N
N

N

HAL

open science

Electrothermal device-to-circuit interactions for half
THz SiGe C HBT technologies
Mario Weisz

» To cite this version:

Mario Weisz. Electrothermal device-to-circuit interactions for half THz SiGe C HBT technologies.
Other [cond-mat.other|. Université Sciences et Technologies - Bordeaux I, 2013. English. NNT:

2013BOR14909 . tel-01249529

HAL Id: tel-01249529
https://theses.hal.science/tel-01249529

Submitted on 4 Jan 2016

HAL is a multi-disciplinary open access
archive for the deposit and dissemination of sci-
entific research documents, whether they are pub-
lished or not. The documents may come from
teaching and research institutions in France or
abroad, or from public or private research centers.

L’archive ouverte pluridisciplinaire HAL, est
destinée au dépot et a la diffusion de documents
scientifiques de niveau recherche, publiés ou non,
émanant des établissements d’enseignement et de
recherche francais ou étrangers, des laboratoires
publics ou privés.


https://theses.hal.science/tel-01249529
https://hal.archives-ouvertes.fr

N° d’'ordre:

UNIVERSITE

T H E S E BORDEAUX 1

Sciences Technologies

PRESENTEE A

L’'UNIVERSITE BORDEAUX 1

ECOLE DOCTORALE DE SCIENCES PHYSIQUES ET DE L'INGEN IEUR

par Mario W EIf3

POUR OBTENIR LE GRADE DE

DOCTEUR
SPECIALITE:ELECTRONIQUE

kkkkkkkkkkkkkkkkkhkkkkkkkkkkkx

Electrothermal device-to-circuit interactions for
half THz SiGe:C HBT technologies

kkkkkkkkkkkkkkkkkkkkkkkkkhkk

Soutenance prévue le :®28lovembre 2013

Apres avis de :

M. Ullrich PFEIFFER Professeur, Université de Wuppertal (Allemagne) Rapporteur
M. Christophe GAQUIERE Professeur, IEMN Lille Rapporteur

Devant la Commission d’examen formée de :

M. Jean-Baptiste BEGUERET Professeur Université Bordeaux 1Président

M. Ullrich PFEIFFER Professeur Université de Wupper®@hpporteur

M. Christophe GAQUIERE Professeur IEMN Rapporteur

M. Bertrand ARDOUIN Managing Director XMOD Examinateur

M. Didier CELI Senior Member of Technical Staff STMicroelectronics Examinateur

M. Sébastien FREGONESE  Chargé de recherche Université Bordeaux Examinateur

Mme. Cristell MANEUX Professeur Université Bordeaux 1Directeur de thése

M. Thomas ZIMMER Professeur Université Bordeaux 1Co-directeur de thése

-- 2013 -






Résumé

Ce travail concerne les transistors bipolairegi@riogene TBH SiGe. En parti-
culier, l'auto-échauffement des transistors urgtagt le couplage thermique avec leurs
plus proches voisins périphériques sont caracgaséodélisés. La rétroaction électro-
thermique intra-et inter-transistor est largementi&e. En outre, I'impact des effets
thermiques sur la performance de deux circuitsagiglies est évalué. L'effet d'auto-
échauffement est évalué par des mesures a bagserice et des mesures impulsion-
nelles DC et AC. L'auto-échauffement est diminuérdmiére significative en utilisant
des petites largeurs d'impulsion. Ainsi la dépendariréquentielle de I'auto-
échauffement a été étudiée en utilisant les parasét et Y. De nouvelles structures de
test ont été fabriqués pour mesurer l'effet de lemep Les facteurs de couplage ther-
mique ont été extraits a partir de mesures ainsipggu simulations thermiques 3D. Les
résultats montrent que le couplage des dispositifa est trés prononcé. Un nouvel
élément du modele de résistance thermique récuasng que le modéle de couplage
thermique a été inclus dans un simulateur de tiomunmercial. Une simulation transi-
toire entierement couplée d'un oscillateur en ammEa218 transistors a été effectuée.
Ainsi, un retard de porte record de 1.65ps est adm@0A la connaissance des auteurs,
c'est le résultat le plus rapide pour une technelbgpolaire. Le rendement thermique
d'un amplificateur de puissance a 60GHz réalisé ameréseau multi-transistor ou avec
un transistor a plusieurs doigts est évalué. Léiopmance électrique du transistor multi-
doigt est dégradée en raison de l'effet de couglag@ique important entre les doigts
de I'émetteur. Un bon accord est constaté entrenéssures et les simulations des cir-
cuits en utilisant des modéles de transistors &veéseau de couplage thermique. En-
fin, les perspectives sur I'utilisation des régaltsont données.

Mots-clefs Hétéro-transistors bipolaires (HBT), les techigads térahertz, modéli-
sation électrothermique, le couplage thermique elute dispositif a des interactions de
circuit, oscillateur en anneau, les retards ddegdé multiplication, un amplificateur de
puissance, le transistor a plusieurs doigts, asist thermique, capacité thermique,
I'impédance thermique, des caractérisations deosligjs a semi-conducteurs, mesures
impulsion, la modélisation d'un dispositif semi-danteur, la simulation TCAD ther-

mique






Abstract

The power generated by modern silicon germaniur@€piheterojunction bipolar
transistors (HBTs) can produce large thermal gradiacross the silicon substrate. The
device operating temperature modifies model pararsetnd can significantly affect
circuit operation. This work characterizes and n®delf-heating and thermal coupling
in SiGe HBTs. The self-heating effect is evaluateith low frequency and pulsed
measurements. A novel pulse measurement systenessrged that allows isothermal
DC and RF measurements with 100ns pulses. Eleetrotl intra and interdevice
feedback is extensively studied and the impacthenperformance of two analog cir-
cuits is evaluated. Novel test structures are desigand fabricated to measure thermal
coupling between single transistors (indewvice) as well as between the emitter stripes
of a multi-finger transistor (intrdevice). Thermal coupling factors are extracteanfro
measurements and from 3D thermal simulations. Tallyncoupled simulations of a
ring oscillator (RO) with 218 transistors and c8@GHz power amplifier (PA) are car-
ried out. Current mode logic (CML) ROs are desigaad measured. Layout optimiza-
tions lead to record gate delay of 1.65ps. Thenthkperformance of a 60GHz power
amplifier is compared when realized with a muléiFisistor array (MTA) and with a
multi-finger transistor (MFT). Finally, perspects/@f this work within a CAD based
circuit design environment are discussed.

Keywords: Hetero-junction bipolar transistors (HBTSs), tendhetechnologies,
electrothermal modeling, mutual thermal couplingra-device coupling, inter-device
coupling, device to circuit interactions, ring ditor, propagation gate delay, power
amplifier, multi-finger transistor, thermal resist&, thermal capacitance, thermal im-
pedance, semiconductor device characterizatiorise pueasurements, semiconductor
device modeling, thermal TCAD simulation
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Chapter 1 General introduction

The lecture of Richard Feynman [1] in 1959 “Therglenty of room at the bottom”
predicts “an enormously greater range of propetties substances can have, and of
different things that we can do” if we can arramgems and molecules in the way we
want. Indeed, since the invention of the first sigtor in 1947 (see Figure 1.1), semi-
conductor industry has withessed exceptional groavtth achievements in integrated
circuit (IC) manufacturing. Until now, transistocading has driven the chip perfor-
mance by even accelerating the Moore's law [2].\&alitit last forever [3] or will tran-
sistors reach their limiting size within a decaderder to predict the challenges of
Moore’s law, the International Technology Roadmap $emiconductors (ITRS) [4]
gives an outlook 15 years into the future.

The further down scaling of device dimensions lgadsigher operating frequencies
that open a new spectrum of future terahertz agiphies. In this chapter, a general in-
troduction is given comparing different competingZltechnologies. In particular, the
future prospects of silicon germanium (SiGe) hegtarction bipolar transistor (HBT)
technology are discussed. Ultimate limits are itlated with special focus on the ther-
mal issue which is one of the main motivationshi$ ivork. When the integration level
further increases, the power density on a chip fesoa critical issue [5]. The maxi-
mum power per chip is limited without using exp&astooling systems. Innovative
solutions are required otherwise the power disgipatonstraints limit the integration
level and not device physics or economics [3].

Figure 1.1: First transistor (two gold point cortsawere applied to a crystal of germa-
nium) invented at AT&T's Bell Labs in 1947.



From RF to THz

1.1 FromRFto THz

1.1.1 THz applications

The terahertz (THz) region as part of the electgmetic spectrum lies between mi-
crowaves and infrared light, which is typicallyes®d to frequencies from 300GHz up
to 3THz [6], although there is no stated conventiberahertz waves can penetrate vari-
ous materials (clothing, plastic, ceramics, ets.v&ll as tissue with low water content
(Millimeter wave dosimetry of human skin). Unlikergys, THz radiation is not ioniz-

ing, and, therefore, probably causes no damageediological tissues.
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Figure 1.2: Potential applications for silicon igtated mm-wave and THz circuits. Fig-

ure taken from [7].

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

Figure 1.2) in the field of THz imaging and sensfog biology and medical sciences
[9]-[11], non-destructive evaluation [12], [13],rheland security [14], [15]. Moreover,
ultra high-speed communication systems at THz faqies [16], [17] will be attractive
for the professional as well as the consumer mailkdz radiation imaging technology
was selected as one of the "10 emerging technadbe will change your world" by
MIT's magazine "Technology Review" (31 January 2004e large variety of useful
THz applications will be driving force for the eaony to develop new or enhance ex-
isting technologies.
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Figure 1.3: The atmospheric attenuation at teratlisguencies shows the challenges of
signal generation and detection for THz electromind photonics. Figure taken from
[18].

However, with currently available and practical THetectors and sources, meas-
urements over distances larger than 20m are véfrguli. THz waves are not very use-
ful for long-range communications [19]. The atteta level in the earth atmosphere
for THz waves (see Figure 1.3) is higher than e heighboring bands. The lack of
suitable devices to generate, detect, or properdggss THz signals is the so called
THz-gap.

1.1.2 The THz-gap

Generating THz signals with sufficient output pougeexceptionally challenging. In
Figure 1.4, the output power achieved with conwsrai sources is illustrated. Design-
ers try to close the THz-gap from the low frequeadge with electric sources (upward
approach) and also from the high frequency edgé witotonic sources (downward
approach). In solid state devices (e.g. transistéwn oscillators, Schottky diodes fre-
guency multipliers etc.), THz radiation is genedatierough the motion of free carriers
in the bulk or at the surface. Photonic source$ susclaser diodes generate THz radia-
tion through oscillating bound charges. The oufmwer rapidly drops from either side
of the spectrum. As shown in Figure 1.4, betweeHZ@nd 10THz there is no conven-
tional source available. Electronic sources likensistors or multipliers can go up to
1THz at room temperature [20], [21]. Conventioreddr diodes can easily generate
signals at very high frequencies, but not belowH®T22].
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Figure 1.4: THz-emission power as a function ofjirency for the conventional THz
sources; IMPATT diode stands for impact ionizatiavalanche transit-time diode,
MMIC stands for microwave monolithic integratedceciit, TUNNET stands for tunnel
injection transit time [23] and the multiplexer asSchottky barrier diode (SBD) fre-
guency multiplier, OCL stands for quantum cascaderl. Figure taken from [8].

There are two fundamental reasons for these riéstrgcthat can be explained with
the help of the Maxwell equations. First, the téhat defines the generation of electro-
magnetic waves has to be confined. The Maxwell-daraquation

_ 0B (1.1)

connects the electric fiel& and the magnetic fiel® . It describes the propagation of
electromagnetic waves without any source term.Gaess laws defined as

OmB=0 (1.2)
and

describe only the static fields. The only equatibat contains sources for generating
electromagnetic waves is the Ampere's circuital (aith Maxwell's correction)
15 (1.4)
(OxH =J +a_D
ot
where H is the magnetic fieldJ is the current density anD is the electric displace-
ment field. This is more obvious in the followingrmn
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. . 9P = (1.5)
OxH=|J + P +£Oa—E
ot ot

whereg, is the vacuum permittivity ané@ is the density of the permanent and induced

electric dipole moments in the material or the pm&ion density.j represents the

conduction current in electronic sources. Photenigrces are based on the tedRV/ ot
that represents the displacement current of osojaharges. The first term is restrict-
ed by a high frequency limit wheras the lattereistricted by a low frequency limit.
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Figure 1.5: lllustration of a bipolar transistortlivan antenna.
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In Figure 1.5, a simplified illustration of a comtmnal electronic source is shown
including a bipolar transistor connected with ateana. The AC voltagesy creates an

alternating conduction currenf . The input signal is amplified and then transnditte
over the antenna. Electrical sources are limitedheytransit timets of the transistor,
which is the amount of time an electron needs tdrgm the emitter to the collector.
Moreover, in every circuit there are unavoidablgisiances and capacitances. Due to
these limitations, the output power drops signifibaat very high operating frequen-
cies as shown in Figure 1.4.

+“- .s_.. ®e

ot
pln CERIEl

(a) (b)

Figure 1.6: (a) Bipolar laser diode. (b) Bandgapeneration of free charges through
light.

In Figure 1.6a, an illustration of a bipolar lag@rde is shown as an example for a
conventional photonic source. The forward bias sxr@ pn diode creates population
inversion at the pn junction which means that neaeiers are in an excited state than
in lower energy states. Electrori)(role (i) pairs oscillate and generate a displacement

currentdP/at which produces radiation. Optical sources arerestricted by the trans-

5
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it time or RC roll of. However the frequency of raibn is limited by the energy
bandgap which is greater than 40meV (even for &ddmaterials), meaning that the

frequency of radiated light lies above 10THz.
108

100 - l-Vlaser,
1,000 DFG parametric
QL
100

10

Output Power [mW]

0.1

Multiplexer
0.01

0.001 ! !
0.01 0.1 1 10 100 1,000

Frequency [THz]

Figure 1.7: THz-emission power as a function ofjfrency. Solid lines are for the con-
ventional THz sources. Ovals denote recent THzcesiRTD stands for resonant tun-
neling diodes, UTC-PD stands for uni-travelling rear photodiode, DFG stands for
difference-frequency generation. Figure taken ff8n

These two examples should illustrate the probldmas ltave to be dealt with in or-
der to generate THz signals with sufficient outpoiver. However, recent technological
innovations in photonics and nanotechnology hadlddethe realization of THz devices.
Many innovations in photonics have been publiskeegmtly such as the development of
terahertz quantum cascade lasers (QCL) [22], therawelling carrier photodiode
(UTC-PD) [24] and the resonant tunneling diodesR)[25].

A THz QCL can provide a powerful continuous-wavezi$durce above 1 THz. The
three main operational methods for THz QCLs arendeto-continuum, interlaced and
resonant phonon. Another promising device is theCWD that can produce THz
waves through photomixing of two laser diodes. RTdas generate THz waves via
tunneling of electrons through some resonant sttesrtain energy levels. RTDs pro-
vide only a limited power. As THz detectors, deated triglycine sulphate (DTGS)
crystals, bolometers, Schottky barrier diodes (SB&sd superconductor—insulator—
superconductor (SIS) junctions are widely used&g], and their performance have
improved steadily.

Photonic devices are currently the main focus hertz research. However, these
devices still have to be cooled that results irhHaprication costs and low level of in-
tegration. Therefore, the upward approach is tleéepred method for portable applica-
tions.
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1.1.3 Comparison of low cost solid state technologies farHz circuits

Due to significant improvements in the high frequeperformance, low cost solid
state technologies tend to be a promising altaredtr realizing THz systems. High
frequency diodes are widely employed as sourcesimjggact avalanche transit time
(IMPATT) diodes [29], Gunn diodes, and resonanhtlimg diodes (RTDs) and as de-
tectors e.g. SBDs. But the range of applicatiorisniged due to their passive behavior.
Transistors can be better integrated in multissgtems than diodes. Using a low noise
amplifier (LNA) for detection reduces the noiseutig (NF) and increases the overall
gain of the system [30]. Therefore, a main focas bn the development of high speed
transistors integrated in complementary metal osilmiconductor (CMOS) or in 1lI-V
technologies.

Two main figures of merit (FoMs), the transit freqeyfr and the maximum oscil-
lation frequencymax are often used in order to estimate the perfooman a transistor.
fr is the unity gain cut-off frequency in the commnamitter configuration which is the
frequency where the extrapolated small-signal ctirgain 5. (Figure 1.8a) equals

one.
di(f (1.6)
= w=gefi]] -
B T Vee
fr can be calculated accurately from y-parameterp [31
1.7
fT - fMeas ( )

{2
Y21
according to [32]fnax is defined as the frequency at which the unildtgosver gain (or
Mason’s invariant gain) U (Figure 1.8b) becomesyujd3].
‘U (f = fmax) =1 (18)
U = |Y21 - Y12| (1.9)
4(0{v.}o{v}-0{ ¥} 0{ %})
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Figure 1.8: lllustration of (a) the small-signak@nt gaing- and (b) the unilateral pow-
er gainU vs. frequency.

Generally,fnax Is @ more relevant parameter for analog and r&eiguency (RF)
circuit designers [30]. However, it is more sensitto the device layout and its extrac-
tion is less reliable than that fif Thereforefr is more often used for comparisons be-
tween technologies. Published recordd+obr f.x are difficult to interpret, since they
are correlated. It is possible to achieve a Iiighut at the expense of a Idw,x and vice
versa. For example, reducing the base width ofpaléi transistor, on the one hand,
results in a lower transit time that causes a highdut on the other hand, the increased
(external) base resistance reducesfthe Examples for state of the art performance
records for solid state technologies are liste@ldhle 1 and illustrated in

Technology CMOS SiGe HBT -V HEMT -V HBT
f1/f max 485GHZ? 410GHZ150GHz | 644GHZ681GHz | 765GHZ227GHz
[34] [35] [36] [37]
fr/f max 395GHzA10GHz | 300GHzb00GHz | 385GHzA200GHz | 430GHzB800GHz
[38] [39] [40] [41]

Table 1: Published records for state of the art GYIBICMOS and IlI-V technologies.

1400
b ®5iCMOS
1200 - < o A SiGe HBT
E|° O NI/V HEMT
1000 O
DOm/VHBT
N 800 o o
o, % o
s 600 - <
&£ A o
400 A A O
T 4 ®
L [m]
200 A,
O 1 1 1 1
0 200 400 600 800 1000
fr [GHZ]

Figure 1.9: Recent trend of device operation speddrms offy.x andfr. Figure taken

from [42].
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[lI-V devices tend to have a superior performanompared to Si devices due to
higher carrier mobilities. The high speed of llitNnsistors comes along with an excel-
lent noise figure (NF). However, the high fabricaticosts due to expensive and small
wafers and the poor reliability are not attractioe high volume applications. The hole
mobility of IlI-V devices is worse in comparison $dicon. Hence, complementary log-
ic blocks as in CMOS technology are rather hardetlize. Moreover, due to high
thermal resistance the integration level is muaohelothan for silicon. The power-
handling capability on Si is 3.5 and 2.7 times agié¢ as that on GaAs and InP sub-
strates, respectively [43]. These arguments mdk®ieven with less performance the
favorable technology for large scale applicatiddggh performance SiGe HBTs inte-
grated in a BICMOS technology seem to be a promisaiution.

1.2 SiGe HBT technology

1.2.1 General overview

SiGe HBTs provide a higher current driving capapilinigher linearity, larger
transconductancg,, lower 1f noise property, excellent reliability, better devimatch-
ing and superior performance in comparison to stahdilicon metal oxide semicon-
ductor field effect transistors (MOSFETSs). This makhem ideal devices for micro-
wave power applications [44], [45]. Therefore, saleompanies have chosen to inte-
grate their high performance SiGe HBTs in a lowestcCMOS process (BiCMOS)
which allows an improved functionality but at trese time increases process complex-
ity due to HBT integration.

In contrast to high speed IlI-V technologies (Withx exceeding 1.2THz [40]) the
intrinsic material properties of Si limits the deeioperation speed. Nevertheless, opera-
tion frequency can be increased by adoption ofuieegy multipliers [46] and plasma
wave detectors [47] to enable circuit operationdmel.x. Moreover, SiGe HBT tech-
nology continues to gain momentum as shown in [eigul0. Optimized device struc-
ture along with aggressive scaling lead to comparalerformance as IlI-V devices
(fr=300GHz,fnax=500GHz [39]) as reported within the Seventh Fraor&Programme
(FP7) project DOTFIVE [7] (further explanation givin 1.4.3). The follow up project
DOTSEVEN is targeting the development of SiGe:C KHB&chnologies with cut off
frequenciesnax of around 700GHz.
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Figure 1.10: Recent trend of SiGe HBT in termérdfigure taken from[48]).

Future applications require a sufficient output powat high frequencies. A state-of-
the-art power density of 18.5mWh? at 1dB compression was obtained at 94GHz [49]
with a B5T SiGe HBT from STMicroelectronics (thensa device is also used in this
work). Moreover, a 300GHz signal source was denmatest having an output power of
1.7dBm around 290GHz [50]. In a similar technoldq@iP) an 820GHz transceiver
chipset for terahertz active imaging applicationsswabricated [46]. In this work, a
record gate delay of 1.65ps is demonstrated [5h]s Dpens the door for terahertz
(THz) applications [52] that can be mass-producea ¢ost-effective way.

1.2.2 Ultimate limits

There have been a number of attempts to predictiitireate performance of SiGe
HBTs [53], [54] using advanced device simulationl$o Recently, a more rigorous ap-
proach was presented by M. Schréter et al. [5H]. [ [55] an ultimate vertical doping
profile was developed only based on physical- arpdiGgiion-oriented considerations.
The resulting device structure has a peak tramsfjuencyfr close to 1.5THz at
Vec=—1V. The most important limiting factor was seenbe the high current density
(100mA/pnt at pealfr, fnay in the metal contacts that can cause reliabisisyie due to
electromigration (especially of the contact vias).

For a given semiconductor, the Johnson’s approa8hdllows calculating the ulti-
mate power performance of an electronic device. ¢él@r, due to self-heating the de-
vice performance at such a high power densitytisnoimited by thermal effects before
the electronic limitations of the semiconductor egached [57]. Future trends like 3-D
integrated circuits (ultimate density limit) [58]rther aggravate the thermal issue due to
increased mutual heating effects (e.g. mutual tatooupling).

