved RO and (b) a micrograph of the fabri-

cated circuit. 

4.2.4.2 Inductive peaking 

In Figure 4.12, an enlarged section of the RO layout is shown including five inverter 

cells (schematic diagram in Figure 4.9a). The load resistor RL is connected to the DC 

power supply VCC through a narrow microstrip line with a length of 28µm, a width of 

2.4µm and a thickness of 3µm (dimensions of the microstrip line are the same for all 

designed ROs). The mutual inductance of the rectangular microstrip line is derived 

width Equation (4.10) [130]. It is considered that the conductor length l is much greater 

than the width w and the thickness t. Furthermore, the magnetic permeability of the 

metal conductors is approximated to the permeability of free space µ0. Hence, the equa-

tion is solely dependent on the physical dimensions of the conductor  
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(4.10) 

where the term GMD (geometric mean distance) replaces the distance between the fila-

ments within the section of the conductor. Further details on the GMD would go beyond 

the focus of this work, however, more detailed explanations can be found in [131]. Us-

ing (4.10) the self-inductance of the microstrip line is estimated to be around 10pH. Cir-

cuit simulations have shown that this value has already a significant impact on the oscil-

lation frequency of the RO (a detailed discussion is provided in 4.4.4.3). 
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Figure 4.12: Enlarged section of the RO layout where the load resistor RL and the DC 

supply are connected through a narrow microstrip line. 

This effect can be explained as follows: The load resistor, the capacitances of the 

transistor and the wiring capacitances form an RC-lowpass. The charging/discharging of 

the capacitances through the load resistor adds a delay to the output voltage. This delay 

is partially compensated by the microstrip line acting as an inductor (inductive peaking) 

in series with the load resistor [132]. The inductive peaking decreases the transistor 

switching time. 

4.2.4.3 Performance results and discussion  

As mentioned, the RO circuits were fabricated with B4T and B5T lateral dimensions 

on the same wafer. The measured propagation delays for all geometries at 200mV volt-

age swing are shown in Table 7 where τgate is calculated with (4.5). For better compari-

son of circuit performances due to transistor geometries, in Table 7, effective dimen-

sions are used. Note that here the effective emitter area is defined as the drawn emitter 

window minus the area of the inner spacers. 

RO Main Transistor RL 

[Ω] 

Voltage Swing 

[mV] 

Average Gate Delay 

[ps] 
WE_eff [µm] LE_eff [µm] 

I (B4T) 0.13 1.4 50.7 199.9 2.59 

II (B4T) 0.13 2.9 29.7 199.5 2.31 

III (B4T) 0.13 4.9 16.4 198.7 2.03 

IV (B5T) 0.12 1.44 49.4 200.4 2.24 [129] 

V (B5T) 0.12 2.94 25.4 200.8 1.91 

VI (B5T) 0.12 4.94 16.1 201.4 1.65 

Table 7: RO performances. 
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For example, an average τgate of 2.24ps was measured in a B5T RO_IV using tran-

sistors with LE_eff=1.44µm [129]. This result is also confirmed in [45]. Due to horizontal 

scaling of the effective emitter width (from 0.13µm to 0.12µm) we have an improve-

ment of 13.5%, 17.3% and 18.7% in τgate for the drawn emitter lengths 1.5µm, 3µm and 

5µm, respectively. The rather high decrease of 25% in τgate between the previous RO 

layout [122] (τgate=2.7ps, fabricated in B4T technology) and RO_III (τgate=2.03ps, see 

Table 7) can be explained in the following way: (i) the vertical profile between B4T and 

B5T is different. This is well illustrated in Figure 4.13a where it is obvious that 

fT_B5T>>fT_B4T. Only a small part of this increase comes from the emitter width reduc-

tion. Furthermore, the emitter width reduction between B4T and B5T is not solely due 

to a change in the layout, the narrower inside spacers in B5T also have a large impact. 

The latter also helps reducing the external base resistance RBX. (ii) The circuit layout 

was optimized (previous layout in Figure 4.2a and optimized layout Figure 4.11a) and 

an on-chip microstrip line was added in series with the load resistor (inductive peaking 

see previous paragraph). 

  

(a) (b) 

Figure 4.13: Measurement of (a) transit frequency fT and (b) maximum oscillation fre-

quency fmax vs. collector current IC for B4T and B5T CBEBC HBT with a drawn emitter 

area of AE,B4T=0.23x5µm2 and AE,B5T=0.18x5µm2. 

Comparing only the B5T ROs, it can be observed that there is a rather large varia-

tion of the gate delay for different emitter lengths. The fact that τgate significantly de-

creases for longer emitter lengths cannot be explained solely by the higher device per-

formance (fT and fmax shown in Figure 4.13a and b) and the related capacitor and re-

sistance values given in Table 8. At higher transfer currents the value of the load re-

sistance RL which is needed to achieve the same voltage swing is smaller (see Table 8). 

In our case, the smaller load resistance associated with longer emitter and higher current 

causes the effect of inductive peaking to be more pronounced. Circuit simulations have 

shown that adding an inductor of 10pH (between VCC and RL) gives an improvement in 

τgate of 11.2% for RO_IV, 12.6% for RO_V and 23.3% for RO_VI (see Table 9). 
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AE_eff 0.12x1.44µm2 0.12x2.94µm2 0.12x4.94µm2 

CBE0 2.4fF 5.3fF 9.2fF 

CBC0 2.2fF 4.2fF 6.7fF 

RBi0 16Ω 7Ω 4Ω 

RBX 90Ω 42Ω 25Ω 

RE 18.5Ω 7.5Ω 4.2Ω 

RCX 33.9Ω 17.6Ω 10.8Ω 

peak fT (@VCB=0.5V) 302GHz 304GHz 311GHz 

peak fmax 

(@VCB=0.5V) 

354GHz 362GHz 398GHz 

Table 8: B5T transistor parameters. 

