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Abstract

Bipolar complementary metal-oxide-semiconductor (BiCMOS) processes
can be considered as the most general solution for RF products, as they
combine the mature manufacturing tools of CMOS with the speed and drive
capabilities of silicon-germanium (SiGe) heterojunction bipolar transistors
(HBTs). HBTs in turn are major contenders for partially filling the tera-
hertz gap, which describes the range in which the frequencies generated by
transistors and lasers do not overlap (approximately 0.3 THz to 30 THz). To
evaluate the capabilities of such future devices, a reliable prediction methodol-
ogy is desirable. Using a heterogeneous set of simulation tools and approaches
allows to achieve this goal successively and is beneficial for troubleshooting.
Various scientific fields are combined, such as technology computer-aided de-
sign (TCAD), compact modeling and parameter extraction.

To create a foundation for the simulation environment and to ensure repro-
ducibility, the used material models of the hydrodynamic and drift-diffusion
approaches are introduced in the beginning of this thesis. The physical mod-
els are mainly based on literature data of Monte Carlo (MC) or deterministic
simulations of the Boltzmann transport equation (BTE). However, the TCAD
deck must be calibrated on measurement data too for a reliable performance
prediction of HBTs. The corresponding calibration approach is based on
measurements of an advanced SiGe HBT technology for which a technology-
specific parameter set of the HICUM /L2 compact model is extracted for the
high-speed, medium-voltage and high-voltage transistor versions. With the
help of the results, one-dimensional transistor characteristics are generated
that serve as reference for the doping profile and model calibration. By per-
forming elaborate comparisons between measurement-based reference data
and simulations, the thesis advances the state-of-the-art of TCAD-based pre-
dictions and proofs the feasibility of the approach.

Finally, the performance of a future technology in 28 nm is predicted by
applying the heterogeneous methodology. On the basis of the TCAD results,
bottlenecks of the technology are identified.






Zusammenfassung

Bipolare komplementére Metall-Oxid-Halbleiter (BiCMOS) Prozesse bie-
ten hervorragende Rahmenbedingungen um Hochfrequenzanwendungen zu
realisieren, da sie die fortschrittliche Fertigungstechnik von CMOS mit der
Geschwindigkeit und Treiberleistung von Silizium-Germanium (SiGe) Hetero-
struktur-Bipolartransistoren (HBTS) verkniipfen. Zudem sind HBTs bedeu-
tende Wettbewerber fiir die teilweise Uberbriickung der Terahertz-Liicke, der
Frequenzbereich zwischen Transistoren (< 0.3 THz) und Lasern (> 30 THz).
Um die Leistungsfihigkeit solcher zukiinftigen Bauelemente zu bewerten, ist
eine zuverldssige Methodologie zur Vorhersage notwendig. Die Verwendung
einer heterogenen Zusammenstellung von Simulationstools und Lésungsansit-
zen erlaubt es dieses Ziel schrittweise zu erreichen und erleichtert die Fehler-
findung. Verschiedene wissenschaftliche Bereiche werden kombiniert, wie zum
Beispiel der rechnergestiitzte Entwurf fiir Technologie (TCAD), die Kompakt-
modellierung und Parameterextraktion.

Die verwendeten Modelle des hydrodynamischen Simulationsansatzes wer-
den zu Beginn der Arbeit vorgestellt, um die Simulationseinstellung zu erldu-
tern und somit die Nachvollziehbarkeit fiir den Leser zu verbessern. Die physi-
kalischen Modelle basieren hauptséichlich auf Literaturdaten von Monte Carlo
(MC) oder deterministischen Simulationen der Boltzmann-Transportgleichung
(BTE). Fiir eine zuverlassige Vorhersage der Eigenschaften von HBTs muss die
TCAD Konfiguration jedoch zusétzlich auf der Grundlage von Messdaten kali-
briert werden. Der zugehorige Ansatz zur Kalibrierung beruht auf Messungen
einer fortschrittlichen SiGe HBT Technologie, fiir welche ein technologiespe-
zifischer HICUM /L2 Parametersatz fiir die high-speed, medium-voltage und
high-voltage Transistoren extrahiert wird. Mit diesen Ergebnissen werden ein-
dimensionale Transistorcharakteristiken generiert, die als Referenzdaten fiir
die Kalibrierung von Dotierungsprofilen und physikalischer Modelle genutzt
werden. Der ausfiihrliche Vergleich dieser Referenz- und Messdaten mit Si-
mulationen geht iiber den Stand der Technik TCAD-basierender Vorhersagen
hinaus und weist die Machbarkeit des heterogenen Ansatzes nach.