10
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1.3 Problem statement: The thermal issue

1.3.1 General overview

Higher device performance is mainly achieved witlwdscaling of device dimen-
sions and by improving the device architecture [39], [60]. The higher the speed of
advanced HBTSs, the higher are their current desssdind internal electric fields which
leads to increased power dissipation [61]. Stradtirmovation has contributed to re-
duce the parasitic elements and to decrease thsitttame by introducing shallow
trench, deep trench, and other technological psosteps [62]. Major improvements are
the following: (i) Deep trench isolation improveetRF performance through the reduc-
tion of parasitic capacitances and crosstalk [@8]. The drawback is that the heat flow
is confined within the deep trenches resulting rgdathermal impedancéy, [64]—-[66].

(i) In order to boost transit frequenéy a lot of attention is paid to carefully desige th

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

fect to higher current densities, resulting in ghieirfy on the one hand, but on the other
hand, to lower breakdown voltages. Finally, it ghihe operating point to higher cur-
rent densities [67].

Both aspects result in a more pronounced self+hgatifect leading to higher circuit
operating temperatures which affects the circufgpenance, the reliability and the
packaging costs. Moreover, thermal instabilities oacur due to the positive feedback
between collector curreii¢ and the device temperature of a bipolar trans[§@), [69].

1.3.2 Internal thermal feedback in bipolar transistors

In a first guess, it might be supposed that théectir current would decrease with
increasing temperature, however, in contrast to Mi@8ices, bipolar transistors are
driven by minority carriers which have a positieenperature coefficient [68]. At con-
stant base-emitter voltagesyand base curreng,lan increase of collector-emitter volt-
age e results in higher power dissipation,

P

diss

= IB\/BE+ I (yCE: I é/CE (1.10)
and therefore, an increase in Temperature
AT = R, 1. Ve (1.11)

whereRy, is the thermal resistance of the device.

11
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lc A lc A
self-heating

without self-heating
I
without self-heating |
self-heating
Ve = const. Iz = const.
Ve Vee
(a) (b)

L
>

Figure 1.11: Thermal feedback (self-heating) fQra@nstanige and (b) constan.

This is the so called thermal feedback [70]. Thapslof the output characteristics at
constange (Figure 1.11a) or constahy (Figure 1.11b) can be described with

dic _ dlc +Oc LU (1.12)
dVCE aVCE T=const aTl Vg =const d\éE

whereTj is the junction temperature of the transistorc8in

dT. dT .
i - j dRiISS — R[h |C +VCE$ (113)
dVCE dF()jiss dVCE dVCE
it follows that [71]
Dol 4Rl o
d|C _ CE IT=const I Vg =const (1.149)
dV., ]
1- R,V 22
Rh CE aT]
VCE:COFIS(

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

ol
.. —C
RinVee oT.

J

1 (1.15)

Ve =const

the device is unstable which results in an uncdliettancrease in¢c (thermal runaway).
This can be critical especially for constaat since temperature coefficient [71]

~ '_c(vg ~Vee | xﬂ] (1.16)
T v

Veg ,Vge= const J

alg
oT.

J
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is much greater than

ale
oT.

FIvee, 1g=const

~a,l, (1.17)

whereXr, is temperature exponent of the saturation currgnty is the bandgap volt-
age,Vr is the temperature voltage ang is the temperature coefficient of the current
gain 5. Thermal runaway would be impossible if the follogycondition is true [71].

R = ICVCE<l VT

»
> Rh Vg - VBE + XTI Vr
Thermal stability at constaMge can be increased with a ballasting resistdaicdue to
the negative voltage feedback. This is especialgvant if several transistors are used
in parallel (Figure 1.12) due to thermal coupliripets.

l

(1.18)

RRR

Figure 1.12: Stabilization of parallel bipolar ts@stors with emitter resistand®: in
series (figure taken from [71]).

In multi-finger transistors (MFTs) or in multi-traistor arrays (MTAS), temperature
rises are mainly caused by self-heating and theomapling between neighboring de-
vices. The positive thermal feedback between that ®urces (mainly the base-
collector space charge region) results in a tenmperalistribution across the device as
shown in Figure 1.13. At a certain dissipated powlee hottest finger dominates the
others becoming hotter. This can lead to thermahway and destruction of the device
in the worst case. Silicon has a good thermal cotidty; hence, unlike for 11l-V and
SOl technologies, this can result in large thergradients across devices designed in
close proximity. These wide variations need torkated in a distributed manner [72].
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AT

» X

Figure 1.13: Sketch of the temperature distributromulti-finger transistors (MFTs) or
multi-transistor arrays (MTAS) due to positive tmed feedback.

1.4 This thesis

1.4.1 Motivation

As discussed, scaling in combination with highertegnation makes the
electrothermal effect one of the key factors lingtithe performance, the stability and
the reliability of future high power, high frequgnepplications. Therefore, accurate
circuit simulations in terms of device and circi@iperature are mandatory for circuit
designers to optimize the thermal performance eit ttircuits. Hence, compact models
are required that take into account the specificud layout, for example, the distance
between neighboring devices. Modeling engineersl neethermal measurements for
accurate determination of model parameters. Tramst®mpact models should be also
verified on circuit level. Sensitivity analysis device to circuit interactions can be
used, for example, to reduce the model complexityp @nalyze process variations (see
Appendix A.5).

Whether or not thermal issues will limit the speéduture high speed circuits, they
must be taken into account in the design phasesantiust be accurately predictable
and, measurable. In this work, state of the arteSHBTs are characterized using DC,
AC, pulsed and load pull measurements. Accuratesurement and modeling of the
devices’ thermal impedance is presented. Circuiufations are carried out that takes
into account the thermal coupling between neiggpdevices. Note that the circuit
and device measurements were made on the same wafer
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1.4.2 Organization and contributions to the state of theart
The thesis is organized as follows:

Chapter 2: SiGe:C HBT technology and device charaetizations - The chapter
provides a brief description of the state of thé &iGe HBT technology from
STMicroelectronics and the advanced high-currendeh@HICUM) for high-frequency
bipolar transistors. Compact model parameters ardied with on-wafer measure-
ments.

Contribution: The chapter validates the applicability of theesatversion 2.3 of
HICUM/L2 (including the new extended formulation tiinsfer current [73]) for a
modern SiGe HBT technology over a large bias amp&zature range.

Chapter 3: Advanced electrothermal device charactezation — The chapter pre-
sents advanced measurement and modeling techniqaesrovide accurate infor-
mation about the dynamic self-heating effect indie device as well as the thermal
coupling effect between neighboring devices.

Contribution: The chapter validates a novel pulse measuremstgrmythat allows state
of the art isothermal DC and RF measurements viim& pulses.

Publication “Pulsed | (V)—pulsed RF measurement system focrowave device
characterization with 80ns/45GHz”, M. Weil3 et 8lolid-State Electronics, vol. 84, pp.
74-82, June 2013.

Contribution: The chapter identifies and evaluates the sigmficampact of
electrothermal intralevice coupling in multi-finger SiGe HBTs using mbvspecially
designed test structures.

Publication “Mutual thermal coupling in SiGe: C HBTs”, M. Wgkiet al., Conference
SBMicro, Sept. 2013, Curitiba, Brazil.

Chapter 4: Circuit-level electrothermal investigations - The chapter studies two
circuits, electrically and thermally. First, seVeraalizations of a large scale current
mode logic (CML) ring oscillator (RO) with 218 trsistors are presented. Second, two
transistor arrays are operated as 60GHz power aengli

Contribution: The chapter presents layout optimizations of atRad lead to record gate
delay of 1.65ps.

Publication “Optimized Ring Oscillator With 1.65-ps Gate Dgla a SiGe:C HBT
Technology”, M. Weil3 et al., IEEE Electron Devicetters, vol. 34, pp. 1214-1216,
Oct. 2013.
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Contribution: The chapter demonstrates accurate thermally cdupteuit simulations
of the investigated multi-finger SiGe HBTSs.

Publication “Coupled electrothermal circuit simulation forghi 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 findirg this work can be used within a
CAD based circuit design process.

1.4.3 Projects
DOTFIVE [7]

Objective: To develop SiGe heterojunction bipolar transistopgrating at maximum
oscillation frequencies of up to 500GHz at roomgenature.

Year: 2008-2010 (successfully finished)

Partners: The project involves 15 partners from industry anddemia in five countries
teaming up for research and development work acosiHbased transistor architectures,
device modeling, and circuit design: STMicroelentes (France), Infineon (Germany),
IHP (Germany), IMEC (Belgium), XMOD Technologiesréhce), IMS Laboratory
(France), TU Dresden (Germany), University Wupgdi@&ermany), Bundeswehr Uni-
versity Munich (Germany), TU Delft (Netherlandskilersity of Naples (Italy), etc.

RF2THz SiSo74]

Objective: To meet the needs of future RF and high-speedpawnt, the CATRENE
RF2THz project aims to develop silicon technolodgtfiorms for emerging RF, milli-
meter-wave (MMW) and THz consumer applications sash77/120GHz automotive
radars, MMW imaging and sensing, fast measurenmguipment, 60GHz wireless net-
working and fast downloading systems, 400 Gbitsefioptics data communications
systems, 4G photonic mobile communications and pmtiormance RF wireless com-
munication systems as well as two-way satellite momications systems.

Year: 2011-2013 (running)

Partners: The project involves 31 partners from industry anddemia in five countries
teaming up for research and development work acosiHbased transistor architectures,
device modeling, and circuit design: STMicroelentes (France), NXP Semiconduc-
tors (France, Netherlands), IHP (Germany), Alcatatent (Germany), BOSCH (Ger-
many), Agilent Technologies (Germany), XMOD Tecloges (France), IMS Labora-
tory (France), TU Dresden (Germany), Fraunhoferrif@ay), TU Delft (Netherlands),
TU Eindhoven (Netherlands), ESIEE (France), ENSIGAErance), IEMN (France),
NEWTEC(Belgium) etc.
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DOTSEVEN([75]

Objective: To develop SiGe heterojunction bipolar transistopgrating at maximum
oscillation frequencies of up to 700GHz at roomgenature.

Year: 2012-2014 (running)

Partners: The project involves 14 partners from industry acddemia in six countries
teaming up for research and development work acosiHbased transistor architectures,
device modeling, and circuit design: Infineon (Gany), Dice Danube Integrated Cir-
cuit Engineering (Austria), IHP (Germany), XMOD Tewlogies (France), IMS Labor-
atory (France), TU Dresden (Germany), University ppMertal (Germany), TU Delft
(Netherlands), University of Naples (ltaly), etc.
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Chapter 2 SiGe:C HBT technology and device
characterization

2.1 Introduction

Modern SiGe HBT technology continues to gather mutoma due to its use for a
wide variety of high frequency applications. Thegplications require advanced pro-
cess technologies in combination with a reliablecpss design kit (PDK) that contains
accurate models of the devices fabricated in thigetiping process.

The chapter is organized as follows: First, a stdtthe art SiGe HBT technology
from STMicroelectronics is presented. The fabridadevices exhibit a maximum peak
transit frequencyft of 320GHz and a peak maximum oscillation frequefgy of
400GHz. Second, the advanced high-current modeC\(1) is introduced that ad-
dresses the new challenges for such an advandeaolegy. Moreover, compact model
parameters are validated with experimental restibe test bench for measuring DC
and S parameters is explained and on-wafer measuatenare compared to transistor
simulations.
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2.2 SiGe:C HBT technology from STMicroelectronics

Within DOTFIVE, the developments of STMicroelectimnare based on a state of
the art 130nm SiGe BICMOS technology optimized ¥ery high frequency applica-
tions (BICMOS9MW) [76]. The back-end of line (BEOincludes six copper metalliza-
tion scheme with two 3um thick levels to reduce signal attenuation at 8B0GHz to
0.6dB/mm [59]. A scanning electron microscope (SEMgture illustrating main
BICMOS9MW process features taken from [59] is shawRigure 2.1. The high speed
HBTs have a peak transit frequerfgyof 220GHz and a peak maximum oscillation fre-
quencyfmax of 280GHz.

2fFipm? MIM

‘Width = 23 35
Mag = 167.71

o2 WD= Smm  EMT= 500k SignelA=Inlens Stage aiT=540°

Figure 2.1: SEM picture illustrating main BICMOS9MWocess and device features.
Figure taken from [59].

In order to meet the goals of the DOTFIVE projeactgess capabilities were ana-
lyzed and CMOS integration constraints were leifl@sVertical and horizontal scaling
was achieved by modifying collector doping, SiG&ICbase profile, inside spacer
width, process thermal budget and device layowtsrub optimize the device perfor-
mances (see Figure 2.2). This has led to the B3, B7] and B5T [45] SiGe HBT
technologies, withf/f,2=260/330GHz, 270/370GHz and 300/400GHz, respegtivel
These technologies were available to DOTFIVE pastrier modeling and circuit de-
sign purposes. Figure 2.3 summarizes the varioepssin the optimization from
BICMOS9MW to BA4T.

20



SiGe:C HBT technology and device characterization
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Figure 2.2fmax vs. fr chart of CBEBC Si/SiGe:C HBTs featuring differemrtical pro-
files and emitter widthEg=5um. Figure taken from [45].
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Figure 2.3: From BICMOS9MW to B3T and B4T technalofigure taken from [59].

Finally, the effective emitter width was optimized120nm in the B5T technology.
Note that in this work, the effective emitter arealefined as the drawn emitter window
minus the area of the inner spacers. The areatiedwaso helped to minimize the base
resistanceRg, the collector resistand&c, the collector-base capacitanCegg and the
collector-substrate capacitanCes. Figure 2.4 shows the double-polysilicon fullyfsel
aligned (FSA) selective epitaxial growth (SEG) HBIhe Si/SiGe:C HBTs feature a
self-aligned double-polysilicon architecture witrselective epitaxial growth (SEG) of
the base. The process, based on a 120-nm CMOSress, uses a standard collector
module (n+ buried layer, thin collector epitaxy acallector sinker), a selective im-
planted collector, a boron doped SEG SiGe:C badeaararsenic in-situ doped mono-
emitter. BEOL (as in BICMOS9MW) consists of 6 coppevels, the upper two being
3-um thick. BVcgo andBVceeo are 5.3V and 1.5V, respectively. The devices exkfab
pinched base resistance of XB&q and a current gajhof around 1300 a¥ge=0.7V.
Furthermore, a record output power [49] of 18.5miMWat 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 architex Figure taken from [77].

2.3 A compact model for high frequency HBTs

A compact model should be a physics-based matheahaléscription of the electri-
cal behavior of a device for use in a circuit siatal. There is a large demand for fast
and reliable compact models that are accurate fgreat variety of technologies. A
“good” compact model provides high accuracy ovenide electrical (and temperature)
range, laterally scalable parameter calculatiormerical stability and fast execution
time. Furthermore predictive and statistical mauglas well as a reliable and well-
defined extraction procedure should be availableth®se requirements are addressed
by the compact model HICUM.

HICUM (High-Current Model) [31] is a scalable physibased compact bipolar
transistor model taking into account the high cotrreffects which are significant for
certain high speed transistor applications. The& frersion was introduced in 1986 by
H.M. Rein and M. Schréter and arrived in the puldamain since 1999. It is now a
Compact Model Council (CMC) [78] standard model amégrated in a wide range of
simulators like ADS, ELDO, SPECTRE, HSPICE, Goldat&; etc. HICUM is based
on an extended and generalized integral chargealaetation (GICCR). However, in
contrast to the (original) Gummel-Poon model, irCHM the GICCR concept is ap-
plied without simplifications and additional fitirparameters (such as the Early voltag-
es). Therefore it allows a reliable design anduifroptimization. Some of the important
physical effects taken into account by HICUM/L2 areefly summarized below [79]:

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

» distributed high-frequency model for the externadé>-collector region

* emitter periphery injection and associated chatgege

* emitter current crowding (through a bias depend@rtnal base resistance)
* two- and three-dimensional collector current spiregd

* parasitic capacitances between base-emitter arddadigctor terminal

» vertical non-quasi-static (NQS) effects for tramsferrent and minority charge
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» temperature dependence and self-heating

« weak avalanche breakdown at the base-collectotipmc
* tunneling in the base-emitter junction

e 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 [0 which the transfer current
i, is modeled as

- N [evsf i evBT.TC. ] (2.1)
Qur
with the GICCR constant
Go=(0A)" M Mo e’ (2:2)
and the weighted hole char@g r is expressed as
Qp‘T = on + hJ.Ei QJ.Ei + hCi QCi + Q.+ Q. (2.3)

vge andvgc are the (time dependent) terminal voltagésis the thermal voltag®yo is

the zero-bias hole charg@e and Qic; are the base-emitter (BE) and base-collector
(BC) depletion charges of the internal transiskgs. andhic; are the weighting factors
that take into account bandgap and mobility vasiegi within the structure of HBTS.
The weighted diffusion charg€¥ + andQ; r are calculated from the integral of the for-
ward and reverse transit time.

The transit time of the entire transistor can bisokeined by the change of the mi-
nority charge€), in dependence of the collector currént

dQ, (2.4)

dl ST ST FTgetTgtTpctT

C Ivee

The transit time consists of different parts acowgdo the neutral and space-charge
regions of the transistor. The bias dependencbeofdrward transit time is described in
HICUM through

Ty (VC'E‘: in) =T (VB‘C') +AT, (VC. . in) (2.5)
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wherety is the low-current component, and; represents the increase of the transit
time at high collector current densities. At lowrent densities, the transit time (Figure

2.5) is modeled as nearly constant.

Tea o ‘
low. medium + high current region

Vog: or Vo = const

Iek Ire=1Ic

Figure 2.5: lllustration of the forward transit g as function of collector currerg.
Figure taken from [31].

The critical currentck characterizes the onset of high current effectsefithe mi-
nority charge density exceeds the doping-inducedgeh density in the base collector
space charge region (SCR), the SCR is further veidento the collector due to its low-
er doping level (base push-out or Kirk effect). §ineduces the electrical field at the
base-collector junction. The electrons no longeveninrough the collector with satura-
tion velocity, and therefore, the transit timeises stronglyz can be extracted from the
measured transit frequenéy versus collector current for different voltages/ce or
Vgc using

r

(2.6)
L, +(rcx+rE+ﬁ_ejcBC+ﬂ

I

2t 0

wherercy is the external collector resistancg,is the emitter resistances is the base
resistance/% is the low-frequency small-signal current gdilzc is the base-collector
capacitance an@ge is the base-emitter capacitance. The voltage dkperparts are
combined in the low-current forward transit timg(Figure 2.6).

1
o fr Vsc = const
ATF ~
7
TFO4 — — — — — — — — -
0 1

Figure 2.6: Extraction of transit tinemeasured transit frequentyy

Depletion capacitances, transit time of carriersvelt as the associated charges as a
function of bias mainly determine the dynamic bebawf the transistor. These are
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basic quantities in HICUM. Hence, the small-sigria¢ large-signal and the DC behav-
ior are described very accurately with a singleadgiarameters. Through the coupling
of static and dynamic behavior, the fitting paranetike Early voltages and knee cur-
rents in SGPM are not required anymore. In ordeetiect the physically independent
mechanism of base and collector currents all basemts are modeled independently
of the transfer current.

The HICUM large signal equivalent circuit is shown Figure 2.7. The internal
transistor has the four nodes E’, B’, B* and C’ eTihternal circuit consists of the diode
current jgg; and the depletion charggeQof the base-emitter (BE) junction, the diode
current jsci and the depletion charggdQof the base-collector (BC) junction, and the
voltage controlled transfer current sourgeRurthermore, the minority charge is repre-
sented by its forward and reverse componenar@ Q. In addition, breakdown in the
BC SCR is taken into account by the avalanche ntiseurce, 4y, and possible tun-
neling through the BE SCR is represented dpy. iBy comparing with the equivalent
circuit of SGPM, there are two additional nodes edB* and S’ in HICUM. The node
B* has been added to separate the internal bastamserg; (bias dependent) from the
external componentg,. The internal substrate node S’ is connected éostlibstrate
network with the capacitand®s, and the resistanag,. Moreover, an emitter-base iso-
lation capacitanc€gepar as well as a base-collector oxide capacitaDggar is taken
into account.

e
T lisc o ;

(S T ©

Oscal Credl 3 Jid Joo Toc T

X X .
: DiBEti
TBEparl-’- AT
i

i lE P Ren —|—Cth
(a) (b)

Figure 2.7: a) Large-signal HICUM/L2 equivalentctiit. 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 devieglwresults in an increase of the
device temperature. Self-heating leads to a shiftlevice characteristics and can be
described with an electrical equivalent circuit.eTsimplest form for calculating the
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increaseAT; of the junction temperature is a single pole subdd consisting of one
thermal resistancBy, and one thermal capacitanCg shown Figure 2.7b. The current
source corresponds to the dissipated pdwgg and represents the amount of heat that
is generated by the device.

P

diss

=Vl o+ Ve ¢ (2.7)

The voltage node corresponds to the temperatugaTis

AT =T, = T = Riss Ry (2.8)

amb —

whereT; andTamp are the junction and ambient temperatures res@dgtiThe units for
R andCy, is K/IW and Ws/K, respectively. The thermal timastant is the product of
the Ry, andCy.

Iy, = R, Gy, (2.9)

In other words it is the time required for a tratsi to change 63.2% of the total differ-
ence between its initialTmy and final junction temperaturd;] when subjected to a
step function change in temperature. Note thatishésvery basic simplification.

The thermal network and the transistor model aheegiotogether for each DC and
transient operation. The temperature dependent Inpadameters are calculated taking
into account the voltage of the temperature nodethErmore, this node can be con-
nected with an external network consisting of thernesistances and capacitances that
describe the thermal device behavior more accyrdieternal Ry, and Cy, should be
deactivated). This option is further explainedhe following chapters where it is used
to improve the accuracy of the thermal impedana® tanconsider thermal coupling
between neighboring devices.