AE_eff 0.12x1.44µm2 0.12x3.94µm2 0.12x4.94µm2 

RLoad 55Ω 29Ω 17Ω 

LSeries 10pH 10pH 10pH 

Increase in performance 

due to inductive peaking 

11.2% 12.6% 23.3% 

Table 9: Increase in performance due to inductive peaking. 

In Figure 4.14a, the measured τgate of the previous RO circuit [122], the recent rec-

ord from IHP [123] and the optimized B5T RO_VI design are plotted versus the voltage 

swing. The output spectrum of the latter circuit is shown in Figure 4.14b where the fun-

damental oscillation frequency of 5.93GHz corresponds to a gate delay of 1.58ps. In 

order to show the consistency of the proposed results, a wafer map of τgate measured at 

same bias conditions was generated in Figure 4.15. An average gate delay of 1.65ps was 

achieved with a standard deviation of 4% over the wafer demonstrating good homoge-

neity of the process. 1.54ps at an oscillation with an amplitude of 200mV is the lowest 

gate delay measured in this study. 
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(a) (b) 

Figure 4.14: (a) Measured τgate of the previous RO design (B4T), the former record val-

ue from IHP [123] and the optimized B5T RO_VI design are plotted vs. single ended 

voltage swing for a CBEBC HBT with a drawn emitter area of AE,B4T=0.23x5µm2 and 

AE,B5T=0.18x5µm2. (b) The output spectrum of B5T RO_VI with the fundamental oscil-

lation frequency of 5.93GHz, corresponding to a gate delay of 1.58ps and a fundamental 

output power Pout of -4.83dBm. 

 

Figure 4.15: Measured wafer map of the gate delay τgate in ps for a constant current per 

gate Igate=12.5mA (dies without number were not measured). 

4.2.4.4 Circuit temperature 

The dynamic surface temperature of an IC is a projection of the circuit’s behavior. 

The temperature is a relevant physical variable for the design and the characterization of 

devices and circuits [133]. An overview of the capabilities and different architectures 

for integrated temperature sensors was provided in [134]. BJT-based, MOSFET-based, 

ring oscillator-based and propagation delay-based temperature sensors were compared 

with respect to power consumption, temperature range, accuracy, resolution, etc. If 

power consumption is not a constraint, the most suitable solution was found to be the 
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BJT-based approach achieving the highest temperature range (­50°C to 120°C) together 

with a good resolution ( ± 0.05°C). In this design, a temperature sensor (SiGe HBT) was 

placed near (at 15µm distance) to the circuit (see Figure 4.16) to measure the tempera-

ture rise in the local circuit area and to consider it later in circuit simulations. 

 

Figure 4.16: Distance between diode and circuit is around 15µm. 

The schematic view of the temperature diode is shown in Figure 4.17a. The sensor 

consists of a CBEBC HBT with drawn emitter window AE=0.84x5µm². Through con-

nection of base and collector node, the transistor operates as a simple diode. At the ter-

minal VF, a current is forced through the resistor R while the diode voltage VS is meas-

ured. Since the sensor has to be calibrated VS was measured from 10°C to 100°C for 

different forced currents ID (see Figure 4.17b). ID was chosen to be 100µA where self-

heating is rather not significant and a sufficient measurement accuracy is achieved. 

Thermal sensitivity K is determined with (3.28). 

 

 

(a) (b) 

Figure 4.17: (a) Schematic view of the temperature diode; and (b) calculation of tem-

perature coefficient. 

Figure 4.18 shows a block-diagram of the experimental set-up for automatized RO 

characterization. The RO circuit is biased with three DC power suppliers (Agilent 

E3631A) through DC probes contacted to six DC pads (VBUF, VPOL, 2xVCC, 2xGND). 
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VCC, VPOL VBUF are the supply voltages for the inverter stages, the current mirror and the 

output buffer, respectively. The output signal is taken from the RF signal port and 

measured with the spectrum analyzer (HP8563E). The temperature diode is biased and 

measured with the DC analyzer HP4155A. A custom-made software program controls 

all instruments over GPIB. The program allows the variation of bias conditions (VCC, 

VPOL and VBUF) and at the same time the measurement of the oscillation frequency fosc 

and the circuit temperature Tcirc.  

 

Figure 4.18: Experimental set up for automatized RO characterization in combination 

with circuit temperature measurement. 

4.2.4.5 Circuit simulations considering the circuit temperature 

Here, circuit measurements of the B5T RO_IV using transistors with drawn 

LE=1.5µm are presented. Transistor model is validated with on-wafer measurements 

presented in Appendix A.2. The oscillation frequency (gate delay) in combination with 

circuit temperature was measured at room temperature using a spectrum analyser. τgate is 

calculated with Equation (4.5) and plotted versus the current per RO gate Igate in Figure 

4.19a. τgate increases due to performance loss at high power dissipation. This could not 

be sufficiently reproduced by simulation with a constant temperature of 300K. Taking 

into account circuit temperature Tcirc calculated with (4.8) improve the simulation results 

(solid blue line) with respect to the measurements. However, at high power dissipation, 

τgate is still underestimated. A comparison of calculated and measured Tcirc is displayed 

in Figure 4.19b. It can be observed that for Igate greater than 2.5mA, it is not sufficient to 

approximate the circuit temperature with a constant thermal circuit resistance Rth,circ. 
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Therefore, the simulation temperature is set to the measured circuit temperature as a 

function of the dissipated power. Better agreement is observed at high power levels. 