Schlieflich wird die Leistungsféhigkeit einer zukiinftigen Technologie in
28 nm unter Anwendung der heterogenen Methodik vorhergesagt. Anhand der
TCAD Ergebnisse wird auf Engpésse der Technologie hingewiesen.






Résumé

Les procédés bipolaires semi-conducteurs complémentaires a oxyde de mé-
tal (BiICMOS) peuvent étre considérés comme étant la solution la plus générale
pour les produits RF car ils combinent la fabrication sophistiquée du CMOS
avec la vitesse et les capacités de conduction des transistors bipolaires silicium-
germanium (SiGe) a hétérojonction (HBT). Les HBTs, réciproquement, sont
les principaux concurrents pour combler partiellement 1’écart de térahertz
qui décrit la plage dans laquelle les fréquences générées par les transistors et
les lasers ne se chevauchent pas (environ 0.3 THz & 30 THz). Afin d’évaluer
les capacités de ces dispositifs futurs, une méthodologie de prévision fiable est
souhaitable. L’utilisation d’un ensemble hétérogéne d’outils et de méthodes de
simulations permet d’atteindre successivement cet objectif et est avantageuse
pour la résolution des problémes. Plusieurs domaines scientifiques sont com-
binés, tel que la technologie de conception assistée par ordinateur (TCAO),
la modélisation compacte et 'extraction des paramétres.

Afin de créer une base pour ’environnement de simulation et d’améliorer
la confirmabilité pour les lecteurs, les modéles de matériaux utilisés pour les
approches hydrodynamiques et de diffusion par conduction sont introduits dés
le début de la thése. Les modéles physiques sont principalement fondés sur
des données de la littérature basées sur simulations Monte Carlo (MC) ou des
simulations déterministes de 1’équation de transport de Boltzmann (BTE).
Néanmoins, le module de TCAO doit étre aussi étalonné sur les données de
mesure pour une prévision fiable des performances des HBTs. L’approche
correspondante d’étalonnage est basée sur les mesures d’une technologie de
pointe de HBT SiGe pour laquelle un ensemble de paramétres spécifiques a
la technologie du modéle compact HICUM /L2 est extrait pour les versions
du transistor & haute vitesse, moyenne et haute tension. En s’aidant de ces
résultats, les caractéristiques du transistor unidimensionnel qui sont générées
servent de référence pour le profil de dopage et I’étalonnage du modéle. En
élaborant des comparaisons entre les données de références basées sur les me-
sures et les simulations, la thése fait progresser ’état actuel des prévisions
basées sur la technologie CAO et démontre la faisabilité de 'approche.

Enfin, une technologie future de 28 nm performante est prédite en appli-
quant la méthodologie hétérogéne. Sur la base des résultats de TCAQ, les
limites de la technologie sont soulignées.
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CHAPTER 1

Introduction

1.1 Motivation

The demand for increased functionality and speed of modern communica-
tion systems drives the evolution of RF technologies, such as RF-CMOS, II11/V
HBT, III/V HEMT or SiGe BiCMOS technologies (featuring both CMOS and
SiGe HBTs). Within the publicly released RF/AMS tables, the ITRS [1] esti-
mates the performance of all these technologies 15 years ahead of the current
point in time. Each of the technologies has particular characteristics in com-

parison to the rest of the group:

e RF-CMOS technologies usually feature a state-of-the-art lithography
node. Inherently, a reduced device size for large functional densities, a
large number of metal layers and digital CMOS are available. However,
typically the device speed is at the lower end of the competitors for
a fixed feature size and the performance drop caused by interconnects

becomes increasingly larger compared to the other technologies [2].

e III/V HBT and HEMT technologies currently offer the fastest devices
available with maximum oscillation frequencies in the THz range for pro-
totype devices [3}4]. The HEMT devices require electron beam lithogra-
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phy (EBL) for achieving these speeds. In case of non-EBL systems, the
node size is typically much larger than for current RF-CMOS lithogra-
phy and thus, limits the functional density and device speed. As III/V
technologies are not silicon based, they cannot be easily combined with
CMOS for improving the feature size.

e BiCMOS technologies provide access to both high-density digital CMOS
and the superior RF capabilities of SiGe HBTs. Although the perfor-
mance does not reach the speed of for III/V technologies, BICMOS pro-
cesses can be considered as the most general solution for RF products,
as they combine the mature manufacturing of CMOS with the speed
and drive capabilities of SiGe HBTs.