In HICUM, Pyissis calculated from all relevant dissipative eletsan the equivalent
circuit if the self-heating flaflsp=2 [31]

av,”] (2.10)
T+‘I TyB*S\

wherelay is the avalanche currenis is the substrate currem,={rgi, r'sx, I'e, cx} are
the series resistances and, the corresponding voltage drop across those aesist.

PdiSS=|ITVCE|+|I AVyBC|+Z

However, considering all dissipative elements aamh&r increase the computational
effort. The settinglsy=1 includes only the most relevant dissipative @ets in the
power calculation

I:)dis3=||TVc E|+|| AVyBC|. (211)
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Note that simulation results can be different del@m on whetheflsy is set to 1 or
2 as shown in the following example (see Figurg. 28er a delay of 10ns, a transient
voltage pulse of 0.95V is applied at the base dfaasistor model (B5T HBT with
drawn emitter are#®s=0.18x5pm) with the emitter resistance=5.3Q and external
collector resistancecx=11.52. Ve stays constant at 1.5V. The thermal network con-
sists of Rpy=4000K/W andCy=2.9pWs/K, thus resulting in a thermal time constan
h=11.6ns. The obtained transient temperature rizselsf=1 andflsy=2 are displayed
in Figure 2.8.
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Figure 2.8: Simulated temperature rise figr=1 andflsy=2 when a voltage pulse of
0.95V (delay of 10nsyce=1.5V) is applied at the base of a transistor madéh the
emitter resistance==5.3Q and external collector resistangg=11.9.

The difference in the steady state junction tentpeea of abounT;=43K has cer-
tainly a significant impact on the device charastass. In this case, it leads to different
steady state collector currentslg£19.0mA andc=23.3mA forflsy=1 andfls=2, re-
spectively. In order to verify this we consider

[BYAE (2.12)

and

AV 2 (2.13)

Z R =12 (re+rey)-

Hence, the difference in steady state temperaiseebetween both optiondlsy can be
approximated as

Aflg =1 (re+r )R ;= 3K . (2.14)

The made assumption is simplified since it negleogs the temperature dependence of
the transfer current etc. Nevertheless, the predesample demonstrates that the self-
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heating flag can have a strong impact on the sitadlgunction temperature. In this
work, the self-heating flag is setflg=2.

2.3.3 Parameter extraction

A proper parameter extraction methodology is respiio derive the model parame-
ters from measured data in order to fully explatbapact model. The classical method
of extracting model parameters is the direct exivacapproach where all model param-
eters are directly determined with analytical esprens. A better way is a physics-
based scalable extraction using I-V, C-V and S ipatar measurements on transistors
with several geometries, contact configurations &owell as special test structure (e.g.
tetrode, Kelvin structures). A general overview astandard extraction procedure to-
gether with the extracted parameters is given guifé 2.9 [81]. A full compact model
parameter extraction is quite a wide area and beylom scope of this thesis.
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Figure 2.9: lllustration of a standard extractiongedure.
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2.4 Model verifications

Within the DOTFIVE project, fully scalable modelbtaries were provided by
XMOD Technologies (B3T, B4T) and STMicroelectron(&3T, B4AT and B5T). Sev-
eral parameters of the B5T model cards had to lpgawed to achieve a better agree-
ment with our measurements. For instance, the tleresistancdz, and thermal ca-
pacitanceCy, were extracted from measurements and numericallaiions within the
work of A.K. Sahoo et al. [82]. The values Ry andCy, are also verified in this work
with pulse measurements and low frequency S pamnmetasurements in Chapter 3.

Transistor measurements for model parameter vatidic purpose and circuit
measurements have been taken from the same wabedeén to avoid simulation inac-
curacies due to process optimizations. In factremtgnumber of process optimizations
were applied in order to reach the performancesgoalDOTFIVE, for example, the
extreme Germanium grading in the base-emitter (8i&ce-charge region. Therefore,
the latest version 2.3 of HICUM/L2 including a newtended formulation [73] of the
HICUM transfer current needs to be used.

In this work, the main focus lies on the extensiudrthe state of the art compact
model by applying different thermal networks. THere, an accurate standard model
(lumped model) is crucial to ensure reliable resulthe main transistor in this work is
the B5T HBT withAg=0.18x5pum and with double collector and base contacts. ¢n th
following paragraphs, a brief overview of all me@suents necessary for an accurate
parameter extraction and model verification is givMeasurements for DC and RF
excitation at different temperatures are preseateticompared with model simulations.

2.4.1 Measurements to characterize advanced semiconductdevices

The measurement quality and accuracy is the bastbé generation and the valida-
tion of compact models. Complex equipment in coratom with elaborate calibration
procedures is required. Moreover, a significant ami@f time is spent on the collection
of the measurement data.

Historically, advances in transistor modeling haften coincided with the devel-
opment of new measurement techniques [83]: (i) idator network analyzer (VNA) to
measure small-signal scattering (S) parameters (B#inechanical and electronic load-
pull systems to map small- and large-signal pertoroe parameters as a function of the
load and source impedance [85]; (iii) pulsed DC][8Ad S-parameter [87] systems
used to overcome dispersive phenomena (e.g. safidge trapping); (iv) large-signal
vector network analyzer to characterize transistmder realistic large-signal modula-
tions [88].

29



Model verifications

In this work, measurements were performed directywafer with a semi-
automatic wafer prober (Siuss Microtec) and coplamabes (Siuss Microtec, Cascade).
Software automation (with Agilent ICCAP) over GP#lows many measurements to
be recorded quickly. On-wafer probing avoids isswgted to manufacturing or pack-
aging and is therefore adequate method to chaizaetactive and passive devices and
circuits. A temperature regulator (thermo chuckiytools the ambient device tempera-
ture. DC measurements were made with the semictodparameter analyzer HP4155.
For RF measurements the HP4155 was combined wahvthA Rohde & Schwarz
ZVAG67. The system was calibrated using the shoerelpad-thru (SOLT) technique on
an impedance standard substrate (ISS). For thentbedding of metal parasitics (pads,
interconnections and vias) STMicroelectronics hasvided on-wafer Open and Short
dummies.
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Figure 2.10: Forward Gummel plot (a) at constgy and (b) at constatdcge: Compar-
ison between measurements (symbols) and compadatimmdulations (solid lines) for
B5T CBEBC HBT withAg=0.18x5umz. Enlarged section for high current itig@tin
(c) and (d).
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2.4.2 DC characteristics

The measurement of the curremitage I-V relationships is the most basic form to
characterize transistors. Continuous DC measuresremet widely used since they re-
quire only a simple measurement setup and proadednd accurate measurements in
combination with a low noise floor.

The forward Gummel plot is shown in Figure 2.10 vehine base and collector cur-
rent (g, Ic) are plotted versus the base-emitter voltdgeon a semi-logarithmic scale
for constant base-collector voltaggc (Figure 2.10a) or constant collector-emitter volt-
ageVce (Figure 2.10b). At high current injection the d=vicharacteristics can be better
observed in the enlarged sections displayed inrEigulOc and Figure 2.10d.
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Figure 2.11: DC output characteristics of BST CBEBBT with Ac=0.18x5um?2 where
Ic (@) andlg (b) is shown againstce for five constant values dfge andlc (c) andVge
(d) is plotted against thécg for five constant values .

The DC output characteristics for const&pt and constaniz are illustrated in Fig-
ure 2.11a and in Figure 2.11c, respectively. Theespondinglg and Vge plotted
againstVce are shown Figure 2.11b and Figure 2.11d, respdgtiil®C measurements
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are in good agreement with the compact model inoatnall operating regions (hard
saturation, high injection, avalanche).

2.4.3 Depletion capacitances

The junction capacitances can be extracted fromaatmce-voltage C-V measure-
ments or in our case from “cold” S-parameter meam@nts made at a frequency of
5GHz. The base-emitté®se (Figure 2.12a) and the base-collecy: (Figure 2.12b)
junction capacitances are determined with (2.18)(@rl6), respectively.

c - D(Y11+Y12) (2.15)
BE
w Ve =0V
C —_ |](Y:I.Z + Y21) (216)
BC — 2w
Ve =0V

125

Cy [fF]

() (b)

Figure 2.12: Depletion capacitances of B5T CBEBCTHBIith Ag=0.18x5umz2: (a)
Base-emitter capacitandesg vs. base-emitter voltagése at Vce=0V and (b) base-
collector capacitanc€gc vs. base-collector voltagésc atVee=0V.
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2.4.4 REF characteristics

The high frequency performance of the device carepeesented bt andfm,ax that
were obtained through S-parameter measurementsHgaee 2.13) up to 45GHZ;
(Figure 2.14a) andlh.x (Figure 2.14b) are calculated using Equations)(and (1.9),
respectively. The compact model is in good agreé¢mwih the measured S parameters
versus frequency as well as with the calculdtedndfnax versuslc. Peakfr and peak
fmax are 320GHz and 400GHz at kyof 10mA and 8mA, respectively. A similar device
was measured in [89] up to 300GHz. Note that priybidie considered transistor comes
from another wafer lot fabricated with modified pess parameters [45], [90] since the
device has a lower pe#&k
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Figure 2.13: Magnitude of (&1, (b) Si2, (€) S1, (d) S2 versus frequency. Comparison
between measurements (symbols) and compact madelations (solid lines) for a
B5T CBEBC HBT withAg=0.18x5umz.
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collector currentc atVgc=[0, -0.5, 0.5]V. Comparison of measurements (sylsj)oand
HICUM model (solid lines) for BST CBEBC HBT witAg=0.18x5um2.

2.4.5 Temperature dependence

DC and RF measurements were carried out at diffeagmbient temperatures
(27°C-100°C) to validate the temperature dependendbe compact model parame-
ters.lc andlg versusVge andfr versuslc at aVgc of OV are shown in Figure 2.15a and
Figure 2.15b, respectively. Good agreement betweempact model and measured de-
vice in the considered temperature range can bereodd. Pealfr is reduced from
320GHz to 270GHz by increasing the temperatureou®0°C.
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Figure 2.15: Temperature dependence validationFdayvard Gummel plot at constant
Vec=0V, (b) transit frequencit versus collector curremg at Vgc=0V for ambient tem-
peratures T=[27, 40, 50; 75, 100]°C for B5T CBEBBTHwith Ac=0.18x5umz2.
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2.5 Conclusions

An advanced SiGe HBT technology provided by STMeteotronics featuring
fr/fmax Of 320GHz/400GHz was presented. A brief overviewtlee basic operation prin-
ciple of the physics-based compact bipolar traosistodel HICUM has been given
with special focus on the device self-heatingah de stated that HICUM addresses the
challenges of this advanced high frequency HBT rieldgy. An accurate transistor
model is mandatory for further investigations inapter 3 and 4. The compact model
parameters of the main device have been extensuadigated 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 a#did. However, for advanced sil-
icon technologies lumped models have their linotasi regarding thermally distributed
effects. The chapter characterizes electrotheriff@tts using advanced measurement
and modeling techniques. Firstly, the thermal ingre@ of advanced SiGe:C HBTs is
extracted from low-frequency S parameter measurgsn&econdly, a combined pulsed
DC - pulsed RF state of the art measurement sysqgmesented. Isothermal DC and
AC measurement data can be achieved allowing a ledenpharacterization and explo-
ration of the safe operating area (SOA). Thirdlgtrtbuted thermal networks are ap-
plied at the temperature node of the transistorpamnhmodel. (i) A recursive network
that permits a better description of the dynaml&lseating effect inside one device in
comparison to the standard single pole network.Aithermal coupling network that
characterizes the thermal coupling between neighpalevices.
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3.2 Characterization of self-heating

3.2.1 Thermal impedance extraction from low frequency S prameters

The characterization of electtbermal self-heating inside devices remains annesse
tial task for model developers in order to detewmrtime device operating temperature. In
the literature, several DC measurement technigoethé extraction of the thermal re-
sistanceRy, are proposed [91]-[93]. In steady-state thermadleis) the device tempera-
ture instantaneously follows the power that is iget®d and the dynamic thermal be-
havior is disregarded. The dynamic behavior caddseribed by the thermal impedance
Zy, which can be expressed as in Equation (3.1) [A0jeneral, the thermal impedance
Zy, can be determined from transient [94]-[98] and W€asurement techniques [99]-
[101]. The device thermal response ranges from tateou kilohertz to about 200MHz
in SiGe HBTs [99]. Hence&Zy, is limited to low frequencies where it can be asted.
Low frequency S-parameter measurements are sugatde it is a relatively simple and
precise measurement procedure.

=S __ Rm 3.1)
Z[h(Ja)) él-'_jaR[hnCthn

3.2.1.1 Theoretical background

Collector currentc and base curremg are functions of the three independent varia-
bles: (i) the base-emitter voltayge (ii) the collector-emitter voltag¥ce and (iii) the
junction temperaturd. To generalize the following equatioNgg, Vcg, Ig andlc are
replaced by, V,, I andl,, respectively.

I, =f,(V,V,,T)

(3.2)
I, =1,(V,V,,T)

A linearization valid for small signal excitatioasa constant bias condition leads to
il = y11Vl+ y12V2 (3.3)
=YVt YV,

where each y-parameter is defined as

ymn=giv”; m=12 n=1,2. (3.4)

Here, index 1 and 2 indicate the base and collguids, respectively.
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From Equation (1.12) one obtains the following egsion [70] for the Y parame-
ters (the bar indicates that the parameter is testyre dependent)

v = di, _of, af GdT Sy L+ afm GdT (3.5)
dV NIV, =const 6V Vi, = const aT dV Y= const B aT dy m¥E - cor

whereymn_iso IS temperature independent. The temperature deperds approximated
for small signal excitations with

M

a, = 3.6
m 3T (3.6)

V,,=const

wherean, is the relative change of, per degree temperature change at a constant volt-
ageVm (0f2/0T = 0lc/0T is defined in Equation (1.16)). The junction temgtereT is
defined as

T=T,,+Z,0P (3.7)

diss

where Tamp IS the ambient temperature (chuck temperature)Randis the dissipated
power in the device that results from

P

diss

=V, +V,1, (3.8)
The change in dissipated poveHtiss with small signal excitation can be written as

=dV L +VdL+ dV, |,+ \,dl. (3.9)

dISS

From the Equations (3.7) and (3.8) it follows that

a7 7 |1 4y, al, k"'_k k=3-n (3.10)
dv” V,,=const a\/” V,= const a\/” Y= cons
which can be transformed to
daT _ — —
an N - Zth ( I n +Vn ynn + Vk ykn) . (311)

Using the Equations (3.5) and (3.11), the followaxgpression foZy, is obtained.

ymn - ymn_ iso
(afm/aTJ ) |: I n +Vn§/nn + Vk_ykn:|

Since in Equation (3.5) the terT/dV, is greater fol, (Vcg) than for M (Vge), Y12 and
y22 are the most affected, and therefore, should éenibist suitable for extraction @,
In case ofy2,, Zy, would be

Z, = (3.12)
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Z, = Yoo __3’22 i Voo _yzzi_so _ (3.13)
B[ 1, VoY P ViV | e[ b+ Vee Voot Ve V)

SinceV,, y,, is very small compared 4., y,,, Equation (3.13) can be simplified to

3722 ~ Y2 iso
Q¢ |:|c +VCE yzz}

Zth = (3 14)

Measurements at different ambient temperaturesegpgired to extract the temperature
dependence of the collector currert. However, if the thermal resistance

an 0o ymn iso 0
ooy 10" Ym0 3.15
Rh Zlh( ) Zm_o (afm/aTJ )|: I n +Vn ynn_O + Vk yk”—0:| ( )

is already known, Equation (3.12) can be normalired

ﬁ _ Z( _ (;lmn = Yon_ iso) é I n+Vn_ynn_0 + Vk_ykn_O)
R, h_norm (— .

mo” Tk (3.16)
Yion 0~ Y iso_O) ( otV Yon + Vi ykn)

In this case, low frequency S parameter measurerentoom temperature are suffi-
cient to extracE. In the case of22, Zin normWould be

N (922 - y22_iso) é |2+V2_)/22_0)
th_norm — (—

_° . (3.17)
Yoo 0~ y22_iso_0) ( |2+V2YZ2)

Z

However, ifRy is unknown,ac has to be extracted due to Equation (3.14) whh a
pears not trivial especially whéfge is constant as it can be seen in Equation (1.16).

Another approach presented in [99] uses H param#tecalculate the thermal im-
pedance. The measured S parameters are transfortoddl parameters [102].

Vl = r.5.1i1+ h12\/2 (318)
i2 = h21il+h22V2

Repeating the steps (3.5)-(3.11) fyy leads to [99]

Fl.’l. _ th_iso + Zth(aVBEVBEl c VCF_(a |cI le_ iso d VBE/ BQZ_ ig@) (3.19)
2= .
1_aVBEVBEZthI = |c| cz thVCE

where the arising; is also separated into isothermal and temperatependent part.
Using Equation (3.7)pvee can be described as [99]

Qyge = OVee 1_% Pliss™ Rth% Davi . (3.20)
aTamb aT aT a -I;mb
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SincedR(T)/0T-Pgiss and oPgisd OT-Ryy are small in respect to 1, the first order approxi
mation can be used. Note thag is now defined as in Equation (1.17) due to carista
Is. Solving forZy, yields

Z,= e . (3.21)
ast(l c"'hl2I B+h22_iscy(:5) ta |ch1£ hi2— I‘12_ is)

The temperature dependenceVet (avee) andlc (aic), used in Equation (3.19) and
(3.21), is extracted from the output charactersstidth constantg at different chuck
temperature3,mp (27°C-100°C). The measurements (symbolsygfandlc versus the
Tamp at aVee of 1.5V for a B5T HBT (with drawM\E:O.18x5urﬁ) compared with a first
order mathematical fit (lines) is shown in Figur&e&8and Figure 3.1b, respectively. In
this case, the use of a constapge of 1.1mV/K and a constantc of 0.062mA/K is
valid since the H parameters were measured atine £C bias.
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Figure 3.1: Measured values e (a) andlc (b) for constant values d§ are shown
versus different chuck temperaturég,, (27°C-100°C) for a B5T HBT with drawn
Ae=0.18x5pM. The measurements (symbols) are approximatedanfittst order math-
ematical fit (lines) using constant temperatureesiglenciesuge of 1.1mV/K ando,c of
0.062mA/K.

The termsFuzIB and hyz isoVce (h22 iso Calculated from isothermal model simula-
tions) are negligible againgt. Moreover, due to the very small valueogd, the term
a',CVCE(ﬁz— h, i) can be neglected compareddg.l . (simplifications also validated
in [99]). HenceZi, can be approximated as

Z, D$ _ (3.22)
aVBEVBEI C
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3.2.1.2Low frequency S parameter measurements

Low frequency S parameters were obtained in thguacy range from 30kHz to
3GHz (corresponding to the thermal time constarigne dynamic self-heating is visi-
ble. A commercial low-frequency (LF) vector netwankalyzer (VNA) Agilent E5061B
(5Hz-3GHz) is used with noncommercial bias tee<igflg developed to cover the fre-
quency range of interest. The VNA was calibratednvarfier using SOLT method and
the data was de-embedded using Open and Shostiiestures.

In order to extract the isothermal small signabpagters it is necessary to define the
high frequency edgenfmax

1
r, =R,CG,>—. 3.23
n=RiGr> 5 329

th_max

of the frequency range where thermal feedback émites the electrical comportment of
the measurements. There are various studies iatlite to identify thermal feedback in
electrical characteristics, for example, in [103]ig used which is defined as follows.

Z)(w) = Yeel (@)

. (3.24)
ic ()

ig=0

For frequencies much lower than the thermal timestantzy,, z,, approaches negative
values (negative differential resistance) whicltasised due to self-heating. The nega-
tive slope

AV e

- 0)0
20 007

(3.25)

| g =const

can be observed in the output characteristics dostantlg (Figure 1.11b). In Figure
3.2a, the real part @, versus frequency is simulated with the validatechpact model
(measurements vs. simulation in Paragraph 2gdis constantlg=3501A) andVce is
varied between 1.49V and 1.51V. The real parzeffor w — O corresponds to the
negative slope of the output characteristic at shrag conditions as shown in Figure
3.2b.
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Figure 3.2: Simulation: (a) Real part af, versus frequency of B5T HBT model
(Ae=0.18x5um) for I15=350pA andVce=1.49V-1.51V and (b) corresponding slope on
the output characteristics of the device.

At higher operating frequencies where signal changeer time are much shorter
thanty, the device temperature stays essentially constaahtthere is no longer a ther-
mally induced negative differential resistance [[LO3herefore, the real part @, gets
positive due to Early and Kirk effect. Howeverisidifficult to define a distinct value of

fth_max

A more precise localization is achieved with thegd ofy,, (see Figure 3.3a). Iso-
thermal compact model simulation does not leadegative values of the phase. There-
fore, the zero crossing can be used to ddfingax In this work,fi_maxlies in the range
of 300-500MHz. Measurements (solid black) and isotial simulations (dashed red) of
the magnitude of,, at Vge=[0.95, 0.96, 0.97, 0.98, 0.99, 1]V aMde=1.5V are dis-
played in Figure 3.3b. At frequencies lower thi@nnax the isothermal magnitude pf,

IS constant.
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Figure 3.3: Phase (a) and magnitude (b) of measuped.as(solid line) and simulated
Y22 iso(dashed line) versus frequency for BST HBEZ0.18x5um) atVge=[0.95, 0.96,
0.97, 0.98, 0.99, 1]V andce=1.5V.
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Having determined 2 s, one can calculate the normalized thermal impeglanc
Zin norm With (3.17). Magnitude and phase &f om for a 0.18xpm* SiGe HBT is
shown in Figure 3.4a and Figure 3.4b, respectiMalyigure 3.4c and Figure 3.4d, the
magnitude and phase @& is calculated using the second proposed methd&P)s3.
which requires the measurégh(w) andayse. The result is compared with magnitude
and phase oRnZi_norm (Ri=4000K/W, see in [82]). Good agreement can be oleskerv
comparing the results of the two methods.
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Figure 3.4: Magnitude (a) and phase (b) of the madimad thermal impedancén norm
calculated with (3.17) from low frequency,,; measurements for B5T HBT
(Ae=0.18x5um). Magnitude (c) and phase (d) Bf calculated with (3.22) from low
frequencyh;, measurements compared WRRZi_norm USINGRy=4000K/W.