  

(a) (b) 

Figure 4.19: (a) The gate delay τgate versus the current per gate Igate. Measurements 

(symbols) and HICUM simulation (solid lines) at 300K (Sim T27), calculated circuit 

temperature (Sim TModel) and measured circuit temperature (Sim TMeas). (b) Meas-

ured and simulated circuit temperature versus the current per gate Igate. 

4.2.4.6 Circuit simulations considering thermal coupling 

Trends in industry are to design very large scale integration (VLSI) circuits with 

smaller devices, higher clock speeds, and more integration of analog and digital circuits. 

This increases the importance of modeling layout-dependent effects. Simulation accura-

cy is often limited since thermal interactions between neighboring devices are neglect-

ed. Moreover, hot spots can significantly impact the reliability of applications. In this 

paragraph, the extracted thermal coupling network is applied to the thermal nodes of 

each inverter cell of the RO. The goal is to see the impact of thermal coupling on the 

RO performance. 
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Figure 4.20: Enlarged section of RO, periodical transistor alignment, only vertical cou-

pling considered 

Figure 4.20 shows the enlarged section of the periodic RO structure. One column of 

four transistors represents one inverter (see layout Figure 4.21a and schematic diagram 

Figure 4.21b). Dimensions correspond to the inter-device coupling test structure with 

3µm distance between the DTI that is described in Paragraph 3.3.2.1. The thermal cou-

pling network is implemented as VerilogA module. The multiport instance including the 

coupling parameters from Table 4 is connected to the thermal nodes of the four transis-

tors within the inverter cell. The device's operating temperature is independently set by 

the operating point (power dissipation). The simulator simultaneously converges on the 

thermal and electrical operating conditions. The device temperatures are automatically 

adjusted during transient analysis to reflect the dynamic power dissipation, and at each 

iteration the temperature dependent model parameters are adjusted. As shown in Figure 

4.20, thermal coupling is only considered between the four devices in one row. This 

simplification is certainly sufficient since thermal coupling in the other direction must 

be much lower due to the smaller adjacent surface and the larger distance (7.3µm be-

tween DTI) between the heat sources. 



Ring oscillator 

94 

  
(a) (b) 

 

(c) (d) 

Figure 4.21: (a) Illustration of the inverter layout including the 4 transistors (T3-T6) and 

their operating principle. (b) Corresponding schematic diagram of the inverter cell. 

Transient temperature rise of transistor T3 (c) and T5 (d): Standard (black) and thermal-

ly coupled (red) transient simulation are compared. 

The electrothermal dynamic interaction between the transistors is clarified with the 

aid of an example. First, we investigate the transient temperature rises of transistor T3 

(Figure 4.21c) and T5 (Figure 4.21d). The input (Inp, Inn) and output (Outp, Outn) volt-

ages are alternating with the oscillation frequency. Due to the differential operating 

principle of the inverter, T3 and T4 operate anti-cyclical. In other words, when T3 is 

“on” it means that T4 is “off” and vice versa (Figure 4.21a). The resulting temperature 

rise over time inside T3 and T5 using a standard ADS simulation (solid black line) is 

shown in Figure 4.21c and Figure 4.21d, respectively. The temperature rise in T5 is al-

most constant. When the circuit is simulated using the thermal network the device tem-

perature of T5 shifts slightly when T3 heats up, as shown in red. 
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Figure 4.22: The gate delay τgate versus the current per gate Igate for B5T RO_VI. Com-

parison of measured characteristic (symbols) with a standard simulation at 300K (Sim 

T27) and a simulation where thermal coupling is considered (Sim TCoup). 

In Figure 4.22, we see the gate delay τgate versus the current per RO gate Igate. The 

measurement is compared with a standard ADS simulation where thermal coupling is 

neglected (black line). In this case, considering thermal coupling during transient simu-

lation (red line) does not significantly change the results due to small coupling factors 

and the anti-cyclical operation inside the differential pair. For further improvement, 

thermal coupling capacitances should be extracted and considered in the model since the 

junction temperature in real devices does not change instantly. The fact that the transis-

tors do not heat up significantly their environment brings up the question of whether the 

measured circuit temperature in Figure 4.19b is correct. Apart from the transistors there 

are only resistors that are able to generate the necessary heat. Indeed, looking in the 

process description shows that the thermal resistance of the poly resistors used in the 

layout is relatively high. However, this is a subject for future investigations. 

As shown, the approach can be integrated in the design process and thermal interac-

tions between neighboring devices can be easily studied. One main concern is that the 

coupling network could get so large that simulation becomes impractical or impossible 

due to given time and memory constraints. This was also a reason for us to adapt this 

approach for use in a relatively large circuit. Although the simulation includes 218 tran-

sistors no convergence problem was observed. Table 10 provides statistics on the simu-

lation of the network, and shows that use of the thermal network slows the simulation 

by a factor around 3. Simulations were carried out under Windows XP with a quad core 

processor (each 3.33GHz) and an internal RAM of 3GB. 
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RO_VI Sim T27 1556.77-2249.23 329 218 no 

Table 10: Comparison of the required CPU time using a conventional and a thermal 

coupled simulation for the RO circuit. 