3.2.1.3Discussion

The thermal effect is very pronounced for the coeised device. Thermal feedback
disappears at frequencies abdyg~500MHz) when the magnitude df, becomes al-
most zero. The four-pole parameters, especiallystiet circuit output admittancg.f)
and the reverse voltage gaim4), can be strongly temperature dependent at low fre
guencies. The presented approach allows the exinact Ry, andCy, in dependence of
power and temperature. In our case, the calculatfd®, appears very sensitive to the
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term of /0T, . Thus, small inaccuracies ivge can lead to large errors in the calculated

Rin=Zin(0=0). Therefore, aly, extraction using DC measurements at different tap
tures as presented, for example, in [93] is preterHowever, robust results have been
achieved foICy, extraction using the normalizet, normWith Equation (3.16) usingp,.
Note that the proposed approach supposes a uniguage temperature and has to be
used with care for muHinger devices.

3.2.2 Pulse measurements for microwave device characte&tion

Due to increased selffeating, measured DC and AC characteristics bedoimesi-
cally temperature dependent, e.g. for two diffef@as points the internal device tem-
perature is different. This makes compact modedpater extraction very cumbersome
because these parameters are very often tempedspesndant e.g. access (base, emit-
ter, collector) resistances, transit times andratittn currents. In order to characterize
the temperature dependence of model parametetBeistal data is in principle neces-
sary. This can be achieved by performing DC andafmpeter measurements under
pulsed condition. Even if pulsed measurements may completely eliminate
seltheating, they do reduce the device temperatureifisigntly and thus allow (i)
achieving quasisothermal measurement data, (ii) extracting thémesistanceRy, and
capacitanceCy, [104], (iii) extending the measured bias rangeatas higher voltages
and current densities. The latter is necessaryderao verify the compact model and
its extracted parameters under realistic condititims device characterization needs to
go beyond the standard measurements since mostfreighency applications require
large-signal operation, in which currents and charbave to be modeled accurately
over a sufficiently wide bias range.

An automatic measurement setup is presented thabeapplied to high speed mi-
crowave devices. The system enables simultaneoasurements of pulsed DC and
pulsed S-parameter characteristics. Measuremetiispulse widths down to 8% are
shown for DC and 150s for RF in a broad frequency range (M8z—-45GHz) with
current resolution in the pA range. These perforearare beyond those of the pulsed
measurement systems (PMSs) in [105]-[107]. A dedailescription of the PMS is giv-
en including the general principle, the experimes&up and the related measurement
procedure. Moreover, system optimization and w&atfon using a homemade pulsed
simulation environment is presented.

3.2.2.1 Principle

Pulse measurements are based on recording théstoaingsponse to short pulsed
stimuli applied at its terminals. The main ideahat if the pulse width is sufficiently
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short, there is not enough time for the internaigerature of the device to change sig-
nificantly.

A pulse generator produces short pulses startorg & defined DC quiescent condi-
tion at low power dissipation. The applicabilityr fdifferent device technologies and
geometries is limited by the internal resistancd #re |-V compliance values of the
generator. In order to avoid high-frequency ostidlss, the pulses pass through a bias
tee (diplexer) with a 5Q RF load on its RF port. A calibration that take®iaccount
the resistance of bias tees and cables is required.

The pulse widthT,, and the pulse periotl, must be adapted to define the duty cycle
D for the device under test (DUT), BsTw/Tp-100%.The pulse duration must be large
enough to achieve sufficient measurement precisiohmuch smaller than the thermal
time constant to ensure isothermal behavior ofiihgce. Besides, the duty cycle has to
be sufficiently small to allow that the device aayol down within one period. Accord-
ing to the DUT a duty cycle lower than 10% is gatlgradequate.

CHANNEL

| ]

|

l -

l\ Yaud b \ Coupling
l

I 50 ns

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

Since the pulses are applied for a small time coetp#o the total period, pulsed
measurements cause little stress to the DUTSs, esp dllow measurements outside the
SOA without damaging the transistors and study phema such as the pinch-in effect
of the emitter current [108]. Moreover, it is pddsi to perform pulsed RF
measurements, where an RF and a DC pulse can leeirappsed using DC and RF
port of a bias tee (see Figure 3.5). The DC putsm fstrongly depends on the input
resistance of the pulse generator and of the DUWedlsas lumped parasitics of cables
and bias tees. Therefore, the pulse form shoulebéed with an oscilloscope in order
to define the measurement window to be in a steagipn of the pulse.

3.2.2.2 Experimental setup

Onwafer measurements were made on B3T and B5T SiGeEsHBee Paragraph
2.2) in GSG configuration at controlled room tengtere. Pulse measurements were
carried out with the pulsed DC analyzer Keithleyp@&CS in combination with the
VNA Rohde & Schwarz ZVA67 (with ZVAX extension uhias shown in Figure 3.6.
The 4206SCS consists of two pulse measurement units (42284dp that generate the
pulse and measure the pulse response. The putsepplied directly to the base of the
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DUT, while the collector voltage is held constantlahe emitter is connected to the
ground. The PMU allows to create pulses larger 8@ms with minimum rise and fall

times of 20ns. Measurements with sufficient accyraere obtained using a time
window between 60% and 90% of the DC pulse duration

In order to synchronize the DC and RF pulses, 2@&CS sends a trigger signal
generated with the pulse generator unit (4220 P@Uthe ZVAG67. The synchronization
has been adapted with delay parameters and vem¥idd the oscilloscope LeCroy
Wavepro960. The input resistance of channel 1 (basdtor) and channel 2 (collector
monitor) of the oscilloscope are set to(b@nd 1M2, respectively, to prevent the
system from oscillations. A reasonable tradfebetween accuracy and measurement
time has been reached using an averaging facteebat5 and 10.

In this configuration, a dutgycle of up to 50% is possible, however accuratelte
were achieved using values between 1% and 10%.wBdl®o, the RF pulsed
measurements exhibit insufficient accuracy, whibeve 10%, thermal dispersion can
occur in the DUT. RF pulsed measurements could dréopmed up to 67GHz, but
cables and connectors set the limit to 45GHz. Tleaimum measurable current is
200mA, while the maximum admissible voltage is 10Me measured RF data is
transferred from the ZVAG67 to the 42@8LS over a GPIB interface.

VNA ROHDE&SCHWARZ ZVA 67 KEITHLEY 4200-SCS ~ C=100nF l
SOURCE RF MEAS SOURCE RF MEAS SMU 8 SMU 6 =L
OUT <Z Z> OUT <g Z> ﬂ GPIB ﬂ GPIB 4225 PMU 4220 PGU
N CH1 CH 1
I EE
PORT 1 (p PORT 2 (& TRI% IN TR(I)G IN
| 48]
RHODE&SGHWARZ ZVAX 24 EXTENSION UNIT cH2 =
= o/ IN EXT PULSE ,
out OUT  GENERATORIN (3 TRIG OUT
SOURCE SOURCE o
RF G G
X c [ RF
DC| pjag | RF#DC S & S RF+DC| Bias | DC
[' *\ TEE [~ s EI—G e :—E]
E
/\ /\
LEGEND — =

O RF PULSE LeCroy WAYEPRO 960
| bcruise CHI C('E CH3
/\| OSCILLOSCOPE 6 E

Figure 3.6: Experimental set-up of the PMS, whe@ &nhd RF pulses are applied
through the DC and RF ports of the bias tees ab#éise and the collector of the DUT.
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3.2.2.3 Software

Accurate device characterization with pulse measardgs requires accurate data
acquisition. The company NMDG was instructed to lenpent a special library in the
4200SCS allowing automatic pulsed DC and pulsed DC/Rfasurements with focus
on SiGe HBT characterization. DC bias conditiors @ached with a corrective algo-
rithm. For example, due to the load impedanceattilector, thdc response produces
a negativeVce pulse that has to be compensated. Therefore geatiite algorithm de-
termines a correctedce pulse using the setpoint value, the load impedamzk the
measured current response in order to keep thectotl voltage constant during the
measurement.

3.2.2.4Pulsed S parameter

To characterize the smaignal behavior of active devices, low RF power toalse
used (especially for bipolar transistors). The sedevel was chosen to b28dBm (at
the RF port of the bias network) in order to endgheelinear condition and at the same
time to have a sufficient accuracy level. Firstatlf a power calibration with an RF
power of -20dBm is performed that adapts the source levelefxh frequency to
achieve a constant RF power level. After thataadard SOLT calibrationZ8dBm) is
carried out. During measurement, biasing level pmde synchronization is verified by
monitoring port 1, port 2 and the trigger tracetbe oscilloscope LeCroy WAVEPRO
960 (see Figure 3.6).

3.2.2.5 System optimization

In this section, the operation principle of the PM3eproduced using pulsed simu-
lations. The simulation environment helps to battederstand the operating principle of
the PMS and is an effective tool to optimize thésewstability and system parameters as
duty cycle, measurement window, etc. Moreover, gailand non-pulsed DC and S pa-
rameter characteristics are compared in order tilybe consistency of the PMS with
conventional measurements.

3.2.2.5.1 Pulse simulations

Since the PMS is rather complex for theoreticahttreent, pulsed simulations were
carried out imitating the behavior of the systerhepulse shape strongly depends on
the input resistance of the pulse generator an@tE as well as lumped parasitics like
cables and bias tees. Therefore, a circuit mod#l@PMS was implemented in ICCAP
(Figure 3.7) including all passive and active comgrts as for example the bias net-
work (Figure 3.8).
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The impedance of the coaxial cables delays theepsifgnal by about 20ns and is
characterized with a distributed coaxial cable nho8ienulating the measurement bench
requires not only the consideration of all passieenponents but also the same data
acquisition procedure. For instance, in simulatma measurement, the transient base
and collector currents are calculated using théagel drop across a Q0resistor. Be-
sides, it is possible to select the same inputrpaters like amplitude and width of the
DC pulse, as well as the position of the measurérverdow. This enables the optimi-
zation of these parameters, e.g. data samplingeistable region of the pulse or optimi-
zation of the duty cycle.

e

C=100nF

RF

DC+RF ) pias-Tee 5 PC

Coaxial cable model RFu — Coaxial cable model

J/ T\
£] Bias-Tee (5 —. @)
c DC+RF \

HicumL2
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Oscillo;::ope
Ch.2

Oscilloscope
Ch.1

Pulse Generator
PORT1
Pulse Generator
PORT2

N N

Figure 3.7: Schematic circuit diagram of the puitseasurement simulation environ-
ment, where DC pulses are applied through the DICR#n ports of the bias tees at the
base and the collector node of the transistor catrpadel.

RF
I
C2=82pF
L=200nH DCARF

DC
C1=100pF

Figure 3.8: Schematic circuit diagram of the b&sesnetwork.

During simulation it is possible to monitor all paitic currents as well as the tem-
perature of the transistor. The latter requiresaecurate compact model of the DUT.
The temperature node of the transistor model imected to a thermal network in order
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to precisely determine the transient thermal hgatiside the device when a short pulse
is applied. Simulation results are presented imdtaph 3.3.1.2.
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Figure 3.9: Base voltageulsesVgg(t) from 0.75V to 0.95V with pulse widths,, of
100ns, 150ns and 300ns and a constant collecttagedce of 1.5V are (a) applied to
the HBT and (b) simulated with an HBT model. &) stability optimization by apply-
ing (i) a load resistandg_ of 1MQ, (ii) R of 50 or (iii) R. of 502 and a load capaci-
tanceC_ of 100nF at the collector node of the HBT modd). Enlarged image section
of pulse simulation with stabilized condition (iith indicated measurement window
for collector currentc(t).

3.2.2.5.2 Ve stability

In Figure 3.9a, base voltage pulsgg(t) from 0.75V to 0.95V with pulse widthg,
of 100ns, 150ns and 300ns and a constant collgoltageVce of 1.5V applied at the
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base of a high speed HBT are shown. During the Ipadee, aVce overshoot is
observed that results in a maximWge deviation of 15% in the measurement window
for a base pulse of 100ns. Similar overshoot effbetve been reproduced with circuit
simulations of the PMS, shown in Figure 3.9b. Ttabiity of Ve during the pulse can
be improved by applying at the collector node (Ipad resistanc&®_ of 50 or (ii) a
load resistanc®_ of 502 and a load capacitan€® of 100nF as shown in Figure 3.9c.
Best results are achieved with the latter configora(see Figure 3.9d). However, the
current flowing through the capacitantg, modifies the measured collector current
lc.meas While the actual collector currem¢ does not change. In order to assure that
lc.measlc, DC pulsed |-V characteristics are measured imsa fun without connecting
the capacitance. In a second step, the capacitenamnnected and pulsed RF
measurements are carried out.
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Figure 3.10: Comparison of conventional RF (asrezfee) and pulsed RF measure-
ments from 3GHz to 43GHz performed on calibratitamdards (ISS): (311, &2 of an
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Open structure with a duty cycl2 of 1%; (b)S;1, S, of an Open structure with a duty
cycle D of 5%; (€)Si2, 1 and (d)Sy1, S2 of a Thru structure with duty cycl2 of 5%.

3.2.2.5.3 Duty cycle

The duty cycle defines the time that the DUT opesah an active state as a fraction
of the total period. Moreover, it is a limiting fac for achieving sufficient measurement
precision. Therefore, pulsed S parameters have ¢@epared with standard S parame-
ter measurements, as shown for a measured Opelfrigage 3.10a and Figure 3.10b)
and Thru structure (see Figure 3.10c and Figur@ed}. Since the VNA measures during
the full pulse period, a small duty cycle bringe tRF signal level close to the VNA
noise level [106]. In this configuration, pulsegp&ameters with a duty cycle below 1%
lack of accuracy (see in Figure 3.10a measured Qgardard). Good agreement was
achieved between conventional and pulsed RF measuits with a duty cycl® of
5%.

Pulsed simulations allow us to verify if the devitas enough time to cool down
within a period. In Figure 3.11, two pulse perioofsVge(t) as well as the internal
temperature risAT(t) calculated by the compact model are shown. déace is pulsed
from 0.25V to 0.95V at the base node withof 3us and a constakfte of 1.5V. It is
shown that the device needs around 2us in ordewrtpletely cool down. Hence, for a
pulse width of 100ns, the duty cycle should notdsger than 5%.
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Figure 3.11: Duty cycle verification with pulsedrsilations: Pulse widti,,=3us and
duty cycleD=5%.
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Figure 3.12: Validation of PMS with conventional 28d RF measurements: (a) Base-
emitter voltageVge versus collector curreng and (b) transit frequendy versus base
emitter voltageVge measured with 3us pulse width for constant cadleemitter volt-
agesVce=[0.5,1.5]V for an HBT with a drawn emitter arAg=0.18x5um3.

3.2.2.6 Verification with conventional DC/AC measurements

From measurements and simulations it has been fthatdhe thermal steady state
of a B5T HBT with a drawn emitter windo¥:=0.18x5um?2 is reached above a pulse
width of 3us. Therefore, conventional DC measurdméAgilent 4155B) and 3us
pulsed measurements are compared in Figure 3.1PaedVler, S parameters were
measured from 1GHz to 45GHz using VNA Rohde & Salaw&/A67. The transit fre-
quencyft shown in Figure 3.12b is extracted at 15GHz. éagy state condition, pulsed
and conventional measurements give consistenttsesisl expected.

3.2.2.7Pulsed DC results

Figure 3.13a and Figure 3.13c show pulsed measurgulit curves obtained for a
HBT with a drawn emitter windowAz=0.27x5um?2 and\z=0.84x5umz2. Measurements
were carried out with pulse widths from 80ns up@ps. The good agreement between
long pulse widths and standard DC measurementdatal the consistency of the sys-
tem. It can be observed thatincreases as pulse duration becomes longer. Tgelo
the pulse width, the more DC power is dissipatethéendevice and, therefore, the higher
is the internal device temperature. Figure 3.13t Rigure 3.13d show thie increase
for a givenVce as a function of the pulse width. These charagtiesi have been extract-
ed from Figure 3.13a and Figure 3.13c, respectjug)ycollecting the measured val-
ues at a giveice for each pulse width. For the narrowest pulse hgdit can be ob-
served thatic tends to a steady value; hence, an almost isodiemmeasurement is
achieved.

53



Characterization of self-heating

0.03 r . 0.03 . ;
80ns ——100ns —*— 150ns —=—VCE=1.5V i
, —=VCE=1.2V :
|| —5—200ns 300ns —<— 500ns , ] VCE=1V :
——1ps 5us  —o— 10us ,,’ == VCE=0.5V i
---DC by :
0.02 - ‘ A 0.02 :
= < |
e '
o : :
R 0.01
0.00 —_—_— :
0.00 0.50 1.00 1.50 0 —_— ———t
Ve V] 50 500 5000 50000
cE t [ns]
() (b)
0.09 T " 0.09
1| ——8ons —%—100ns 1 ——VCE=15V :
B R 1- —=VCE=1.2V  |rommmmmdeo
0.08 1| =--120ns —o— 150ns 0.08 | VCE=1V
0.07 —+ 200ns ——300ns  f--mms-mmmseeeo 0.07 - =>=VCE=0.5V
1| ——500 1 ] 5 :
0.06 + " N SR 0.06 —---==--m--meoos R ANRREREE R
J —0— 10ps ——— 50ps / . | i !
—0.05 | _-_. -4 A — 0.05 f--mnmmmmoofied e e —
< | 0 1z =%% i i
LYV — LA A Y — S S—
0.03 fr--mmmmmmmm b ;-—--”-‘-' ---------- - 0.03 +------/f----- ----------------
0.02 - = S i 0.02 1 et
0.01 - -----------;L ---------------- IL ---------------- 0.01 O S A
0.00 0.50 1.00 1.50 50 500 5000 50000
Vee [V] t[ns]
(© (d)

Figure 3.13: Output characteristics M§z=0.95V measured with various pulse widths
from 80ns up to 50us for an HBT with (A3=0.27x5um2 and (cAs=0.84x5umz2. Col-
lector currentc versus pulse width,, for different collector emitter voltagé&e for an
HBT with (b) Ae=0.27x5um? and (d)g=0.84x5um2.

3.2.2.8 RF results

Figure 3.14 show¥e versudc and the current gain coff frequencyfy versusvVge
for a HBT with Ag=0.5x5um2. S parameters are obtained up to 45GHefasction of
Vge from 0.8V to 0.98V foVce=[0.5, 1.5]V. S parameters were de-embedded with an
Open structure and tHe is extracted at 15GHz. F&Mce=0.5V internal setheating is
very small, therefore, measurements for variousewidths should be close to each
other, as can be observed in Figure 3.14. On tier dtand, foMce=1.5V, the transistor
is significantly heated resulting in highierand lower peak: for longer pulse widths.
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Figure 3.14: (a) Base-emitter voltayee: versus collector curremt and (b) transit fre-
guencyfy versus base emitter voltayge measured with 150ns, 300ns and 1us pulse
widths at constant collector emitter voltag®ge=[0.5,1.5]V for an HBT with
Ag=0.5x5um2,

3.2.2.9Discussion

In Figure 3.15, the DC compact model of an HBT wA=0.18x5um? (lines) is
compared with pulsed measurements (symbols). Tmalations have been carried out:
(i) Using the compact model with the extracted mernetwork (green line); (ii) using
the compact model without self-heating (black lind)e comparison of the pulse meas-
urement for 100ns with isothermal simulation shdhet isothermal condition is not
fully reached but that the internal junction tengtere of the device is significantly
reduced. Nonetheless the obtained device charstatsrare almost isothermal and ena-
ble new possibilities for model parameter deteritidma Moreover, the system allows
transient thermal impedance measurement [82] foindéu investigations.
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Figure 3.15: Base-emitter voltayfge versus collector currem¢: Comparison of pulsed
measurement (symbols) and DC simulation (line) veigf-heating and without self-
heating at a constant collector emitter voltayee=1.5V for an HBT with
Ag=0.18x5um?2.

3.3 Distributed electrothermal modeling

In general, distributed models describe spatialteantporal variations more realistic
than simpler lumped models. Lumped models are ratlaglequate when the data have
high spatial and temporal resolution. For exampbmsient thermal heating effects or
thermal coupling between devices cannot be acdyratedeled with the standard
thermal network integrated in most compact modelghis Section, the conventional
single pole thermal network is replaced with higheter networks that better embodies
the physics background of the electrothermal hgaithenomenon.

3.3.1 Thermal impedance model

3.3.1.1 Recursive electrothermal network

The passive thermal network represents the dyndimkcbetween instantaneous
power dissipation and the temperature variation tduself-heating. In most common
compact models, the distributed thermal network résluced to a single pole
electrothermal equivalent network as shown in Feglidi6a. The corresponding thermal
impedance is given by (3.1) with n=1

=
(i) =— _ (3.26)
Sl1e 1+ jaR, G,

In many cases, a singl®, andCy, is sufficient since the temperature at microwaee f
quencies is considered to be constant. Howevent@imediate frequencies the device
thermal impedance is not purely resistive. Insteadprresponds to a distributed low
pass filter with an infinite number of time cond&n
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In the literature, several thermal equivalent diclike Foster, Nodal or recursive
networks were proposed in order to model the dyndh@rmal behavior more accurate-
ly. Such networks should be related to the realspay structure of the device and
should have as less as possible additional modahpaers. Moreover, good conver-
gence in a circuit simulator and low calculatiangiare necessary. A comparative study
has been proposed in [82] where a recursive thenetalork (Figure 3.16b) equivalent
to a transmission line was found to be the modablé. Several studies [100], [104],
[109] have verified the accuracy and the appliggbdf this network, and therefore, it is
applied in this work.
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Figure 3.16: (a) Single pole thermal network (lpefl-Recursive thermal network.

The recursive network shown in Figure 3.16b corsidtdistributed resistance ca-

pacitance (RC) pairs where the sum of series eggist is equal By, of the single pole
network.

Rn = % K'[R (3.27)
n=0

In DC condition both networks give the same ressiltige the thermal capacitanCeg
has no effect and,,(w - 0) = R,,.
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Figure 3.17: Magnitude ofRnZin nom Vs. frequency for a SiGe HBT with
Ae=0.18x5umz2. Measurements (symbols) are comparsuhtolations using single pole
(solid line) and recursive network (dashed line).

57



Distributed electrothermal modeling

The recursive network was verified in terms of aacy with increasing number of
cells in [82]. Note that, using only one cell isiafjto the single-pole network. In [82], it
is observed that a higher number of cells providetter accuracy. However, in this
work, a nine cell network is used since the diffiee to higher order networks is
deemed not significant enough to further enhaneeatituracy of the simulation. Mag-
nitude of the normalized thermal impedance mukighvithRy, is shown in Figure 3.17.
It is obvious that, the measured thermal impedasc®t accurately modeled with the
standard single pole thermal netwoRg£4000K/W, Ciy=2.9pWs/K). Thermal parame-
ters for the 9 cell recursive network are extractedm normalized & nom
(R=1300K/W, C=2.8pWs/K,Kr=0.9 andKc=1.8). The recursive network in combina-
tion with extracted parameters is significantly mqrecise at lower frequencies. Fur-
thermore, this can be observed by magnitude ansepbig., in Figure 3.18.
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Figure 3.18: Comparison of (a) magnitude and (basghofy,, among different
electrothermal networks.

For higher frequencies, no thermal feedback ocdtrss, there is no difference be-
tween the two networks. However, millimeter-wavecgits often generate also low
frequency products due to intermodulations. In [LitOwas observed that self-heating
process can have a significant impact on intermaéidnlaf broad-band signals. Moreo-
ver, in [111], it was demonstrated that thermal ragmeffects seriously limit the max-
imum achievable cancellation performance of predigtn linearization of a power
amplifier.

3.3.1.2The recursive network and pulsed characteristics

In this section, pulse measurements are comparédpuise simulations (see Para-
graph 3.2.2.5.1) using the transistor compact mddet compact model should provide
good accuracy for frequencies lower than the thetimee constant to accurately deter-
mine the transistor junction temperature in pulseddition. In the measurements and
the simulations pulse widths from 100ns up to liesewapplied. Pulsed simulations
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using the conventional single pole (Figure 3.19&) the nine stage recursive network
(Figure 3.19b) were compared in terms of accur&ayulations using the conventional
thermal network are inadequate to fit properly tieasured output characteristics. The
deviation is caused due to the mismatch of thermpedance in the frequency domain
(Figure 3.17). In contrast, very good agreemenbtdput (Figure 3.19b) andse versus

Ic characteristics (Figure 3.19c¢) can be observedguisie recursive network. When a
transient pulse is applied to the device, theaadfian infinite number of thermal time
constants are necessary to represent the therspmee. Hence, dynamic self-heating
could not be properly modeled using a single pelsvork, as it has only a single time
constant [112].
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Figure 3.19: Simulations (lines) and measuremesymifols) for a SiGe HBT with
Ae=0.18x5um?2. Output characteristics 4g=0.95V for various pulse widths from
100ns up to 1us obtained by applying a single fajeand recursive (b) network at the
temperature node of the compact model.l{cyersusVge characteristics fo¥cg=[0.5,
1.5]V (simulations with the recursive network).

3.3.2 Distributed thermal coupling model

In addition to their own self-heating, devices Inse proximity can experience a
temperature increase due to thermal coupling. 18],lit was demonstrated that thermal
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coupling can have significant impact on circuit fpanance. A commoonceasewhieere
thermal coupling should be considered is in mu#isistor arrays(KMP&saraohanontiti-
finger transistors (MFTs). The individual transrstfingers, deperatidongimaimehdkdsola-
tion and proximity, can be strongly thermally ccegblthrough the substratelFHVI& &seare
often used since they are more suitable for higljdency operatiodwhiéotsrealbbdzase
access resistance and capacitance.

In the design process the center fingers are ceretidto be the most critical.sAs-
suming a device temperature during the design pinasaliffers too much from the real
value, can result in thermal runaway under actuakiag conditions and destruction of
the device in the worst case. In this sectionaidgvice thermal coupling ia &MFarahd
inter-device coupling in a MTA is studied using reg@ments orsspealbllylesgigped
test structures. In addition, the MFT is investighby physical simutoon. THermal
coupling parameters are extracted and implementadiistributed tnasisistommdelel.

E; E,

(©) (d)
Figure 3.20: Schematic diagram (a) and layout {lihe test structuess.Miticoogagbh((c)
of test structure suitable for RF measurements(dndf the enlarged section where the
six transmission lines are connected to the engtibector stripes.
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3.3.2.1Test structures

In order to accurately model the eleethermal behavior of high power devices, test
structures are required to characterize-lseHting and thermal coupling. The first test
structure contains five transistors in parallehteasure the effect of inter-device cou-
pling. The second test structure contains a MFmé&asure thermal coupling between
the emitter stripes (intra-device coupling).

The two test structures are similar: (i) each emittais lm drawn emitter area
Ae=5x0.18un, (i) the five fingers/transistors are electrigaionnected as shown in
the schematic diagram (Figure 3.20a). In this gumrfition each finger/transistor can be
used either for heating or sensing. Each emitter ggn be biased by independent volt-
age/current sources to control the dissipated poWer common collector is accessible
which allows the base-collector voltage to be d$igantly reverse biased in order to
generate the desired heat. Th€Vge) characteristic is used in order to sense the
temperature. Therefore, each transistor has talierated by measurinig(Vgg) at low
current densities (negligible heat generation)itierent chuck temperatures. Thermal
interactions can be easily studied due to the uarossible heat/sense combinations.

For each structure two different versions weregtesi: (i) optimized for DC meas-
urements; and (ii) optimized for RF measuremenkse TByout of the DC structure is
displayed in Figure 3.20b. The resistance of itenects between pads and transistors
is reduced using the metal layers M3, M4, M5 and iMarallel. For RF measure-
ments this would lead to a high parasitic capac#ai herefore, a second structure with
50Q transmission lines (only M6) was designed thasugable for RF measurements
(Figure 3.20c). The enlarged section is shown gufé 3.20d where the six transmis-
sion lines are connected to the emitter/collectdpes. In both structures, a slotted
ground plane (M1 and M2 in parallel) is connectdlt base contacts.

The multi transistor array (Figure 3.21a, only tivansistors are shown) has a
shallow trench isolation (STI) between emitter aotlector contact and each transistor
is surrounded by a deep trench isolation (DTtha MFT (Figure 3.21b) the adjacent
fingers share the collector stripes at the sidacégethe emitters (heat sources) have no
thermal isolation (DTI) and are closer to each pthe&eomparison to the MTA (distance
between emitter fingerBgnge=5HM, distance between emitter contacts of single-t
sistorsDransistor[ 7, 9, 11]um). Therefore, higher thermal couplisgexpected in the
MFT. A 3D sketch of both devices is shown in Fig8r22.
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B B ¢ D c B B ¢
I LA
| STI [ | STI STI M STI | | STI \ STI STI M STI |
]
DTI DTI DTI DTI
(@)
E E

@]

STI [~ STI S
]

:L

c B B - B B
JLASTL ) JLESTL
7

(b)
Figure 3.21: (a) Multiransistor structure with STl and DTI (distawcee [Btaatereehe
deep trench walls). (b) Mulfingertransistor structure with shared collector contacts

() (b)
Figure 3.22: A 3D sketch of (a) the five-transisaoray (MTA) with STl amdl DI ((@is-
tanceD of 3um between the deep trench walls) and (bjitleefinger transisto{NNFFT.).

3.3.2.2 Vg variation as thermometer

When using bipolar transistors as thermometer theeemainfyttivese teenpezedture
sensitive quantities that have been widely usdtariterature [94](ificobdetioregeesse
saturation current, (ii) current gain and (iii) f@rd base-emitter joottionvelégyee.
The latter has been chosen singg(T, Ie=const) is almost linear, easy predictable and
varies little among similar devices.

In constant current mode, the negative thermallfaekl leads to a decreaseVige
with temperature. In the proposed setup, an enttieent is forcegldwhlil®/ge is meas-
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ured. In order to calibrate the fingers/transistdgs was measured at different chuck
temperatures ranging from 300K to 373K and foredéht forced emitter currents
(see Figure 3.23a). In general, the temperaturéficeat K (Figure 3.23b) is calculated
with
PO " R (3.28)
Vee (Trign) =~ Vee Tow

Having K and the measured change in base-emittéageAVge the temperature rise
can be determined with

AT, = KDV - (3.29)

For further investigations, the forced emitter eutig is chosen to be 1uA where
the internal self-heating can be neglected and evtiex BE junction has a sufficiently
high temperature sensitivity to enable the requimezhsurement accuracy. K does not
significantly differ between transistors/fingers/imgy the same emitter dimensions.

1.2 T T T 7\/55 @ IE:J'E_QA'\
——V,, @1=1E-8A 25
V,. @ |=1E-6A
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() (b)
Figure 3.23: (a) Measuredse at different chuck temperatures ranging from 300K
373K and for several forced emitter currelids(b) Absolute value of the temperature
coefficientK vs. the emitter current.

T [K]

3.3.2.3 Extraction of thermal coupling factors from measoeats

On-wafer measurements were carried out at room demyre using a SUSS
MicroTec probing station equipped with a thermalicdh DC as well as RF structures
are embedded in GSG pads to avoid oscillationdhiRgovas done with two differential
GSGSG probes (SUSS MicroTec) and two GSG probesgRibe). Measurements
were obtained using the DC analyzer HP4155A udsimgfour Source/Monitor Units
(SMUs) and two Voltage Monitor Units (VMUS). Thenseng transistors are forced
with an emitter current of 1uA whileVge is measured. The temperature is then calcu-
lated using the extracte®. In this operating condition a sensitivity of anolu
-1.55mV/K (see Figure 3.23b) is achieved. The Ingatiansistors are operated in for-
ward direction at different dissipated power lev|ss
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Figure 3.24 shows the resulting temperature Mse# the case when only T4 (see
schematic diagram in Figure 3.20a) is heatWg: of T4 is increased whil¥gc is held
constant at 0.5V. Firstly, T measurement in the M§-presented in Figure 3.24a. If T4
dissipates a power of 18mW:(=12mA, Vge=0.91V), the temperature of the adjacent
fingers is increased by 11°C. If all fingers oper#dgether this value would be more
than doubled with respect to the central emittée Thermal coupling resistance (slope)
is almost linear with the dissipated power of Tdislrather governed by the thermal
conductivity and the device architecture than by éhectrical operation regime. Ther-
mal coupling between single transistors is muchliemgsee Figure 3.24b). If T4 oper-
ates at the same powerl@mW) the temperature of the neighboring transss{dis-
tance between the DTD=1.5um, see Figure 3.21) is increased by a littienthan
3°C. The reduced thermal coupling effect is maidlye to the deep trench isolation
around each transistor and the larger distancedsgtthe heat sources (see Figure 3.21,
Dringe=SHM, Drransistor[ 7, 9, 11]um). As expected, thermal coupling fertldecreases
with wider spacing as shown in Figure 3.24b.

35 | | ‘ ‘
. . : T T T T
—— AT in T1 @ 300K, T4 heating - .
309 ATin T2 @ 300K, T4 heating —atnr g 388E T EZ;:::S -
25/ —— AT in T3 @ 300K, T4 heating 1 6 ——ATinT3 @ 300K, T4 heating| |
< 20+ . D=1.5um //////
“u X 44
5 15 T r
10+ T <]
OO 10 20 30 40 50 = X X X
0 10 20 30 20 -
Pdiss [mVV] Pdiss [mW]
(a) (b)

Figure 3.24: (a) Temperature increase inside emiigers of the MFT in the case
when only T4 is heating. (b) Temperature increaséde the single transistors of the
MTA for three different distances between the DD¥[1.5, 3, 5]um).

By measuring various heat/sense combinations thpliog factors between the fin-
gers can be determined with

_dT,/d
X dT,/d

<0

_Rux (3.30)
R,

C

<0
2

whereP is the dissipated power afdis the temperature inside the sensing (index X)
and the heating (index Y) transistor. The junctiemperaturely is calculated with the
transistor compact modef§=0.18x5um?, validated for chuck temperatures froffiC2

to 100°C in 2.4.5). The transistor measurementsewarried out on the same wafer
where the test structures were fabricated. In oi@dapt this model also for each fin-
ger transistor the external collector resistangeand the thermal resistanég, have
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been recalculated. The coupling factors for intnad inter-device mutual thermal heat-
ing (including different transistor spacing) aretgd versus dissipated power of the
heating device in Figure 3.25a and in Figure 3.@bespectively.

Thermal coupling slightly decreases witlyiss Since the sensed temperature rise
must be smaller than the temperature rise in thatidge device, it follows that
Rn vy > Ry xy Moreover, R, rises with temperature due to nonlinear thermaldce-

tivity of silicon [114]. Considering this foRn vy and Ry xy in (3.30),Rn vy increases
faster tharRn_xy with Pgiss and thereforeCxy decreases. The coupling factors between
direct neighbors@», Cz1, Csp, etc.) and indirect neighbors with or@ £, Cs1, Css €tc.)

or two (Ci4, Cys) devices in between hardly differ from each ottlee to symmetric
heating. Differences are a little more pronouncedtiie multifinger transistor due to
varying distances between finger positions and dessich walls.
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Figure 3.25: Thermal coupling paramet€xs, plotted versus the dissipated power of
the heating transistoryTfor intra- and inter-device coupling: (a) MFT, (b,and d)
MTA with distance between DTD=[0.15, 0.3, 0.5]um, respectively.

At low power, thermal coupling is negligible. Heneepractical region to extract the
coupling parameters is probably before péaks reached. Regarding Figure 3.26,
wherefr versusPyiss is plotted, it is rather not useful to operate tifa@sistor higher than
15mW. Therefore, thermal coupling factors for infigee Table 2) and inter-device (see
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Table 3, Table 4 and Table 5) heating are extraatea dissipated powélyiss=10mW.
In addition, theCxy (Pdis9 dependence is rather weak in this case (seed-ab); the

extractedCxy-values can be used for a wide bias range.
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Figure 3.26: Transit frequendy versus dissipated powBy;ss at collector-base voltage

Vce=0.5V.
Heating Thermal coupling facto@y [%]
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 thee fitransistor fingers

(Ae=[0.18x5]unf) T1, T2, T3, T4 and T5 extracted from measuremants dissipated

powerPgiss=10mW.
Heating Thermal coupling factoGy [%]
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 mdratlonnected transistors

(Ae=[0.18x5]unf) T1, T2, T3, T4 and T5 (distance between deepclremalls

D=1.5um) extracted from measurements at a dissigaie/erPyissc10mW.
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Heating Thermal coupling factoGy [%]
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 mdratlonnected transistors
(Ae=[0.18x5]unf) T1, T2, T3, T4 and T5 (distance between deepctrevalls D=3pm)
extracted from measurements at a dissipated pByegrlOmW.

Heating Thermal coupling facto@y [%]
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 mdrationnected transistors
(Ae=[0.18x5]unf) T1, T2, T3, T4 and T5 (distance between deepctrevalls D=5pm)
extracted from measurements at a dissipated pByerlOmW.

3.3.2.4 Extraction of thermal coupling factors from TCADrailations

The 3D-nature of the heat flow inside transistoEkes simple approximations of
compact models of limited value. Predictive methatierefore, require the accurate
representation derived from numerical simulatiohefimal TCAD simulations were
made with the Sentaurus device version E-2010.18][tvhich is a multidimensional
simulator for semiconductor devices.

In this steady state thermal analysis, the BC jonodf the device is considered to
be the “heat source” due to the high power dendibe heat source is defined by a
thermode in Sentaurus, which is an isothermal sarfdhe available model is the
“Sentaurus Electrothermal Resistance” model as shdw Figure 3.27. The
electrothermal resistance has two electrical cesitéelectrodesu; and u;) and one
thermal contact (thermodg. The electrical behavior of the resistance iscdbed by
the Ohm’s law and the dissipated powRiig=(U1—U,)l) is equivalent to the generated
heat flow inside the device.
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O
t (Thermode)
Figure 3.27: Sentaurus electrothermal resistanatemo

Due to the symmetry of the device, ¥z of the fivegér HBT structure is built on a
semi-infinite Si-block (see Figure 3.28). The theks of the substrate region is 300pum
as the wafer thickness. The five base-collector)(B6ctions (heat sources) are equal to
effective emitter arealLf o X WE er) and have been placed with exact technological
(B5T) distances from each other. The heat sourcessarrounded by SiOshallow
trench isolation (STI) and the whole structureusreunded by Si@(filled with poly-
silicon) deep trench isolation (DTI). The boundary surfackshe Si-block are adia-
batic, i.e. there is no heat flow to the surrougdinThe wafer back-side is isothermal
and initially kept at ambient temperature (300K)ietthis considered as the “thermal
ground” (Tamp. Only the lower device part starting from BC jtion to Tamp IS Simulat-
ed. A temperature dependent thermal conductiwity used in Sentaurus Device which
is given by the following equation

1 (3.31)
Kq+tKpl + KCTZ

k(T) =

wherex, = 0.03 cmKW, x, = 1.56 x 100 cmW?andx, = 1.65 x 1F cmwWK™ (for
silicon). The range of validity is from 200K to wabove 600K (taken from Sentaurus

device [115] user manual).
Adiabaticboundary

heat sources
i~ (atB-C junction)

not included in simulation yy/ Y 4
': (0,0,0)
Ly ‘ Ly

Lower part: B-C junction
to wafer back-side L,

Adiabaticboundary

Upper part of the device is

(o

Isothermal boundary -/ Wafer back-side (T,mp) z

Figure 3.28: Semi-infinite Si substrate includirephsources and boundary conditions.

Different power values are applied at five rectdagineat sources (placed at the
base-collector junction of each finger). FigureS&.2hows the lattice temperati@ice
distribution inside the device for an applied poweBOmW. A cross section Gf atice
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along the heat source in x direction is displayedrigure 3.29b where a temperature
difference between center and side fingerAf15K is observed.

Applied power
per finger
30mw

N

a1

o
T

El E2 E3 E4 ES

(b)

Figure 3.29: (a) Lattice temperatuleasice distribution inside the device when a
power of 30mW is applied at five rectangular heatrses. (b) A cross section Bfatice
along the heat source in x direction.

The steady state temperature at each BC junctioreasured when several constant
power values are applied at one finger. In FiguB®8 measuremendsid TCAD results
of the temperature increagdd inside the neighboring fingers are compared whag o
T4 is operated as heat source. The compact motimindees a slightly higheAT. In
Figure 3.30b, the coupling factors extracted frovm measurements and TCAD simula-
tions are in good agreement. The coupling factoxgraeted from TCAD for
Pgiss=s10mW are shown in Table 6.
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Figure 3.30: (a) Temperature increaS€ inside the neighboring fingers in the case
when only T4 is heating; comparison of measuremg&ysbols) and TCAD results
(solid lines).AT of T4 (symbol) is calculated by the compact mode). Thermal cou-
pling parameter£yxy plotted versus the dissipated power of the heatiagsistor T
Comparison between extracted parameters from measmts (symbols) and TCAD
simulation (solid lines).

Heatin¢ Thermal couplindactorsCyy [%]
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 inti@device coupling extracted from 3D TCAD simula-
tions Paiss=10mMW) for a five finger HBT with drawn emitter arA:=[0.18x5]un.

3.3.2.5Thermal coupling model

In this section, the thermal model from [116] ispkgd which allows substrate
thermal coupling between the active fingers/transssof the test structures to be accu-
rately represented in a circuit simulation enviremin The thermal equivalent circuit
contains resistors and voltage-controlled voltageaes. The derivation of the coupling
coefficients has been described in Paragraph 3.3.2.

A linearized thermal coupling model in the casevad transistors (shown in Figure
3.31) is defined as

AT, =AT,;+cAT,,= R, _11P1+ c, R _22F (3-32)

ATz = 021AT11+AT22= Czl% 711Pl+ Eﬁ 722F
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whereAT; andAT, are the temperature increases in the two tramsjR@ 11 andRi_22
are the self-heating thermal resistancgsandc,; are the mutual thermal coupling fac-
tors andP, andP, are the dissipated powers. As shown in the prevemction, thermal
coupling factors are not constant with temperaginee the silicon substrate and the
dielectric materials have temperature dependenti@leconductivities. Thus, the linear-
ity principle of (3.32) is only valid for small sigl excitations. However, in our case
this is sufficient since the coupling factors véttye with Pgiss (see Figure 3.25).

AT]_ ATZ
R 11[] ATy, AT, || R 22

Py 12873, €214AT11 P,

Figure 3.31: Extended thermal network for self-hmgaand thermal coupling for two
sources.

A netlistbased method calculating the thermal coupling betwmdgevices in an elec-
trical simulator is very suitable for circuit desays. Therefore, the thermal nodes of
five lumped HICUM transistor models are connectedh tdistributed thermal network
proposed by [116]. The method retains the thermsistance of each device. The ther-
mal coupling terms are implemented using voltag@rotled voltage sources (see Fig-
ure 3.31). The thermal interaction can be exa@pyresented by the extracted coupling
coefficients of the controlled sources. This simgpproach makes the construction of
the thermal coupling network very straightforward.

In Figure 3.32, output characteristics of the MFeBttstructure for a constant
Vee=[0.85, 0.9, 0.95]V are compared to circuit simwalas using the extracted distribut-
ed thermal network (coupling parameters in TabldrRFigure 3.32a, emitter 1, 2 and 3
operates solely, which means that the differencesrainly caused by the difference in
thermal resistance of each finger. The parallelraten of 2, 3 and 5 fingers is dis-
played in Figure 3.32b, ¢ and d, respectively. 8itie device structure is symmetrical,
other combinations will not provide significant amiation. Coupled electro-thermal
simulation of the five lumped finger models is iery good agreement with all meas-
ured configurations.
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Figure 3.32: Output characteristics of a multi-éenitHBT with a drawn emitter finger
areaAs = 0.27x5 um2. The measurements and circuit sinomstusing a distributed
network were carried out for e = [0.85, 0.9, 0.95]V and different finger combina-
tions where (a) 1 emitter (b) 2 emitters (c) 3 ¢éendt (d) 5 emitters operate in parallel.