4.2.5 Layout of the third RO version 

A new layout (Figure 4.23) is proposed for the next generation STMicroelectronics 

B55 BiCMOS technology which is a full BiCMOS technology. Due to the distance be-

tween circuit and sensor there is a temperature difference. Therefore, a layout is pro-

posed that integrates six temperature sensors at different positions as shown in Figure 

4.24. Furthermore, non-homogeneous temperature distribution across the circuit can be 

studied. The parasitic resistance of the DC interconnections was further decreased using 

a slotted grid of M6-M8 that includes also a metal insulator metal (MIM) capacitance. 

The MIM capacitance protects the circuit against voltage peaks of the DC source. A 

slotted ground plane over the whole circuit area improves the ground resistance.  

Furthermore, the presented as well as novel thermal test structures (impact of BEOL 

on the thermal resistance) are added on the test chip to further characterize electro-

thermal effects a SiGe BiCMOS technology (full test chip in Appendix A.4, see Figure 

A.6). 

 

Figure 4.23: The layout of the BiCMOS55 RO. 
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Figure 4.24: Enlarged section of the RO where the positions of six temperature sensors 

are indicated. 

  

Output Buffer
Temperature Sensor
Current Mirror



Transistor arrays for power amplifiers 

98 

4.3 Transistor arrays for power amplifiers 

The design of power amplifiers (PAs) often relies on experimental approaches rather 

than on simulation which results in an increased number of design iterations and cost. 

Due to large-signal excitations the operation of a PA can be strongly non-linear. Moreo-

ver, a PA is the most power-dissipating component in an RF transceiver, and therefore, 

its thermal performance should be analyzed. A common problem in transistor arrays is a 

thermal imbalance between individual devices that can cause different bias conditions. 

In the extreme, this imbalance can result in thermal runaway, where collector current 

increases until device failure occurs. Therefore, compact models are required that pre-

dict accurately the performance and individual device temperatures within a transistor 

array.  

In this paragraph, two transistor arrays (a multi-transistor and a multi-finger PA cell) 

are investigated under large signal excitation regimes considering FoMs that are rele-

vant for circuit design purposes as the power gain and the power added efficiency 

(PAE). 

 out

in

P
G

P
=  (4.11) 

 out in

DC

P P
PAE

P

−=   (4.12) 

Pin and Pout are the RF input and output power, respectively, and PDC is the total power 

provided by the power supply. The thermal model presented in Paragraph 3.3.2.5 is ap-

plied to improve the accuracy of circuit simulations and to study thermal device perfor-

mances. 

4.3.1 Test structures 

The PA structures are similar to the test structures described in Paragraph 3.3.2.1. A 

five-finger transistor (see Figure 3.22a) and five transistor array (Figure 3.22b) based on 

a CBEBC HBT with drawn emitter area AE of 5x0.18µm2 are operated as a PA. The 

multi-finger device has only one surrounding DTI and the transistors in the array are 

placed with a distance D of 3µm between the DTI walls. In contrast, here the emitters 

are connected to ground and the base and collector contacts are respectively connected 

to GSG pads through 50Ω RF transmission lines (the layout is displayed in Figure 4.25). 

This allows an easy DC/RF characterization and the operation as common emitter am-

plifier.  
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(a) (b) 

Figure 4.25: (a) Layout of the five-finger transistor test structure and (b) of the five-

transistor array including slotted ground plane (M1-M2) and RF transmission lines (M6) 

between base/collector contacts and pads. 

The impact of intra/inter-device coupling on the RF performance can be evaluated. 

For this study, matching networks are not required; on the contrary it allows a better 

comparison from the modeling perspective. However, the performance in matched con-

dition is measured using load-pull tuners. Load-pull measurements are compared to 

Harmonic Balance simulations. 

4.3.2 Harmonic Balance analysis 

In large-signal regime the linearization of the transistor behavior around operating 

point is not valid anymore due to the nonlinear device characteristics. Strongly nonline-

ar circuits as PAs do not fit the definition of weak nonlinearity. Hence, rather than using 

an AC simulation, they should be analyzed by harmonic balance or time-domain meth-

ods [135]. Therefore, the test structures are characterized with single-tone Harmonic 

Balance analysis combined with load-pull variation. 

In general, Harmonic Balance (HB) is a frequency domain analysis technique which 

is applicable primarily to strongly nonlinear circuits (power amplifiers, mixers, etc.) 

excited by a single large-signal source [135]. The goal is to determine a steady state 

time-domain solution. A system of nonlinear differential equations is generated using 

Kirchhoff's current law (written in frequency domain). They consist of linear and non-

linear parts. The linear part is readily described and calculated using nodal analysis di-

rectly in the frequency domain. Since nonlinear devices are described in the time do-

main the nonlinear components are evaluated in the time domain using an inverse fast 

Fourier transform (connection between time and frequency domain is shown in Figure 

4.26). After evaluation using the time-domain voltage waveforms the resulting currents 

are then transformed back into the frequency domain. An iterative process repeats these 

steps since Kirchhoff's current law is fulfilled (convergence is reached). Since a large 
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part of the calculations is carried out directly in the frequency domain HB analysis has 

crucial advantages in comparison with transient analysis due to time and memory re-

quirements [7]. 