In addition, measurements of the MFT and MTA emleedoh standard transistor
modeling structures (see also Paragraph 4.3.1) eaereed out. Within these structures
the transistors are biased through common base@ndon collector and the emitters
are on ground. Hence, MFT and MTA can be measuveahally with two GSG probes.
Measured results of the MFT and the MTA are dispthin Figure 3.33a and Figure
3.33b, respectively. As expected, measured collextorents of the MFT test structure
(Figure 3.32d) and of the MFT standard modelingicitre (Figure 3.33a) are very
close. Circuit simulations (solid lines) using tbeupling network are compared to
measured output characteristics. Coupling factbtbe@ MTA can be found in Table 3.
Furthermore, simulations are added without theromaipling. Difference inc when
thermal coupling is deactivated, is almost neglayiip the MTA, whereas it is signifi-
cant in the MFT.
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Figure 3.33: Measured (symbols) and simulated g)ineutput characteristics for
Vee=[0.8, 0.85, 0.9, 0.95]V of (a) the MFT and (b) tRE'A (distance between deep
trenches D=3um) with a drawn emitter afgser0.18x5umz2. Simulations with thermal
coupling (solid lines) and without thermal couplifttashed lines) are shown.

3.4 Conclusions

Firstly, the self-heating effect in SiGe HBTs wasleated with low frequency
measurements and pulsed measurements. A generalegdddology was presented for
frequency domain thermal impedance extraction usimgll signal two port measure-
ments in the frequency range below thermal cutMffreover, an advanced pulsed |-V
and pulsed RF measurement system has been presdntédallows adapting the duty
cycle, the pulse width and the synchronization 6f pulse and RF pulse. Collector bias
voltage as well as duty cycle was optimized anddestd by pulsed simulation. Self-
heating inside the device was significantly decedassing small pulse widths.

Secondly, the standard thermal network was replégedigher order networks in
order to model accurately dynamic self-heating #uedmal coupling between neighbor-
ing devices. The better accuracy of the recursiggvork was verified comparing
pulsed compact model simulation with pulsed measargs. Furthermore, the effect of
thermal inter- and intra-device coupling for trensblated HBTs was measured and
modeled. Thermal coupling between single deviager(idevice) and between the emit-
ter stripes of a multi-finger transistor (intra-im) was measured using novel test struc-
tures that were specially designed and fabricatéermal coupling factors were ex-
tracted from these measurements as well as fronth8Bnal simulations and found to
be in good agreement.

Inter-device coupling between transistors havingdjstance of 1.5um between the
deep trench walls was found to be less than 5%tdumetter thermal isolation. The
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thermal coupling effect, as expected, is furthelused with wider spacing between the
transistors. In contrast, intra-device couplingigre pronounced. A maximum coupling
of 17% between neighboring fingers was measurea urestrictions by the design
rules of the PDK it was not possible to study aewisipacing of the emitter fingers.

The two presented models are easy to use for tdesigners and predict accurate-
ly thermal effects in high speed SiGe HBTs. Regaydhe simulation of multi-finger
transistors, a similar accuracy could be probaldp achieved using a lumped model
with a single fitted thermal resistance. Howevéis twould totally ignore the non-
homogeneous temperature distribution across thei-fmger device. The proposed
thermal network would give the designer accesshéonial nodes of each finger. The
resulting benefits for the designer are furthecassed 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 fGrdnd small-signal excitation
have been discussed and analyzed. However, trans@hpact models should not only
be verified on device-level. Circuit-level investgpns can, for example, (i) verify the
device operation under large signal regime, (iiggtthe electrical and thermal interac-
tion between devices in close proximity or (iii)adwate the sensitivity of the circuit
performance to device characteristics. An exangpkhown in Appendix A.5 where the
impact of process variations on the FoMs of a 94@Ghiz noise amplifier (LNA) was
investigated.

Due to an increased density of transistors on argohip thermal effects can signif-
icantly affect the performance (reliability, propdign delays, power dissipation) of the
overall circuit [117], [118]. Hence, a more accerdtermal analysis is required to study
the thermal issues at the device and circuit |€éVieé design of analog circuits requires
accurate device models for computing the impachefjunction temperature on device
characteristics. For analog/RF designers it wowddablvantageous to include thermal
analysis in the state of the art CAD based desigh @ptimization process. Thermal
analysis should include, e.g. the impact of thé¢adise between devices on the gain,
stability factor, input and output matching, ettisf'would allow direct computation of
the resulting circuit performance, hence providarg initial valid solution for circuit
designers.

In this chapter, the device's large signal dynahbehavior is studied by means of
two circuits. Firstly, several realizations of aga scale current mode logic (CML) ring
oscillator (RO) with 218 transistors are presenfBue circuit architecture as well as
optimization steps are explained. The accuracyirebit simulations is improved con-
sidering the measured circuit temperature. Eldotmobal simulations of the whole cir-
cuit are carried out using the distributed thergm@ipling compact model extracted in
the previous chapter. Secondly, two transistoryareae operated as 60GHz power am-
plifiers. Harmonic balance simulations are compaséith 60GHz RF power measure-
ments using load pull variation. Electrical andrthal performance between multi-
finger transistor and multi-transistor are compategimped and distributed transistor
models are verified under large signal conditidiee nonlinear behavior of microwave
devices can only be investigated at large-signetatpn. This is very important to pre-
dict accurately the performance of microwave nadincircuits such as power amplifi-
ers, mixers and oscillators.
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4.2 Ring oscillator

In order to benchmark the technology performancenigh-speed circuit operation,
the transit frequencit, the maximum oscillation frequendy.x and the RO gate delay
Tgate @re powerful figures-of-merit. Evaluating a devieehnology using ring oscillators
is a simple and widely used method. There have beeramber of demonstrations of
ring oscillator gate delays less than 5ps [119]3[1th comparison to figures of merit
like fr or fmax, the gate delayyae SEEMS More relevant since it evaluates a techyalog
circuit level, including the specific back-end aidi (BEOL) wiring. Indeed, intercon-
nect parasitics can have a significant impact gh{sipeed switching operations [124].

This section examines different RO circuits fabiechin B4T and B5T technology.
The proposed CML ROs comprise 53 inverter stagés avsingle ended voltage swing
of 200mV. These specifications were agreed uporDBY FIVE partners (IHP, In-
fineon) to allow a direct comparison between thiéecgént technologies. The circuit
performance as well as the circuit temperaturgudied. Through an optimization of
process and circuit layoutyaee is reduced from 2.72ps [122] to 1.65ps [51] wheats
the lowest reported value of 1.9ps [123] (the REhigecture of this work is similar to
Ref. [123]).

4.2.1 Working principle and specifications

An RO consists of a number of inverter stages whiggeoutput of the last stage is
fed back to the input of the first stage. Each (iting) stage can be modeled by a sin-
gle-pole transfer function in the frequency domain

H(jw) = A (4.1)
1+ jwlw

where Ay is the voltage gain an@d,=21¢ is the frequency that the inverter stage will
attenuate to half its original power. The loop gairthe ROL(jw) results to [125]

. I " (4.2)
L(je)=(-1) L+ jf)vle

where n is the number of stages. The termT:Ihust be positive to ensure a negative
feedback. Hence, an odd number of inverting stagest be used. However, an even
number of stages can also be used if the invesiages have a differential output and
the output nodes of one stage are inverted. Theephmarginm, of an n-stage RO is
expressed as [126]

m, 01180~ nCarctarf A ) (4.3)
Hence, the number of stages n must be
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180 (4.4)

n>7)

arctar( A,

to guarantee a negative phase margin which all@eglation.

The signal must go through each of the N invertages twice to provide a full pe-
riod (fos9. Thus, the propagation del@y.e can be calculated with

_ 1 (4.5)
o 2N

osc

T

A simplified CML model is presented in [12#}.e Can be approximated as a function
of device and circuit parameters

(4.6)

_ re+r gn(rc+R.)
Tgale_o'6{]jgmrs‘ECBE+rBC:BCi(l+ml+gmrE +(rC+R|-)(CBCi+CBC><+ Cc;+ RLC

where g, rc and g are base, collector and emitter resistancgsjsthe total BE capaci-
tance, Gcj and Gex are intrinsic and extrinsic base-collector caEaaies and £z is
the substrate capacitance.

4.2.2 First RO circuit

4.2.2.1 Circuit description

A sketch of the RO including 53 inverter stageshewn in Figure 4.1a and the
schematic diagram of one CML stage is displayeéigure 4.1b. The tail current of
each stage is controlled via a simple current mirfthe current flowing through each
stage is defined by the current tuning terminahVand the resistorB: and Ry. An
output buffer (emitter follower) provides the v@&aswing without voltage amplifica-
tion. The RO layout should monitor the performan€&TMicroelectronics B3T (B3T
RO measurements see in Appendix A.3) and BAT psotsse Paragraph 2.2). There-
fore, the CBEBC HBT with drawn emitter length=5um was chosen to be the main
transistor since it has a highandf,.x in combination with an accurate compact model
(information provided from STMicroelectronics moidgl team). In this work, a scala-
ble model library of B4T transistors is used thaswleveloped by XMOD within the
DOTFIVE project. The transistor compact model (CEEBHBT with drawn
Ae=0.23x5pm) was verified with DC and RF measurements carmigon a transistor
modeling structures fabricated next to the RO. Meaments and simulations are pre-
sented in the Appendix A.1.
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53 inverter stages

Ty T2
{>O~J'Lru1.rfosc Ru=600
A Re Re Re=30Q
Output buffer VEEg

(a) (b)

Figure 4.1: (a) Sketch of the ring oscillator Wi CML inverter stages. (b) Schematic
view of one CML inverter stage.

The layout of the RO and a micrograph of the faigd circuit are shown in Figure
4.2. The RO is biased through five DC Pads situatddde middle of the ring. The volt-
age source Mo is proportional to the current of the current mirrThrough variation
of VpoL and Ve, tgaeCan be measured as a function of current perlgateThe output
signal is taken from the RF signal port. The RFspace designed for RF probes with a
100um pitch and ground-signal-ground (GSG) conégan.

Qutput Buffer 53 Inverter
— — ‘ THEE

(b)
Figure 4.2: (a) The layout of the RO and (b) a owgcaph of the fabricated circuit.

The 3D sketch of one inverter stage including titeristage wiring is displayed in
Figure 4.3. The inverter stages are connected eialrd (M6). Parasitic resistances and
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capacitances between all inverter stages have &deacted through the 3D fast field
solver StarRC (Synopsys).

) Resistor
Transistor

Figure 4.3: 3D sketch of one inverter stage inaigdiack-end wiring.

4.2.2.2 Calculation of circuit environment temperature

In a circuit, the most part of the heat is generdtem the power dissipated by the
devices embedded in the substrate. In general, aonmpodels consider the temperature
rise caused by self-heating using a thermal impeslaetwork. For a single transistor
the ambient temperature can be considered to b@xpyately room temperature. This
is not valid in our case, as we have a highly irdesgl circuit with hundreds of active
and passive devices. The real operating temperatuhe local circuit area results from
mutual heating of all active and passive components

L
/I Traantor(Tj) I// W /

Wafer L 2

Circuit (T,,) |
T.mp=300K . L;a AT,

Figure 4.4: Device junction temperatureesults from the local circuit temperaturg.
and the ambient temperatufgn,

As shown in Figure 4.4, in a circuit the self-hegtinduced temperature rise inside
a deviceAT can be described as

AT, =AT, +AT, 4.7)

where AT, is the temperature difference between the chucipésatureT,my and the
average temperature in the local circuit afga (AT1=Tcic—Tamn andAT, is the tem-
perature difference betweéliyic and the device temperatufe (AT,=T;—Tirc). AT iS
caused by mutual heating of all active and passa@ponents within the circuit. In
order to calculat@. that is given by

I:ziiss (48)
Atirc

Tcirc = Tamb + Rth circ
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the RO circuit is assumed as a rectangular heatsai the top with an adiabatic sur-
face. Integrating the temperature rise of a thenpmaht source over the whole source
area yields the total temperature rise [128]

ro b Pu[ 1 (LW ) 1w uEe B, (4.9)
2 LW L 7 —L+yW2+ 12 )] W T W+ W+ B

wherex is the thermal conductivity of silico®giss dissipated power and/ andL are
effective width and length of the circuit areaidtdifficult to determine the effective
areaA.rc of the circuit since it is very dependent on tigolut. In this case, the effective
area is defined by the area of all inverter stgqges center region including the pads is
not taken into account). The lateral dimensionhaf substrate as well as the substrate
thickness is considered to be infinite regardingdineuit dimension. For the latter this
is not the case, thus, the calculated value is mnénded to be a rough approximation.
For example, a collector current per gajg. of 11.3mA resulting in a circuit power
consumptiorPgc of 1860mW and &T; of about 23K AT, is then determined through
the thermal resistandé®, of the transistor model.

The presented approach is rather simple sincengiders a homogeneous tempera-
ture distribution across the circuit. Thereforewitl be compared with on-wafer tem-
perature measurements in a next step. Howevertindahe simulation temperature
(local circuit temperature) as a function of thasbtonditions (power consumption of
the whole circuit) would be a convenient way to sider mutual heating of all passive
and active devices without increasing the companatime.

4.2.2.3 Simulation versus measurement

Figure 4.5 exhibits a wafer map of measured gal@ydeAn average gate delay of
2.76ps was measured with a maximum relative deviativer the wafer of only 2%
demonstrating good homogeneity. In Figure 4.6a,smesment and simulation results
for the gate delayaeare shownrgyedecreases with highéfaeat low power. Aftefgate
has reached its minimum it increaseslgs further increases. This behavior corre-
sponds with the transit frequentyversus collector curremg of the main transistor in
Figure 4.6b. The minimum gate delayeminand peakft are at angae and anlc of
around 7mA, respectively. Pre-layout and post-layeimulation considering the
parasitics of all inverter stages is displayed. Thderestimated,a. for the post-layout
simulation (PLS) is probably the result of addiabparasitics like pads or cables that
have not been taken into account. Post layout extraof the RC network yields to a
1gate Feduction of around 25%. The significant decreafsgae at high power dissipation
could not be reproduced by simulation with a camstamperature of 300K. Taking into
account the circuit temperatufg,c due to mutual heating (as described in previous pa
agraph) gives much more realistic results. Howesehigh power dissipatiofyate iS
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still underestimated which is probably due to timapdifications made for calculating
the circuit temperature.

273 276
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Figure 4.5: Measured wafer map of the gate dgjayfor anlgae Of 7mA.
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Figure 4.6: (a) Propagation gate detgyeVs. total currentc. and current per galgate
Pre-layout (ideal) and post-layout (PLS) simulati@sults including self-heating and
circuit average temperatuigj. are compared with measurements at an ambient tem-
peratureT,mp of 300K. (b) Transit frequenc versus collector current of the main
transistor (CBEBC HBT with a drawn emitter are®d&#3x5pn).

4.2.3 Circuit optimization

The design of millimeter-wave circuits requires @ete compact models of active
and passive devices including their three-dimeraiof8D) physical effects and
parasitics. In order to enable circuit optimizatguch models need to be scalable in-
cluding variations of geometry (i.e. emitter widémgth), contact configuration (i.e.
number of base, emitter and collector fingers) ali as number of transistors in paral-
lel. The targeted specifications of the circuit ghdobe fulfilled at best in the first run to
avoid enormous costs of additional design cyclesdetrease the time to market.

For the next technology step (B5T) the performarfade RO should be further im-
proved. The RO circuits should be fabricated wihiTBand B5T lateral dimensions on
the same wafer. Hence, the impact of lithograplatefal) scaling on the circuit per-
formance can be analyzed. Note that, the vertioafiles correspond to the B5T pro-
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cess. The major difference is a reduction in thiective emitter width from 0.13um to
0.12um. A new B4T and B5T scalable model libraryrapolated from the previous
process node BAT was provided by STMicroelectroticenable circuit design. The
optimum transistor where the gate delay reache@sitgnumazgae mnwas determined by
means of transient simulations. For several enlgtggthslg, contact configurations and
number of devices in parallel (CBEBC1, CBEBC2, transistor model cards were
generated using a scalable model library of the BAd B5T technology.

e [um]

(@) (b)
Figure 4.7: (a) Simplified inverter with an idealreent source to reduce the computing
time of the circuit simulations. (b) Simulation vés for a single B5ST HBT with
CBEBC configuration are shown as contours for camtst, for variation of ideal tail
currentlo and emitter lengthg.

In addition to the influence of the transistaye is affected by the voltage swing
and the load resistance of each inverter. A singglifinverter with an ideal current
source (see Figure 4.7a) was used to reduce thputorg time. The ideal tail curreiy
and the load resistané® were varied to findgae minat 200mV voltage swing. The text
files including the circuit netlist were generatagtomatically using a script that also
launches the circuit simulator in batch mode far ¢a. 3500 transient simulations. The
simulation results for a single B5T HBT with CBERGnfiguration are shown as con-
tours for constanigaein Figure 4.7b.
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Figure 4.8: Simulated,ae minversus drawn emitter lengkhusing devices with vari-
ous contact configurations and number of transstan parallel (CBEBC1,
CBEBC2, ...) for (a) B4T and (b) B5T model cards.

The resultingrgate,min VErsus drawn emitter lengtte for various device configura-
tions is shown in Figure 4.8a and Figure 4.8b fdiTBand B5T model cards. In this
simulation, argaee min Of 2.25ps and 1.84ps was reached for B4T and B&iicds, re-
spectively. Except for the CBE configurationae further decrease (B4T, B5T with
Le<2.5um) or stay constant (B5T with=>2.5um) withLge. However, at high power
levels the performance can be reduced due to thesfiests (e.g. mutual thermal cou-
pling) that are not considered in the simulatioepBnding on the layout features, MTC
can be significant [113]. Therefore, CBEBC HBT with drawn emitter area of
0.23x5uni tend to be a good trade-off between device perdiooa and dissipated pow-
er. However, in order to study the geometry deproe®f 7y, the same RO architec-
ture was designed with several drawn emitter length the main transistor: (i)
Le drawe=1.5um [129], (ii)Le=3pm and (iii)Le=5pum (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 previalesign. The CML ROs consist of
53 inverter stages with a single ended voltage gwir200mV. The schematic diagram
of the modified CML stage is displayed in Figur@al.The tail current is controlled via
a current mirror (T1, T5, T6) where the transistdfsand T6 copy the current in order
to have a more symmetric design. A low pass f{lRer Cr) was included to remove AC
spurious signals from the power supplfe value of the current flowing through each
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stage is defined by the voltayg, of the current mirror. The output buffer (Figur&#)
is designed as simple emitter follower with voltagen of almost unity.

VoL Vee, Vee T VEsUFO
In,m—
Roc T, In,» | CML Inverter T,
L " Out
Ragj
Re

T, Vee

Re
Vee

() (b)

Figure 4.9: The schematic diagram for the CML iteewith the current mirror in (a)
and for the output buffer in (b).

‘Resistor Transistor

Figure 4.10: 3D sketch of modified inverter stageuding back-end wiring.

The 3D sketch of the modified inverter stage isvai@n Figure 4.10 including the 6
copper level metallization scheme. For the BST esscthe BEOL was not changed.
The new circuit layout (see Figure 4.11a) was inmpdoin terms of parasitic intercon-
nections. A micrograph of the fabricated circuitdisplayed in Figure 4.11b. The in-
creased number of pads reduces the voltage dregbetpower supply and circuit. The
pads are positioned at the periphery to permit aengsompact design. Comparing the
3D sketches of the new (Figure 4.10) and the ptevioverter layout (Figure 4.3), tran-

sistors and passive components are placed clogeth&r resulting in a reduced wire
length.
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Figure 4.11: The layout view (a) of the improved B@l (b) a micrograph of the fabri-
cated circuit.

4.2.4.2 Inductive peaking

In Figure 4.12, an enlarged section of the RO lay®shown including five inverter
cells (schematic diagram in Figure 4.9a). The loexistorR_ is connected to the DC
power supplycc through a narrow microstrip line with a length28um, a width of
2.4um and a thickness of 3um (dimensions of theasidp line are the same for all
designed ROs). The mutual inductance of the realangmicrostrip line is derived
width Equation (4.10) [130]. It is considered tkta conductor lengthis much greater
than the widthw and the thicknest Furthermore, the magnetic permeability of the
metal conductors is approximated to the permeghofitfree spaceo. Hence, the equa-

tion is solely dependent on the physical dimensadfrthe conductor

GMD(w t) |
GMD(w t) = 0.2235 w+ t)

L(I,W,t)=0'4§u°|[|n[ 2 J+GMD(V\/,t)_1J (4.10)

where the ternGMD (geometric mean distance) replaces the distanweeba the fila-
ments within the section of the conductor. Furithetails on the GMD would go beyond
the focus of this work, however, more detailed arptions can be found in [131]. Us-
ing (4.10) the self-inductance of the microstrielis estimated to be around 10pH. Cir-
cuit simulations have shown that this value hasaaly a significant impact on the oscil-

lation frequency of the RO (a detailed discusssprovided in 4.4.4.3).
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Inductance  Length=28um Metal 6
(onVMetaJB) Wldth=24um et V Metal 1
|  Thickness=3um cc

Resistance (Poly)

Inverter Cell

Figure 4.12: Enlarged section of the RO layout whée load resistor Rand the DC
supply are connected through a narrow microstnie.li

This effect can be explained as follows: The loasistor, the capacitances of the
transistor and the wiring capacitances form an 8@phkss. The charging/discharging of
the capacitances through the load resistor addsay tb the output voltage. This delay
is partially compensated by the microstrip lindragtas an inductor (inductive peaking)
in series with the load resistor [132]. The induetpeaking decreases the transistor
switching time.

4.2 .4 .3 Performance results and discussion

As mentioned, the RO circuits were fabricated V84T and B5T lateral dimensions
on the same wafer. The measured propagation didaydl geometries at 200mV volt-
age swing are shown in Table 7 whegg.is calculated with (4.5). For better compari-
son of circuit performances due to transistor gaaes in Table 7, effective dimen-
sions are used. Note that here the effective ematea is defined as the drawn emitter
window minus the area of the inner spacers.

RO Main Transistor R Voltage Swing | Average Gate Delay
WEe et [HM] | Le_ert [HM] S mv] [ps]
| (B4T) 0.13 14 50.7 199.9 2.59
Il (B4T) 0.13 2.9 29.7 199.5 2.31
Il (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 25.4 200.8 191
VI (B5T) 0.12 4.94 16.1 201.4 1.65

Table 7: RO performances.
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For example, an averaggae Of 2.24ps was measured in a B5T RO_IV using tran-
sistors withLg_ef=1.44pum [129]. This result is also confirmed in][4Bue to horizontal
scaling of the effective emitter width (from 0.13pton0.12um) we have an improve-
ment of 13.5%, 17.3% and 18.7%tja for the drawn emitter lengths 1.5pm, 3um and
5um, respectively. The rather high decrease of 5% between the previous RO
layout [122] (gae=2.7psS, fabricated in B4T technology) and RO_I.&=2.03ps, see
Table 7) can be explained in the following way:tki¢ vertical profile between B4T and
B5T is different. This is well illustrated in Figeir4.13a where it is obvious that
fr gst™>>fr gat. Only a small part of this increase comes fromedhetter width reduc-
tion. Furthermore, the emitter width reduction betw B4T and B5T is not solely due
to a change in the layout, the narrower inside eygaim B5T also have a large impact.
The latter also helps reducing the external basesteaceRgx. (i) The circuit layout
was optimized (previous layout in Figure 4.2a aptmoized layout Figure 4.11a) and
an on-chip microstrip line was added in series hih load resistor (inductive peaking
see previous paragraph).

500
300l © Vea08VBAT ] 0 Vz=0.5V BAT )
x Vo =05VBST| % x —. 400 x v =05vBsT| ™" "
~— x OOOO N X x
E 200 goo o * | g 300 % oooOoooo N
el X O
e, X0 o % 200 X 0° o
- xO X X o
100 5° : £ L% 500 .
0O o%>; 1000"000 0 ]
O,o)O’o 7
0 -1 0 1 0 -1 0 1
10 10 10 10 10 10
I [MA] | [MA]
(a) (b)

Figure 4.13: Measurement of (a) transit frequefycgnd (b) maximum oscillation fre-
guencyfmax vVS. collector curreniic for B4T and B5T CBEBC HBT with a drawn emitter
area ofAg g41=0.23x5uM andAg g5=0.18X5u M.

Comparing only the B5T ROs, it can be observed tinate is a rather large varia-
tion of the gate delay for different emitter lengitiThe fact thatryae significantly de-
creases for longer emitter lengths cannot be ex@thsolely by the higher device per-
formance fr andfnax shown in Figure 4.13a and b) and the related ¢epaand re-
sistance values given in Table 8. At higher transferents the value of the load re-
sistanceR_ which is needed to achieve the same voltage sisisgaller (see Table 8).
In our case, the smaller load resistance assoacrdtbdonger emitter and higher current
causes the effect of inductive peaking to be mooagunced. Circuit simulations have
shown that adding an inductor of 10pH (betwdep andR.) gives an improvement in
Tgate OF 11.2% for RO_IV, 12.6% for RO_V and 23.3% fdDRVI (see Table 9).
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Ac ot 0.12x1.44urh 0.12x2.94urh 0.12x4.94urh
Caeo 2.4fF 5.3fF 9.2fF
Caco 2.2fF 4.2fF 6.7fF
Rsio 16Q 7Q 4Q

Rex 200 420 250

Re 18.52 7.50 4.20

Rex 33.02 17.62 10.82

peakf; (@Vc=0.5V) 302GHz 304GHz 311GHz
peakf nax 354GHz 362GHz 398GHz
(@Vce=0.5V)

Table 8: B5T transistor parameters.

Ac e 0.12x1.44urh 0.12x3.94urh 0.12x4.94urh

Rioad 550 290 17Q

Lseries 10pH 10pH 10pH
Increase in performance 11.2% 12.6% 23.3%
due to inductive peaking

Table 9: Increase in performance due to inducteakmg.

In Figure 4.14a, the measureg. of the previous RO circuit [122], the recent rec-
ord from IHP [123] and the optimized B5T RO_VI dgsiare plotted versus the voltage
swing. The output spectrum of the latter circuisli®wn in Figure 4.14b where the fun-
damental oscillation frequency of 5.93GHz corregfsoto a gate delay of 1.58ps. In
order to show the consistency of the proposed tsallwafer map ofyae measured at
same bias conditions was generated in Figure Ad%verage gate delay of 1.65ps was
achieved with a standard deviation of 4% over tladewdemonstrating good homoge-
neity of the process. 1.54ps at an oscillation \@ithamplitude of 200mV is the lowest
gate delay measured in this study.
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ATTEN 20dB CNT -4.83 dBm
RL_10.0dBm _ 10dB/ 5 92237 GHz
O—o—o—o0to—-06—0
|
|
IHP! ]
"
r4
4. 93 dgm

Tgate [pS]

—6—Meas B4T @ T27
—=—Meas B5T @ T27

150 200 250 360
V_ . [mV] L[ 11

swing START OHz STOP 6. 300GHz
RBW 1. OMHz VBW 300kHz SWP 130ns

(a) (b)

Figure 4.14: (a) Measuregx. of the previous RO design (B4T), the former receatt

ue from IHP [123] and the optimized B5T RO_VI des@ye plotted vs. single ended
voltage swing for a CBEBC HBT with a drawn emitegea ofAg g47=0.23x5uM and

Ae g57=0.18x5um. (b) The output spectrum of B5T RO_VI with the damental oscil-
lation frequency of 5.93GHz, corresponding to aeghlay of 1.58ps and a fundamental
output powelP,; of -4.83dBm.

1.6] 1.59 1.5b
1.58 1.64 1.64 1.40
1.56 1.64 1.65 1.401.%4
1.66 1.6% 1.64 1.45 1.%9
1.69 1.62 1.6 1.5p
1.6] 1.66 1.661.651.66 1.66 1|66
1.63 1.61 1.6 1.6p 1.90

1.63 1.67 1.6p 1.41 1.66 1.68
1.69 1.68 1.68 1.5 1.68 1.63
.61 1.69 1.6 1.46 1.68 1.67
1.71 1.69 1.6 1.97
1.71 1.69 1.68
1.72 1.67 1.6
1.7( 1.71 1.68
1.69 1.62

Figure 4.15: Measured wafer map of the gate dgjayin ps for a constant current per
gatelgae=12.5mA (dies without number were not measured).

4.2.4.4 Circuit temperature

The dynamic surface temperature of an IC is a ptioje of the circuit's behavior.
The temperature is a relevant physical variabléierdesign and the characterization of
devices and circuits [133]. An overview of the daibies and different architectures
for integrated temperature sensors was providdd3d]. BJT-based, MOSFET-based,
ring oscillator-based and propagation delay-basetperature sensors were compared
with respect to power consumption, temperature gammgcuracy, resolution, etc. If
power consumption is not a constraint, the modableé solution was found to be the

89



Ring oscillator

BJT-based approach achieving the highest temperatmge £0°C to 120°C) together
with a good resolution ( £ 0.05°C). In this desigriemperature sensor (SiGe HBT) was
placed near (at 15um distance) to the circuit (Sgare 4.16) to measure the tempera-
ture rise in the local circuit area and to consiti&ter in circuit simulations.

Diode

Figure 4.16: Distance between diode and circuar@aind 15um.

The schematic view of the temperature diode is shiowFigure 4.17a. The sensor
consists of a CBEBC HBT with drawn emitter wind@w=0.84x5um?2. Through con-
nection of base and collector node, the transigperates as a simple diode. At the ter-
minal Vg, a current is forced through the resistor R wihie diode voltag®/s is meas-
ured. Since the sensor has to be calibrétedvas measured from 10°C to 100°C for
different forced currentk, (see Figure 4.17b)p was chosen to be 100pA where self-
heating is rather not significant and a sufficiameasurement accuracy is achieved.
Thermal sensitivitK is determined with (3.28).

800[
I 1o=100pA
FVs(Tiow) |
7500 : K
S V(Moo e
E 700 | l
(%)} -
> - ! 1
650 TI;W Thi‘gh
600: | by |
20 40 60 80 100 120
T[°C]
(a) (b)

Figure 4.17: (a) Schematic view of the temperatliogle; and (b) calculation of tem-
perature coefficient.

Figure 4.18 shows a block-diagram of the experialeset-up for automatized RO
characterization. The RO circuit is biased withethrDC power suppliers (Agilent
E3631A) through DC probes contacted to six DC p@sr, VroL, 2XVcc, 2XGND).
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Vce, VroL Veur are the supply voltages for the inverter stadgesctirrent mirror and the
output buffer, respectively. The output signal aken from the RF signal port and
measured with the spectrum analyzer (HP8563E).t@mperature diode is biased and
measured with the DC analyzer HP4155A. A customersaftware program controls
all instruments over GPIB. The program allows tlagiation of bias conditionsvVgc,
VpoL andVgyg) and at the same time the measurement of thelaigmil frequencyfosc
and the circuit temperatufi@jrc.

SPECTRUM ANALYZER HP 856 3E DC ANALYZERHP 4155A

GPIB GPIB smu
b Qg 6 o a
ch1 chz cH3 cHa GPIB
CHL CH2 S

AGILENT E3631A GND out GND
DCPOWERSUPPL

GPIB " _— —

[l § -~ Output N
vVcC P

H <J // Buffer \\

H @ JJ/ - \““ E[
H S (ﬂ ] \ 1o53 /

ﬂ VBUF - (J ~—_
| o] v <]

Mirror
]
=]
apoiq
alnpladwal
E‘
S

Figure 4.18: Experimental set up for automatized é@racterization in combination
with circuit temperature measurement.

4.2.4.5 Circuit simulations considering the circuit tempeara

Here, circuit measurements of the B5T RO_IV usimgngistors with drawn
Le=1.5um are presented. Transistor model is validatgd on-wafer measurements
presented in Appendix A.2. The oscillation frequegate delay) in combination with
circuit temperature was measured at room temperating a spectrum analysejaeis
calculated with Equation (4.5) and plotted verdwesdurrent per RO gatgae in Figure
4.19a.74ac increases due to performance loss at high povesipdition. This could not
be sufficiently reproduced by simulation with a stamt temperature of 300K. Taking
into account circuit temperatullg;. calculated with (4.8) improve the simulation reésul
(solid blue line) with respect to the measuremedtsvever, at high power dissipation,
Tgate IS Still underestimated. A comparison of calcudased measured. is displayed
in Figure 4.19b. It can be observed thatlfgtgreater than 2.5mA, it is not sufficient to
approximate the circuit temperature with a consthetmal circuit resistancB circ.
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Therefore, the simulation temperature is set torntteasured circuit temperature as a
function of the dissipated power. Better agreensenbserved at high power levels.

4 60
o Meas —— Circ Temp Model o', 4
—Sim T27 0 Circ Temp Meas (po
. 3.5}|—sim TMo el 50 e
é ——Sim TMe as '5'
g 3 Tp 40
g E
T 25 = 30}
2:
3 4 5 6 7 200 2 4 6
Ig e [MA] |gate [MA]
(a) (b)

Figure 4.19: (a) The gate delayse versus the current per galige Measurements
(symbols) and HICUM simulation (solid lines) at 30QSim T27), calculated circuit
temperature (Sim TModel) and measured circuit teatpee (Sim TMeas). (b) Meas-
ured and simulated circuit temperature versus tineent per gatéyate

4.2.4.6 Circuit simulations considering thermal coupling

Trends in industry are to design very large scategration (VLSI) circuits with
smaller devices, higher clock speeds, and morgraten of analog and digital circuits.
This increases the importance of modeling layoytetieent effects. Simulation accura-
cy is often limited since thermal interactions betw neighboring devices are neglect-
ed. Moreover, hot spots can significantly impac thliability of applications. In this
paragraph, the extracted thermal coupling netwsrkpplied to the thermal nodes of
each inverter cell of the RO. The goal is to seeithpact of thermal coupling on the
RO performance.
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thermal coupling
is not considered

% s DT
s Base Contact

e Emitter Contact

‘% - mmmmm Collector Contact
= B

Figure 4.20: Enlarged section of RO, periodicahsistor alignment, only vertical cou-
pling considered

Figure 4.20 shows the enlarged section of the gexiBO structure. One column of
four transistors represents one inverter (see kaymure 4.21a and schematic diagram
Figure 4.21b). Dimensions correspond to the intarigk coupling test structure with
3um distance between the DTI that is describedamadtaph 3.3.2.1. The thermal cou-
pling network is implemented as VerilogA module eTrultiport instance including the
coupling parameters from Table 4 is connected @athiermal nodes of the four transis-
tors within the inverter cell. The device's opargttemperature is independently set by
the operating point (power dissipation). The sirtar@imultaneously converges on the
thermal and electrical operating conditions. Theicketemperatures are automatically
adjusted during transient analysis to reflect tipeasnic power dissipation, and at each
iteration the temperature dependent model paramateradjusted. As shown in Figure
4.20, thermal coupling is only considered betwe®s four devices in one row. This
simplification is certainly sufficient since therihm@upling in the other direction must
be much lower due to the smaller adjacent surfacetle larger distance (7.3um be-
tween DTI) between the heat sources.
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Figure 4.21: (a) lllustration of the inverter layoncluding the 4 transistors (T3-T6) and
their operating principle. (b) Corresponding schiendiagram of the inverter cell.
Transient temperature rise of transistor T3 (c) @hdd): Standard (black) and thermal-
ly coupled (red) transient simulation are compared.

The electrothermal dynamic interaction betweenttaesistors is clarified with the
aid of an example. First, we investigate the tramstemperature rises of transistor T3
(Figure 4.21c) and TS5 (Figure 4.21d). The inpu},(In,) and output (Oyt Out,) volt-
ages are alternating with the oscillation frequeridye to the differential operating
principle of the inverter, T3 and T4 operate anptical. In other words, when T3 is
“on” it means that T4 is “off” and vice versa (Frgu4.21a). The resulting temperature
rise over time inside T3 and T5 using a standardsAImulation (solid black line) is
shown in Figure 4.21c and Figure 4.21d, respedctivEhe temperature rise in T5 is al-
most constant. When the circuit is simulated usiregthermal network the device tem-
perature of T5 shifts slightly when T3 heats upslagwn in red.
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° Meas | )
1.6ll—smT27 | _____ b0 ]
—— Sim TMeas

Figure 4.22: The gate delayye versus the current per gdtge for BST RO_VI. Com-
parison of measured characteristic (symbols) witttamdard simulation at 300K (Sim
T27) and a simulation where thermal coupling isstd@red (Sim TCoup).

In Figure 4.22, we see the gate detgye versus the current per RO ga§ge The
measurement is compared with a standard ADS siionlathere thermal coupling is
neglected (black line). In this case, considerimgrmal coupling during transient simu-
lation (red line) does not significantly change tksults due to small coupling factors
and the anti-cyclical operation inside the diffdr@npair. For further improvement,
thermal coupling capacitances should be extraagtddcansidered in the model since the
junction temperature in real devices does not chansgfantly. The fact that the transis-
tors do not heat up significantly their environmbrihgs up the question of whether the
measured circuit temperature in Figure 4.19b isexbr Apart from the transistors there
are only resistors that are able to generate ticessary heat. Indeed, looking in the
process description shows that the thermal resistah the poly resistors used in the
layout is relatively high. However, this is a sudtjéor future investigations.

As shown, the approach can be integrated in thigmi@socess and thermal interac-
tions between neighboring devices can be easiljiesiu One main concern is that the
coupling network could get so large that simulati@tomes impractical or impossible
due to given time and memory constraints. This alae a reason for us to adapt this
approach for use in a relatively large circuit.h8ligh the simulation includes 218 tran-
sistors no convergence problem was observed. Tidbfgrovides statistics on the simu-
lation of the network, and shows that use of thexrttal network slows the simulation
by a factor around 3. Simulations were carriedunger Windows XP with a quad core
processor (each 3.33GHz) and an internal RAM of 3GB

Simulation ADS Tmin-Tmax [s] Resistors Transistors | Convergence
Problems

RO_VI Sim Tcoup| 2408.77-6411.42 599 218 no
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RO_VI Sim T27 1556.77-2249.23 329 218 no

Table 10: Comparison of the required CPU time usingonventional 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 ngameration STMicroelectronics
B55 BiCMOS technology which is a full BICMOS techogy. Due to the distance be-
tween circuit and sensor there is a temperatufferdiice. Therefore, a layout is pro-
posed that integrates six temperature sensordfatethit positions as shown in Figure
4.24. Furthermore, non-homogeneous temperaturgbdigon across the circuit can be
studied. The parasitic resistance of the DC intemeations was further decreased using
a slotted grid of M6-M8 that includes also a mataulator metal (MIM) capacitance.
The MIM capacitance protects the circuit againdtage peaks of the DC source. A
slotted ground plane over the whole circuit areprmes the ground resistance.

Furthermore, the presented as well as novel thetesaktructures (impact of BEOL
on the thermal resistance) are added on the tegttohfurther characterize electro-
thermal effects a SiGe BICMOS technology (full tesip in Appendix A.4, see Figure
A.6).

DC Path M6-M8

. Pad

Ground Plane M1-M2

Figure 4.23: The layout of the BICMOS55 RO.
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0 Output Buffer

T Temperature Sensor
L ey | O currentMirror

Figure 4.24: Enlarged section of the RO where tstipns of six temperature sensors
are indicated.
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4.3 Transistor arrays for power amplifiers

The design of power amplifiers (PAs) often reliesexperimental approaches rather
than on simulation which results in an increasenhimer of design iterations and cost.
Due to large-signal excitations the operation &facan be strongly non-linear. Moreo-
ver, a PA is the most power-dissipating componerarn RF transceiver, and therefore,
its thermal performance should be analyzed. A comproblem in transistor arrays is a
thermal imbalance between individual devices tlzat cause different bias conditions.
In the extreme, this imbalance can result in thémaaaway, where collector current
increases until device failure occurs. Therefommpact models are required that pre-
dict accurately the performance and individual deviemperatures within a transistor
array.

In this paragraph, two transistor arrays (a muétisistor and a multi-finger PA cell)
are investigated under large signal excitationmegi considering FoMs that are rele-
vant for circuit design purposes as the power gaid the power added efficiency
(PAE).

ooPu (4.11)
R,
pAE=Tou P (4.12)
DC

Pin andPq; are the RF input and output power, respectivaiy, Ryc is the total power
provided by the power supply. The thermal modesented in Paragraph 3.3.2.5 is ap-
plied to improve the accuracy of circuit simulasaand to study thermal device perfor-
mances.

4.3.1 Test structures

The PA structures are similar to the test strustaiescribed in Paragraph 3.3.2.1. A
five-finger transistor (see Figure 3.22a) and transistor array (Figure 3.22b) based on
a CBEBC HBT with drawn emitter ares of 5x0.18um are operated as a PA. The
multi-finger device has only one surrounding DTHahe transistors in the array are
placed with a distance D of 3um between the DTllsvdh contrast, here the emitters
are connected to ground and the base and collecotdacts are respectively connected
to GSG pads through 80RF transmission lines (the layout is displaye&igure 4.25).
This allows an easy DC/RF characterization andofheration as common emitter am-
plifier.
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(a) (b)
Figure 4.25: (a) Layout of the five-finger transistest structure and (b) of the five-
transistor array including slotted ground plane {M2) and RF transmission lines (M6)
between base/collector contacts and pads.

The impact of intra/inter-device coupling on the Réfformance can be evaluated.
For this study, matching networks are not requi@d;the contrary it allows a better
comparison from the modeling perspective. Howether,performance in matched con-
dition is measured using load-pull tuners. Load-poéasurements are compared to
Harmonic Balance simulations.

4.3.2 Harmonic Balance analysis

In large-signal regime the linearization of thensigtor behavior around operating
point is not valid anymore due to the nonlinearideharacteristics. Strongly nonline-
ar circuits as PAs do not fit the definition of wezonlinearity. Hence, rather than using
an AC simulation, they should be analyzed by haimbalance or time-domain meth-
ods [135]. Therefore, the test structures are cbamaed with single-tone Harmonic
Balance analysis combined with load-pull variation.

In general, Harmonic Balance (HB) is a frequencsdim analysis technique which
is applicable primarily to strongly nonlinear ciitsu(power amplifiers, mixers, etc.)
excited by a single large-signal source [135]. foal is to determine a steady state
time-domain solution. A system of nonlinear diffetial equations is generated using
Kirchhoff's current law (written in frequency domgai They consist of linear and non-
linear parts. The linear part is readily descrilbed calculated using nodal analysis di-
rectly in the frequency domain. Since nonlinearickesy are described in the time do-
main the nonlinear components are evaluated ifithe domain using an inverse fast
Fourier transform (connection between time anduesgy domain is shown in Figure
4.26). After evaluation using the time-domain vgéiavaveforms the resulting currents
are then transformed back into the frequency dornfainiterative process repeats these
steps since Kirchhoff's current law is fulfilledofovergence is reached). Since a large
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part of the calculations is carried out directlytie frequency domain HB analysis has
crucial advantages in comparison with transientyaig due to time and memory re-
quirements [7].

Power

(Excitation)
Frequency

Time

-~ 8

Time Domain Frequency Domain

Figure 4.26: Transformation between time and fregyelomain.

The basic simulation test bench that was usedawshn Figure 4.27. The RF pow-
er source having an input resistageof 52 generates an input signal at 60GHz. RF
signal and DC bias is combined/separated usingsr@twork. The ideal bias networks
consist of one capacitanc€g{ocx) and one inductorLéeeg. The load impedance and
input resistanc&s can be automatically varied (load/source-pull gsig). Since the de-
embedding of large signal measurements is ratheplsx, the parasitic elements (pads,
interconnections, etc.) are embedded using a R@kank. The parasitic capacitances
Cpn are calculated with the Equations (4.13) from roeas Y parameters of an Open
dummy and the parasitic inductandes are calculated with the Equations (4.14) from
measured Z parameters of a Short dummy.