 

Figure 4.26: Transformation between time and frequency domain. 

The basic simulation test bench that was used is shown in Figure 4.27. The RF pow-

er source having an input resistance ZS of 50Ω generates an input signal at 60GHz. RF 

signal and DC bias is combined/separated using a bias network. The ideal bias networks 

consist of one capacitance (CBlock) and one inductor (LFeed). The load impedance and 

input resistance ZS can be automatically varied (load/source-pull analysis). Since the de-

embedding of large signal measurements is rather complex, the parasitic elements (pads, 

interconnections, etc.) are embedded using a RCL network. The parasitic capacitances 

CPn are calculated with the Equations (4.13) from measured Y parameters of an Open 

dummy and the parasitic inductances LPn are calculated with the Equations (4.14) from 

measured Z parameters of a Short dummy. 
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Figure 4.27: Harmonic Balance test bench (for array test structures: LFeed=1µH, 

CBlock=1µF, RP=1Ω, LP=20pH, CP=25fF). 
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4.3.3 Load-pull measurements 

The load-pull technique uses impedance tuners that systematically vary the source 

and load impedances presented to the ports of the DUT while measuring its perfor-

mance. Load/source-pull is generally used to characterize nonlinear devices in actual 

large signal operating conditions where the operating point may change with power lev-

el or tuning. Various matching conditions of the device can be studied to achieve, for 

example, optimum power gain, noise figure or PAE. 

 

Figure 4.28: Load pull measurement bench 

The load-pull measurement test bench [136] is presented in Figure 4.28. The passive 

load and source tuners (FOCUS CCMT) allow generating complex impedances between 

57-90GHz. The network analyzer Agilent PNA E8361A-N5260A is used for calibration 

and as a signal generator up to 110GHz. A directional coupler divides the input signal 

into two parts. One is guided to the power meter for measuring the power delivered to 

the DUT and the other one is the actual input signal. The isolator prevents the reflected 

signal from returning in the coupler. A manual probe station permits the connection to 

the DUT using RF on-wafer probes (GSG infinity probes from CASCADE with inte-

grated bias tees). The measurement is controlled by the Focus Explorer via GPIB and 

Ethernet. 

4.3.4 Results and discussion 

As observed in Figure 3.33b for the RO, the effect of inter-device coupling is rather 

small. Therefore, it is not considered for the MTA. Circuit simulation is carried out us-

ing five CBEBC transistor models (verified in Paragraph 2.4) in parallel. In contrast, 

intra-device thermal coupling cannot be neglected. Hence, the MFT is simulated using 

five thermally coupled transistor finger models (different values for Rth and rcx) as de-

scribed in Paragraph 3.3.2.5 using the extracted coupling parameters from Table 2.  
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4.3.4.1 Large signal analysis 

The B5T HBT (drawn AE of 5x0.18µm2) and the PA arrays were measured on-wafer 

at 60GHz with the single-tone load-pull measurement system presented in the previous 

paragraph. The single transistor was biased in Class A operation at a VBE of 0.9V with a 

collector bias VCE of 1V. First, a source pull measurement was carried out and the opti-

mum source impedance Zs with respect to maximum output power was found to be 

[22.16+j15.13]Ω. Second, the load impedance was varied using an input power Pin of 

­6dBm.  

  

(a) (b) 

 
 

(c) (d) 

Figure 4.29: The normalized impedance (50Ω) seen by the collector of the DUT under 

matched and mismatched load is plotted on a Smith chart. Load pull contours for con-

stant power gain (a), output power Pout (b) and power added efficiency PAE (c) at an 

input power Pin of -6dBm and an optimum source impedance Zs of 

[22.16+j15.13]Ω.  (d) Pout, Gain, PAE resulting from power measurement using a load 

impedance match to achieve maximum Pout (Zload=[52.66+j41.33] Ω). 
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Load pull contours for the power gain, the output power Pout and the power added 

efficiency PAE are shown in Figure 4.29a, b and c, respectively. The load impedance to 

achieve maximum output power is found to be Zload,opt=[52.66+j41.33]Ω. The input 

power Pin versus output power Pout, Gain and PAE in matched condition (Zload,opt) is 

presented in Figure 4.29d. The maximum RF power gain is 12.8dB and the measured 

maximum PAE is 20.1% at a Pout of -4dBm. The collector current IC near maximum 

PAE is 10mA. Very good agreement is observed between Harmonic Balance simulation 

(lines) using the transistor compact model (verified in Paragraph 2.4) and RF power 

measurement (symbols). A load pull analysis at 94GHz of the same device was present-

ed in [49]. 

 

Figure 4.30: Output power Pout and power gain vs. input power Pin for multi-finger and 

the multi-transistor device with AE=0.18x5µm2 using a source impedance Zs=50Ω and a 

load impedance Zload=50Ω. 

The MFT (INTRA) and the MTA (INTER) are measured at same bias conditions 

(VBE=0.9V, VCE=1V). Output power and power gain is shown in Figure 4.30. For these 

bias conditions the electrical characteristics for both devices are close and in good 

agreement with circuit simulations. From the DC measurements presented in Figure 

3.33a and Figure 3.33b, it can be observed that at this bias condition the influence of the 

thermal coupling effect is relatively small. 

In the following measurement the collector bias VCE is increased to 1.5V. The result-

ing load pull contours for the MTA and MFT are displayed in Figure 4.31a and b, re-

spectively. Measured and simulated gain contours are in fair agreement. Simulation and 

measurement result in different optimum load impedance for the five-finger transistor. 

This can be caused due to insufficient accuracy of the extracted parasitic network that is 

used within the simulation (see Figure 4.27). The difference of around 1dB in maximum 

achievable gain Gmax is probably due to the transistor model that lacks accuracy at this 

relatively high bias condition.  

The output power and power gain in matched condition is shown in Figure 4.31c. 

The RF characteristics of both PA structures differ significantly that is certainly caused 
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due to thermal coupling within the MFT. A difference in maximum gain of nearly 4dB 

can be observed. Circuit simulations considering thermal coupling confirm this observa-

tion. 

  

(a) (b) 

  

(c) (d) 

Figure 4.31: Measured and simulated gain contours (-1dBm, -2dBm, -3dBm from the 

maximum) at (a) VCE=1.5V, Pin=2.41dBm, Zs_opt=[13.17-j3.50]Ω for the transistor array 

(INTER) and at (b) VCE=1.5V, Pin=0.7dBm, Zs_opt=[10.46-j6.75]Ω for the five-finger 

device (INTRA). (c) Pout and power gain vs. Pin for optimum power matching 

Zload=[20.06+j0.21]Ω (INTER) and Zload=[24.09+j0.89]Ω (INTRA). (d) Simulated tem-

peratures of the finger transistors T1, T2 and T3 (T4, T5 symmetrical to T2, T1) are 

compared with the array transistor temperature (same for T1-T5). 

In Figure 4.31d, the simulated temperatures of the finger transistors T1, T2 and T3 

(see schematic diagram in Figure 3.20a) are compared with the transistor temperatures 

of the array (that are all equal). At a first glance it seems odd that the temperature de-

creases with input power. However, the collector current decreases due to clipping of 

the output signal. Therefore, the power dissipation, and thus, the device temperature are 

reduced. At lower Pin, the temperature of the transistor array is almost 50°C lower using 

same bias conditions. Moreover, a temperature difference of 7°C between the peripheral 
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and the central finger transistor can be observed resulting in a difference in collector 

current ∆IC≈7mA. The proposed model simplifies the work for the designer to compen-

sate this thermal imbalance. Having access to the thermal nodes (junction temperatures) 

of each finger additional emitter resistances can be easily estimated to distribute the 

collector current more equally within the multi-cell structure. 

4.4 Conclusions 

Two state of the art Si/SiGe:C HBT CML ROs with a single ended voltage swing of 

200mV were designed with more than 200 transistors. An average gate delay of 1.65ps 

has been demonstrated. To the authors’ knowledge, this is the fastest result for a bipolar 

transistor based technology. Improvements in this work were obtained for an advanced 

process by an optimized ring oscillator design with inductive peaking in series with the 

load resistor. This work demonstrates that RO design can have a significant impact on 

the gate delay. 

The electrical and thermal behavior of the ROs was studied. Circuit simulation at 

high power dissipation has been improved through considering the temperature rise 

within the circuit due to mutual heating of all active and passive components. This ap-

proach is still limited due to simplifications made in the estimations. Moreover, it ne-

glects the inhomogeneous temperature distribution across the circuit. However, in gen-

eral the presented approach is a simple method for circuit designers to consider the cir-

cuit temperature as a function of the dissipated power, if advanced thermal models are 

not available or not applicable due to e.g. high simulation time or convergence issues. 

Furthermore, the method of [116] for the representation of static substrate thermal 

coupling in circuit simulation applications was applied for the full RO circuit. The pre-

sented approach facilitates the realization of circuits with temperature critical layout 

regions. In the RO, the impact of thermal coupling between the transistors is negligible 

small due to the small coupling factors and the anti-cyclical operation of neighboring 

devices. Nonetheless, this information is useful for the designer since the transistors can 

be placed even closer together to reduce wiring parasitics. The characterization of the 

thermal coupling effect should be further improved considering thermal coupling capac-

itances. They can be measured using the presented test structures using a locked-in am-

plifier as presented in [137]. Moreover, the mutual heating between resistors and tran-

sistors in close proximity should be investigated. 

In the second part, two transistor arrays were operated as 60GHz power amplifier 

cells to study electrical and thermal performances. The investigated CBEBC transistor 

has a maximum RF power gain of 12.8dB and a maximum PAE is 20.1% at a Pout of -

4dBm which confirms its potential for high-frequency applications. Excellent accuracy 
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of the single transistor compact model for large signal operation was presented. Moreo-

ver, the electrical and thermal performance between multi-finger transistor and multi-

transistor array was compared. For lower bias the devices have similar behavior due to 

the same number of transistors/fingers and the same emitter window. However, for 

higher voltages their comportment significantly differs due to the different device tem-

peratures. In general, multi-transistor arrays have higher access capacitances. Therefore, 

normally multi-finger devices are preferred for millimeter-wave circuit designs. How-

ever, their thermal performances in terms of homogenous temperature distribution and 

junction temperature at same bias conditions are degraded due to higher thermal cou-

pling.  