_ QYL+ _ Y, +Y3 (4.13)
=t T o
L, = Hz,-7} L.= HZ,-7} (4.14)

27t P2 27t

VBEO VCEO
bias teeT Tbias tee
Lreea parasitic network DUT parasitic network Lreed
RF in L '_l L RF out
Chiock Ry \ R Block

Zg C, c, p Z

L

f=60GHz

Figure 4.27: Harmonic Balance test bench (for artagt structureslreeclpH,
Caiock=1pF,Rp=1Q, Lp=20pH, Cp=25fF).
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4.3.3 Load-pull measurements

The load-pull technique uses impedance tunerssystematically vary the source
and load impedances presented to the ports of th€ While measuring its perfor-
mance. Load/source-pull is generally used to charae nonlinear devices in actual
large signal operating conditions where the opegabioint may change with power lev-
el or tuning. Various matching conditions of thevide can be studied to achieve, for

example, optimum power gain, noise figure or PAE.
DC power supply

power meter

power meter
=[]

Agilent PNA
E8361A-N5260A

= oo )
—oo
O Do ooo isolator
o oooo |
=== J ®_
Port 1 Port 2

o4 oeé amplifier coupler
°° 83 impedance

tuner

attenuator

impedance
tuner

N

probe
station

Figure 4.28: Load pull measurement bench

The load-pull measurement test bench [136] is piteskein Figure 4.28. The passive
load and source tuners (FOCUS CCMT) allow genegatomplex impedances between
57-90GHz. The network analyzer Agilent PNA E8361B2680A is used for calibration
and as a signal generator up to 110GHz. A direatiooupler divides the input signal
into two parts. One is guided to the power metemfieasuring the power delivered to
the DUT and the other one is the actual input dightae isolator prevents the reflected
signal from returning in the coupler. A manual patiation permits the connection to
the DUT using RF on-wafer probes (GSG infinity pgeldfrom CASCADE with inte-
grated bias tees). The measurement is controllethéyocus Explorer via GPIB and
Ethernet.

4.3.4 Results and discussion

As observed in Figure 3.33b for the RO, the eftédnter-device coupling is rather
small. Therefore, it is not considered for the MT&ircuit simulation is carried out us-
ing five CBEBC transistor models (verified in Patiggh 2.4) in parallel. In contrast,
intra-device thermal coupling cannot be negleckdehce, the MFT is simulated using
five thermally coupled transistor finger modelsff@ghent values folRy, andrc) as de-
scribed in Paragraph 3.3.2.5 using the extracteglow parameters from Table 2.
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Transistor arrays for power amplifiers

4.3.4.1 Large signal analysis

The B5T HBT (drawmAe of 5x0.18urf) and the PA arrays were measured on-wafer
at 60GHz with the single-tone load-pull measurensgstem presented in the previous
paragraph. The single transistor was biased insGAagperation at &ge of 0.9V with a
collector biasvce of 1V. First, a source pull measurement was cadmigt and the opti-
mum source impedancg with respect to maximum output power was foundo¢o

[22.16+j15.13Q2. Second, the load impedance was varied using @ut ipower R of
-6dBm.

Tran Meas: G =10.44dB @ Z, _,=52.66+41.33i Tran Meas: max P =3.55dBm @ Z, _ =52.62+40.04i

Tran Sim: Gmax:9'73dB @ Zload:48'gl+38'73i Tran Sim: max Pout:2'93dBm @ Zload:48'91+38'73i
() (b)

N \ V! %
L5 K PLSKRHRSES
WL RS
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P, [dBm], Gain [dB], PAE [%]

[ [ \
2 ——Sim 1xCBEBC| |
| ° Pout |
-10F-F---- o Gain bbb
I > PAE I
| T T |
-15 -10 -5 0 5 10
Tran Meas: max PAE=17.9% @ Zload=53.95+45.32i Pin [dBm]
Tran Sim: max PAE=17.68% @ Zload=52.92+42.58i
(© (d)

Figure 4.29: The normalized impedance®&een by the collector of the DUT under
matched and mismatched load is plotted on a Srhisint.cLoad pull contours for con-
stant power gain (a), output poweyg,/Rb) and power added efficiency PAE (c) at an
input power R of -6dBm and an optimum source impedanc of
[22.16+j15.13. (d) R,y Gain, PAE resulting from power measurement usirigad
impedance match to achieve maximugy Zioa=[52.66+j41.331Q).
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Circuit-level electrothermal investigations

Load pull contours for the power gain, the outpotvpr R, and the power added
efficiency PAE are shown in Figure 4.29a, b antespectively. The load impedance to
achieve maximum output power is found to Hgg,0pr[52.66+j41.332. The input
power Py, versus output powePy, Gain and PAE in matched conditioBiofd,op) iS
presented in Figure 4.29d. The maximum RF powen gail2.8dB and the measured
maximum PAE is 20.1% at a,ffof -4dBm. The collector curreft near maximum
PAE is 10mA. Very good agreement is observed batvtsmonic Balance simulation
(lines) using the transistor compact model (vedifia Paragraph 2.4) and RF power
measurement (symbols). A load pull analysis at 924@fthe same device was present-
ed in [49].

15

T T T T T
| | | | |
| | | | |
@ 107 Co T T T seepad |
=3 | | c©
c 5 ! il [
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O | S
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| | 1 | &
uE: ',ﬁ ; o PAINTER meas
S "7 © PAINTRAmeas
D.g 10/777\ 77777 o PA INTER sim
i | i |—PAINTRA sim
| | T T T
-1 I I I I I
35 10 5 0 5 10

Figure 4.30: Output power, and power gain vs. input power Pin for multi-fingend
the multi-transistor device witAz=0.18x5pni using a source impedanZe=50Q and a
load impedancé;y,=50Q.

The MFT (INTRA) and the MTA (INTER) are measuredsaime bias conditions
(Vee=0.9V, Vce=1V). Output power and power gain is shown in Fegdr30. For these
bias conditions the electrical characteristics both devices are close and in good
agreement with circuit simulations. From the DC meaments presented in Figure
3.33a and Figure 3.33Db, it can be observed thhisabias condition the influence of the
thermal coupling effect is relatively small.

In the following measurement the collector bigs is increased to 1.5V. The result-
ing load pull contours for the MTA and MFT are desged in Figure 4.31a and b, re-
spectively. Measured and simulated gain contowsrafair agreement. Simulation and
measurement result in different optimum load impeaafor the five-finger transistor.
This can be caused due to insufficient accuradh®f®extracted parasitic network that is
used within the simulation (see Figure 4.27). Thieknce of around 1dB in maximum
achievable gairsmax is probably due to the transistor model that laa&suracy at this
relatively high bias condition.

The output power and power gain in matched conditsoshown in Figure 4.31c.
The RF characteristics of both PA structures digignificantly that is certainly caused
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Transistor arrays for power amplifiers

due to thermal coupling within the MFT. A different maximum gain of nearly 4dB
can be observed. Circuit simulations considerimgrttal coupling confirm this observa-

tion.

INTER Meas: Gmax=8.43dB @ Zload=20'06+0'21i
INTER Sim: Gmax=9.49dB @ Zload=20'49+2'8i

INTRA Meas: G___ =6.25dB @ Z,__,=24.09+0.89i
max load

INTRA Sim: G__ =7.35dB @ Z
max

load

=30.58+5.48i

(a) (b)
15F-——- R B R — 150
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= o 100
© SSPNE .
QO O T Ty ””””G’%” 3
E‘- 1 1 1 =
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= o PA INTRA meas 50 — INTRA: Temp. of T1 !
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Figure 4.31: Measured and simulated gain contodidBm, -2dBm, -3dBm from the
maximum) at (a)//ce=1.5V, R\=2.41dBm,Zs_,,=[13.17-j3.50%2 for the transistor array
(INTER) and at (b)Vce=1.5V, R,=0.7dBm, Zs ,,=[10.46-j6.75{2 for the five-finger

device (INTRA). (c) B. and power gain vsPy, for optimum power matching
Z10a=[20.06+j0.212 (INTER) and Zjpa=[24.09+j0.8902 (INTRA). (d) Simulated tem-
peratures of the finger transistors T1, T2 and T8, (T5 symmetrical to T2, T1) are
compared with the array transistor temperature ¢sfmmT1-T5).

In Figure 4.31d, the simulated temperatures offitihger transistors T1, T2 and T3
(see schematic diagram in Figure 3.20a) are cordpaith the transistor temperatures

of the array (that are all equal). At a first glarit seems odd that the temperature de-
creases with input power. However, the collectarent decreases due to clipping of
the output signal. Therefore, the power dissipataord thus, the device temperature are
reduced. At loweP;,, the temperature of the transistor array is alrB6SC lower using
same bias conditions. Moreover, a temperatureréifiee of 7°C between the peripheral
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Circuit-level electrothermal investigations

and the central finger transistor can be obseresdlting in a difference in collector
currentAlc=7mA. The proposed model simplifies the work for tesigner to compen-
sate this thermal imbalance. Having access tohdertal nodes (junction temperatures)
of each finger additional emitter resistances canebsily estimated to distribute the
collector current more equally within the multidcstiructure.

4.4 Conclusions

Two state of the art Si/SiGe:C HBT CML ROs withiagée ended voltage swing of
200mV were designed with more than 200 transis#dnsaverage gate delay of 1.65ps
has been demonstrated. To the authors’ knowletigristthe fastest result for a bipolar
transistor based technology. Improvements in tloskwvere obtained for an advanced
process by an optimized ring oscillator design vinithuctive peaking in series with the
load resistor. This work demonstrates that RO desan have a significant impact on
the gate delay.

The electrical and thermal behavior of the ROs wataslied. Circuit simulation at
high power dissipation has been improved throughsickering the temperature rise
within the circuit due to mutual heating of all i#etand passive components. This ap-
proach is still limited due to simplifications madethe estimations. Moreover, it ne-
glects the inhomogeneous temperature distributawasa the circuit. However, in gen-
eral the presented approach is a simple methodiruit designers to consider the cir-
cuit temperature as a function of the dissipatedgrpif advanced thermal models are
not available or not applicable due to e.g. highutation time or convergence issues.

Furthermore, the method of [116] for the represgomaof static substrate thermal
coupling in circuit simulation applications was &eg for the full RO circuit. The pre-
sented approach facilitates the realization ofuiiscwith temperature critical layout
regions. In the RO, the impact of thermal coupliegween the transistors is negligible
small due to the small coupling factors and the-eydlical operation of neighboring
devices. Nonetheless, this information is usefutli@ designer since the transistors can
be placed even closer together to reduce wiringgitécs. The characterization of the
thermal coupling effect should be further improwedsidering thermal coupling capac-
itances. They can be measured using the presesgedttuctures using a locked-in am-
plifier as presented in [137]. Moreover, the muthehting between resistors and tran-
sistors in close proximity should be investigated.

In the second part, two transistor arrays were aipdras 60GHz power amplifier
cells to study electrical and thermal performandds investigated CBEBC transistor
has a maximum RF power gain of 12.8dB and a maxirRd® is 20.1% at a g of -
4dBm which confirms its potential for high-frequgnapplications. Excellent accuracy
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Conclusions

of the single transistor compact model for larggmal operation was presented. Moreo-
ver, the electrical and thermal performance betwmeitti-finger transistor and multi-
transistor array was compared. For lower bias thaceés have similar behavior due to
the same number of transistors/fingers and the sammé&er window. However, for
higher voltages their comportment significantlyfeli¢ due to the different device tem-
peratures. In general, multi-transistor arrays Hagber access capacitances. Therefore,
normally multi-finger devices are preferred for linileter-wave circuit designs. How-
ever, their thermal performances in terms of homogs temperature distribution and
junction temperature at same bias conditions aggadied due to higher thermal cou-
pling.

Moreover, the intra-device coupling model with implentation of thermal re-
sistances and temperature coupling parametersnebtaihrough numerical thermal
simulation and measurements was applied. Very gmpdement between the model
and measurements was shown. A similar accuraciyénitsimulation can be probably
also achieved using a lumped model with a sindtedithermal resistance. However,
this would totally ignore the non-homogeneous terafpee distribution across the mul-
ti-finger device. Moreover the designer would hageaccess to thermal nodes of each
finger. Therefore, he cannot compensate differgner temperatures by adapting the
finger distances (unfortunately this option is nfien available) or including ballasting
resistors (as shown in Figure 1.12). To improvetttegmal stability in multiple-finger

].
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Chapter 5 Conclusions and recommendations

5.1 General conclusions

In this work, self-heating of single devices andrthal coupling of multiple devices
in a state of the art SiGe HBT technology was attarzed and modeled.
Electrothermal feedback intra-and inter-device eensively studied. Moreover, their
impact on the performance of two analog circuitss veaaluated. Circuit and device
characterization were carried out on the same walfiéch was required to verify com-
pact models on circuit level (device to circuitdrdction).

The self-heating effect has been evaluated with fieguency measurements and
with a state of the art pulse measurement systeaif-h8ating inside the device has
been significantly decreased using small pulsehgiddence, compact model parameter
extraction methodology becomes more accurate amddfe-operating-area of the de-
vice can be expanded. Frequency dependent themasihh was investigated using Y
and H parameters. A generalized equation has baletated, which can be used to ex-
tract device thermal impedance in the frequencgedrelow thermal cut-off frequency.
The frequency dependence of the thermal impedahoald not be neglected for a
number of circuits. The I/f or flicker noise canibuenced the to some extent [70]. At
low modulation frequencies, thermal memory effex@a be harmful for most lineariz-
ers, such as predistorters [111].

Novel test structures were fabricated for the mesmant of thermal coupling effect
between single devices (inter-device) as well betwthe emitter stripes of a multi-
finger transistor (intra-device). Thermal coupliiagtors were extracted from measure-
ments as well as from 3D thermal simulations. hatevice coupling using a minimum
distance between the deep trenches of 1.5um wasl flaube less than 5% due to the
thermal isolation achieved with deep trench wattsuad each transistor. The thermal
coupling effect, as expected, is reduced with wisleacing. In contrast, intra-device
coupling is much more pronounced. A maximum coupbh17% between neighboring
fingers was measured. Due to restrictions in thegterules of the PDK it was not pos-
sible to study a wider spacing of emitter fingers.

The single pole thermal network of HICUM was extethdvith a nine element re-
cursive thermal resistance model as well as a thlecoupling model. The models can
be implemented, for example, as a netlist or aealdagA model which makes them
easy to use for a circuit designer. The better rmoyuof the recursive network has been
verified comparing pulsed compact model simulatoth pulsed measurements. Ther-
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mal coupling model allows studying the impact ofgh&oring heat sources on the
steady state and the transient device temperaiutdly 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 hasnbeéemonstrated. To the au-
thors’ knowledge, this is the fastest result fdoipolar transistor based technology. It
has been shown that the circuit layout can havgrafisant impact on the circuit per-
formance. RO circuit simulation at high power disgion has been improved through
considering the temperature rise within the circlie to mutual heating of all active
and passive components.

The thermal performance of a 60GHz power amplifias compared when realized
with a multi-transistor array and with a multi-figtransistor. Due to same emitter di-
mensions similar electrical behavior is observedoater power dissipation. At high
power dissipation their comportment significantlyfets due to the different device
temperatures. Electrical performance of the mutigdr transistor is degraded due to the
significant thermal coupling effect between the tenistripes. Measurements are in
good agreement with circuit simulations using luthpansistor models in combination
with the thermal coupling network. A similar acceyacould be probably also achieved
using a lumped model with a single fitted thernesgistance. However, this would total-
ly ignore the non-homogeneous temperature distabudcross the multi-finger device.
Moreover the designer would have no access to @larodes of each finger.

5.2 Electrothermal simulation in a CAD based circuit design

Circuit simulations using the standard single gbkrmal network have only limited
value for transistors placed in close proximitycginhe constant temperature operation
is an unrealistic constraint. The thermal inte@tinside multi-finger structures should
be treated in a physical manner. In this paragepbenario is proposed in order to in-
clude thermal analysis into a CAD based circuiigteprocess.

The benefits for the designers would be variouse &bcuracy of steady state and
transient simulation for circuits with a high powaensity is significantly improved.
Thermal performances can be optimized with chamgéle circuit layout to meet the
electrical specifications (power, gain, efficieneyea, thermal stability, etc.). The ther-
mal stability in multiple-finger transistors can Imereased by adjustment of emitter to
emitter distances to make the spatial temperatistétoition across the device approx-
imately uniform [57], [138], [139]. Moreover, the@ess to thermal nodes of each emit-
ter of a multi-finger device would allow estimatibgllasting resistors. Thermal shut-
down circuit [140] for the protection of electrordizcuits can be easily implemented.
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Certainly, the investigations in this work arelstéry basic, they are far from com-
plete. The implementation of such a system woulgiire a fast thermal solver that cal-
culates thermal coupling factors from the circiaydut and creates automatically a
netlist. Similar to conventional post-layout sintidas the designer can then monitor
the operating temperature of critical devices dnadecessary he can adapt the circuit
layout. Since the thermal simulation carried ouParagraph 3.3.2.4 would require too
much computational effort simplified approach assented in [128], [141] is preferred.
However, such a simulator could be calibrated i proposed test-structures due to
material parameters that can differ for each teldgyo(e.g. the thermal conductivity).
Furthermore, the circuit environment temperatune lsa considered using the thermal
resistance of the circuit that can be calculatedniojcating the effective chip surface.
This was shown in Paragraph 4.2.2.2 using a vedynrentary equation. However,
whether or not thermal issues will limit the speddfuture high speed circuits, they
must be taken into account in the design phasesamaust be accurately predictable.
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Appendix A

A.1 Model verification for B4T CBEBC HBT with Ag=0.23x5um
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Figure A.1: Measurements (symbols) and HICUM sirtiata(solid lines) for B4T HBT
(CBEBC) with drawn emitter areAz=0.23x5um: (a) Forward Gummel plot at base-
collector voltage/sc=(-0.5, -0.3, 0, 0.3, 0.5)V. (b) Output charactirsat base-emitter
voltageVge=(0.75, 0.80, 0.85, 90, 0.95)V. (c) Transit frequeft atVec=(-0.5, -0.3, 0,
0.3, 0.5)V. and (b) maximum oscillation frequeriigy at Vgc=(-0.5, -0.3, 0, 0.3, 0.5)V.
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Appendix A

A.2 Model verification for BST CBEBC HBT with Ag=0.18x1.5um
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Figure A.2: Measurements (symbols) and HICUM sirtiata(solid lines) for B5T HBT
(CBEBC) with drawn emitter are&=0.18x1.5um: (a) Forward Gummel plot at base-
collector voltage/gc=(-0.5, -0.3, 0, 0.3, 0.5)V. (b) Output characticsat base-emitter
voltageVge=(0.75, 0.80, 0.85, 90, 0.95)V. (c) Transit frequeft atVec=(-0.5, -0.3, 0,
0.3, 0.5)V. and (b) maximum oscillation frequeffigy atVsc=(-0.5, -0.3, 0, 0.3, 0.5)V.
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A.3 RO measurements: T layout on BOMW, B3T and BA4T (first run) technology
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Figure A.3: Wafer-map of RO gate delays measuredarBOMW (b) B3T (c) B4T
(first run) technology at ¥=3V and ko =1.9V. (d) The colors show the correspond-
ing oscillation frequency.
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Figure A.4: (a) Oscillation frequendysc vs. current per gatigae (b) Propagation gate
delaytgae VS. current per gat@gate

113



Appendix A

A.4 Designed test chips for B5T and B55 technology

Figure A.5: Test chip including the ROs and all@aky designed test structures for the

B5T technology.
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Figure A.6: Test chip including the RO and all spit¢ designed test structures for the
BiCMOSB55 tape-out (in fabrication).
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A.5 Sensitivity analysis of process parameter on éhperformance of LNA 94GHz

Process Variation of Device
Monitoring Process Parameter Performance
(fT' fMAX)
P2o P3
Circuit
Performance

(Figures of Merit)

10} Sy1ma=8.6250B 4 20
— 9 : 15} Noise Figure
%-10 m NF=9.265dB
& 310|
¢ -20 5
Working Frequency:
: 5
-30 fu=94.7GHz - |
400 6080 100
flIGHZ]
(a)
10
p— 5 =
i &
i ©
£ =
©
é o 0o
B5 20 5 10 5 0 5 -100
20 10 __0__ 10
P,y [dBm] P_[dBm]
(c) (d)

Figure A.8: Investigated LNA was presented [142) Maximum small signal gain (b)
Noise Figure (c) 1dB compression poin§ Re=-13dBm, By 145=-5.43dBm (d) )
order intercept point 11P3=19.86dBm, OIP3=24.78dBm
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Parameter
rsbx

rea

rsbl

rsbp

nepi

nsub
wepi

rec
deg
irec

wctf

Description Determination

Extrinsic base sheet resistance PCM basedinader
Emitter sheet resistance PCM based parameter
Buried layer sheet resistance PCM based peeam
Pinch base sheet resistance PCM based paramet
Epi layer doping parameter (Variation of SIC dopfag

BC capacitance variation) Fitting parameter
Substrate doping level parameter (for CS capadaitanc

variation) Fitting parameter
Thickness of epi layer (for BC capacitanaeation) Fitting parameter

BE saturation current parameter (Base current isiino

tored and rec is fitted) Fitting parameter
Impact of bandgap variation on Ic (Collector cutrés

monitored and deg is fitted) Fitting parameter

BE recombination saturation current parameter (Base

current is monitored and irec is fitted) Fitting paneter

Tuning parameter for transit time (Monitoring obftd

wetf is fitted) Fitting parameter

Table A.1: Investigated process parameter (STMlerdonics).
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Figure A.9: FoM vs. standard deviatiornof wctf (from -3 to 30): (a) Variation maxi-
mum small signal gain d% mac+2.94% (b) Variation Noise Figure dNF=+2.62% (c)
Variation output power at 1dB compression poigk Pus=+2.36% (d) Variation input
power 1IP3=£2.09% and putput power OIP3=+3.08% 4t @der intercept point
[IP3=19.86dBm, OIP3=24.78dBm.
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