Moreover, the intra-device coupling model with implementation of thermal re-

sistances and temperature coupling parameters obtained through numerical thermal 

simulation and measurements was applied. Very good agreement between the model 

and measurements was shown. A similar accuracy in circuit simulation can be probably 

also achieved using a lumped model with a single fitted thermal resistance. However, 

this would totally ignore the non-homogeneous temperature distribution across the mul-

ti-finger device. Moreover the designer would have no access to thermal nodes of each 

finger. Therefore, he cannot compensate different finger temperatures by adapting the 

finger distances (unfortunately this option is not often available) or including ballasting 

resistors (as shown in Figure 1.12). To improve the thermal stability in multiple-finger 

transistors, it is necessary to make the spatial distributions approximately uniform [138]. 
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Chapter 5 Conclusions and recommendations 

5.1 General conclusions 

In this work, self-heating of single devices and thermal coupling of multiple devices 

in a state of the art SiGe HBT technology was characterized and modeled. 

Electrothermal feedback intra-and inter-device was extensively studied. Moreover, their 

impact on the performance of two analog circuits was evaluated. Circuit and device 

characterization were carried out on the same wafer which was required to verify com-

pact models on circuit level (device to circuit interaction). 

The self-heating effect has been evaluated with low frequency measurements and 

with a state of the art pulse measurement system. Self-heating inside the device has 

been significantly decreased using small pulse widths. Hence, compact model parameter 

extraction methodology becomes more accurate and the safe-operating-area of the de-

vice can be expanded. Frequency dependent thermal heating was investigated using Y 

and H parameters. A generalized equation has been validated, which can be used to ex-

tract device thermal impedance in the frequency range below thermal cut-off frequency. 

The frequency dependence of the thermal impedance should not be neglected for a 

number of circuits. The l/f or flicker noise can be influenced the to some extent [70]. At 

low modulation frequencies, thermal memory effects can be harmful for most lineariz-

ers, such as predistorters [111]. 

Novel test structures were fabricated for the measurement of thermal coupling effect 

between single devices (inter-device) as well between the emitter stripes of a multi-

finger transistor (intra-device). Thermal coupling factors were extracted from measure-

ments as well as from 3D thermal simulations. Inter-device coupling using a minimum 

distance between the deep trenches of 1.5µm was found to be less than 5% due to the 

thermal isolation achieved with deep trench walls around each transistor. The thermal 

coupling effect, as expected, is reduced with wider spacing. In contrast, intra-device 

coupling is much more pronounced. A maximum coupling of 17% between neighboring 

fingers was measured. Due to restrictions in the design rules of the PDK it was not pos-

sible to study a wider spacing of emitter fingers. 

The single pole thermal network of HICUM was extended with a nine element re-

cursive thermal resistance model as well as a thermal coupling model. The models can 

be implemented, for example, as a netlist or as a VerilogA model which makes them 

easy to use for a circuit designer. The better accuracy of the recursive network has been 

verified comparing pulsed compact model simulation with pulsed measurements. Ther-
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mal coupling model allows studying the impact of neighboring heat sources on the 

steady state and the transient device temperature. A fully coupled transient simulation of 

a PA and of a RO with 218 transistors was performed. 

A CML ROs with a record gate delay of 1.65ps has been demonstrated. To the au-

thors’ knowledge, this is the fastest result for a bipolar transistor based technology. It 

has been shown that the circuit layout can have a significant impact on the circuit per-

formance. RO circuit simulation at high power dissipation has been improved through 

considering the temperature rise within the circuit due to mutual heating of all active 

and passive components. 

The thermal performance of a 60GHz power amplifier was compared when realized 

with a multi-transistor array and with a multi-finger transistor. Due to same emitter di-

mensions similar electrical behavior is observed at lower power dissipation. At high 

power dissipation their comportment significantly differs due to the different device 

temperatures. Electrical performance of the multi-finger transistor is degraded due to the 

significant thermal coupling effect between the emitter stripes. Measurements are in 

good agreement with circuit simulations using lumped transistor models in combination 

with the thermal coupling network. A similar accuracy could be probably also achieved 

using a lumped model with a single fitted thermal resistance. However, this would total-

ly ignore the non-homogeneous temperature distribution across the multi-finger device. 

Moreover the designer would have no access to thermal nodes of each finger. 

5.2 Electrothermal simulation in a CAD based circuit design 

Circuit simulations using the standard single pole thermal network have only limited 

value for transistors placed in close proximity since the constant temperature operation 

is an unrealistic constraint. The thermal interaction inside multi-finger structures should 

be treated in a physical manner. In this paragraph a scenario is proposed in order to in-

clude thermal analysis into a CAD based circuit design process.  

The benefits for the designers would be various. The accuracy of steady state and 

transient simulation for circuits with a high power density is significantly improved. 

Thermal performances can be optimized with changes in the circuit layout to meet the 

electrical specifications (power, gain, efficiency, area, thermal stability, etc.). The ther-

mal stability in multiple-finger transistors can be increased by adjustment of emitter to 

emitter distances to make the spatial temperature distribution across the device approx-

imately uniform [57], [138], [139]. Moreover, the access to thermal nodes of each emit-

ter of a multi-finger device would allow estimating ballasting resistors. Thermal shut-

down circuit [140] for the protection of electronic circuits can be easily implemented. 



Conclusions and recommendations 

109 

Certainly, the investigations in this work are still very basic, they are far from com-

plete. The implementation of such a system would require a fast thermal solver that cal-

culates thermal coupling factors from the circuit layout and creates automatically a 

netlist. Similar to conventional post-layout simulations the designer can then monitor 

the operating temperature of critical devices and if necessary he can adapt the circuit 

layout. Since the thermal simulation carried out in Paragraph 3.3.2.4 would require too 

much computational effort simplified approach as presented in [128], [141] is preferred. 

However, such a simulator could be calibrated with the proposed test-structures due to 

material parameters that can differ for each technology (e.g. the thermal conductivity). 

Furthermore, the circuit environment temperature can be considered using the thermal 

resistance of the circuit that can be calculated by indicating the effective chip surface. 

This was shown in Paragraph 4.2.2.2 using a very rudimentary equation. However, 

whether or not thermal issues will limit the speed of future high speed circuits, they 

must be taken into account in the design phase and so must be accurately predictable. 
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Appendix A 

 

A.1 Model verification for B4T CBEBC HBT with AE=0.23x5µm 

 

  

(a) (b) 

  

(c) (d) 

Figure A.1: Measurements (symbols) and HICUM simulation (solid lines) for B4T HBT 

(CBEBC) with drawn emitter area AE=0.23x5µm: (a) Forward Gummel plot at base-

collector voltage VBC=(-0.5, -0.3, 0, 0.3, 0.5)V. (b) Output characteristics at base-emitter 

voltage VBE=(0.75, 0.80, 0.85, 90, 0.95)V. (c) Transit frequency fT at VBC=(-0.5, -0.3, 0, 

0.3, 0.5)V. and (b) maximum oscillation frequency fmax at VBC=(-0.5, -0.3, 0, 0.3, 0.5)V. 
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A.2 Model verification for B5T CBEBC HBT with AE=0.18x1.5µm 

 

  

(a) (b) 

  

(c) (d) 

Figure A.2: Measurements (symbols) and HICUM simulation (solid lines) for B5T HBT 

(CBEBC) with drawn emitter area AE=0.18x1.5µm: (a) Forward Gummel plot at base-

collector voltage VBC=(-0.5, -0.3, 0, 0.3, 0.5)V. (b) Output characteristics at base-emitter 

voltage VBE=(0.75, 0.80, 0.85, 90, 0.95)V. (c) Transit frequency fT at VBC=(-0.5, -0.3, 0, 

0.3, 0.5)V. and (b) maximum oscillation frequency fmax at VBC=(-0.5, -0.3, 0, 0.3, 0.5)V. 
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A.3 RO measurements: 1st layout on B9MW, B3T and B4T (first run) technology 
 
 

  

(a) (b) 

 
 

(c) (d) 

Figure A.3: Wafer-map of RO gate delays measured on (a) B9MW (b) B3T (c) B4T 

(first run) technology at VCC=3V and VPOL=1.9V. (d) The colors show the correspond-

ing oscillation frequency. 

 

  

(a) (b) 

Figure A.4: (a) Oscillation frequency fosc vs. current per gate Igate. (b) Propagation gate 

delay τgate vs. current per gate Igate. 
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A.4 Designed test chips for B5T and B55 technology 
 

Figure A.5: Test chip including the ROs and all specially designed test structures for the 

B5T technology. 

 

 

Figure A.6: Test chip including the RO and all specially designed test structures for the 

BiCMOSB55 tape-out (in fabrication). 
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A.5 Sensitivity analysis of process parameter on the performance of LNA 94GHz  
 
 

 

Figure A.7: Impact of process parameter on the circuit performance. 
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(c) (d) 

Figure A.8: Investigated LNA was presented [142]. (a) Maximum small signal gain (b) 

Noise Figure (c) 1dB compression point Pin_1dB=-13dBm, Pout_1dB=-5.43dBm  (d) 3rd 

order intercept point IIP3=19.86dBm, OIP3=24.78dBm 

Process

Monitoring

Variation  of 

Process Parameter

Circuit

Performance

(Figures of Merit)

Device

Performance

(f
T
, f

MAX
)

P1 P1 P2 P3

S21max=8.625dB

fLNA=94.7GHz

Working Frequency

NF=9.265dB

Noise Figure

G1dB

IP3



Appendix A 

116 

Parameter Description  Determination  

rsbx  Extrinsic base sheet resistance PCM based parameter  

rea  Emitter sheet resistance PCM based parameter  

rsbl  Buried layer sheet resistance PCM based parameter  

rsbp  Pinch base sheet resistance PCM based parameter  

nepi  
Epi layer doping parameter (Variation of SIC doping for 
BC capacitance variation)  Fitting parameter  

nsub  
Substrate doping level parameter (for CS capacitance 
variation) Fitting parameter  

wepi   Thickness of epi layer (for BC capacitance variation) Fitting parameter  

rec  
BE saturation current parameter (Base current is moni-
tored and rec is fitted) Fitting parameter   

deg  
Impact of bandgap variation on Ic (Collector current  is 
monitored and deg is fitted) Fitting parameter   

irec  
BE recombination saturation current parameter (Base 
current is monitored and irec is fitted) Fitting parameter  

wctf  
Tuning parameter for transit time (Monitoring of ft and 
wctf is fitted) Fitting parameter   

Table A.1: Investigated process parameter (STMicroelectronics). 

 

 
 

(a) (b) 

 
 

(c) (d) 

Figure A.9: FoM vs. standard deviation σ of wctf (from -3σ to 3σ): (a) Variation maxi-

mum small signal gain dS21_max=±2.94% (b) Variation Noise Figure dNF=±2.62% (c) 

Variation output power at 1dB compression point Pout_1dB=±2.36% (d) Variation input 

power IIP3=±2.09% and putput power OIP3=±3.08% at 3rd order intercept point 

IIP3=19.86dBm, OIP3=24.78dBm.  
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