The consideration of which option is most suitable for a given application is
not trivial and depends on various factors; such as cost, design specifications
(performance) and circuit volume. For speed limited circuit applications, e.g.
in data communication or radar applications, device performance is becoming
more important than other factors. Useful device metrics in this field are
the transit frequency f; and maximum oscillation frequency fi.x for which a
literature study is presented in figures [I.1] and [I.2] for RF-CMOS, SiGe HBTs
and InP HBTs as an example for a fast III/V technology.

The mentioned figures of merit (FoMs) depend on the characteristic size
of the respective device wcpay- For RF-CMOS wephay is the gate length g,
whereas for HBTs an appropriate selection is more difficult. HBT-relevant
information about layer thickness is usually confidential and therefore inac-
cessible in publications. Consequently, the emitter width bg was selected for
the literature study in this introduction, as it is the most important lateral
dimension that corresponds to the feature size and can be accessed.

Two factors influence the significance of these data: (i) Occasionally, wehar
is not accurately specified in the publications. For example, instead of the
actual emitter widthE| the drawn dimension is listed. (ii) Of course, other

factors than the characteristic width can change performance. For example,

IThe actual emitter width bgy corresponds to the drawn emitter width bgrawn Of the
integrated circuit (IC) mask layout reduced by the width of the inside base emitter spacers.
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Figure 1.1: Results of a literature study covering a variety of publications
for InP-HBTs, SiGe-HBTs and RF-CMOS [5H72]. (a) fi vS. Wchar and
(b) fmax VS. Wehar for the three different types of technologies.

for HBTs the vertical profile influences transistor speed and gain. (i) and
(ii) lead to a data spread that can become significant, especially for HBTs.
Nevertheless, the data are separated in three distinct areas corresponding to
the respective technologies and are aligned fairly well. The extrapolated lines
show the trend for all three technologies and were obtained by a robust fitting
procedure to minimize the influence of outliers. Note the slightly different
slopes indicating a somewhat more optimistic forecast for SiGe HBTs.
Judging from the data in fig. [[.T] the characteristic width required for a
transistor with f; = 1 THz can be determined from the extrapolated lines as
10nm, 41 nm and 120nm for RF-CMOS, SiGe HBTs and InP HBTS, respec-
tively. Similarly, the procedure is repeated for fax = 1 THz leading to 12 nm,
44nm and 130nm. For InP HBTs the 1 THz barrier has been reached already
at an emitter width of about 130nm [4] aligning well with the studied data.
At a first glance, fig.[I.2) would be interpreted as a stalemate between SiGe
HBTs and RF-CMOS in terms of f; (contrary to fig. [1.1). However, when
taking into account that the underlying characteristic width is more than
three node steps ahead for RF-CMOS, it becomes clear that the performance
can only be achieved with advanced manufacturing. Note that the diversity of

the processes included in this study yields a strong data spread against time
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Figure 1.2: Results of a literature study covering a variety of publications
for InP-HBTs, SiGe-HBTs and RF-CMOS [5H72]. (a) f; vs. time and (b)
fmax vs. time for the three different types of technologies.

reducing the significance of the extrapolations. A simple extrapolation was
performed on the figure data: fi = 1 THz is reached in 2022, 2021 and 2016 for
RF-CMOS, SiGe HBTs and InP HBTs, respectively. Similarly, fi.x = 1THz
is reached in 2022, 2019 and 2015.

These numbers could turn out to be somewhat too optimistic, as there
might not be sufficient demand for circuits in this operating region, which
would be necessary to keep production costs low for non-prototyping processes
and to trigger the development of such processes. Furthermore, transistor
development is expected to run into physical limitations for small dimensions.

In addition to the small signal behavior, the permissible voltage rating
is important in circuit design for meeting DC and RF power delivery con-
straints, as well as reliability requirements. Suitable FoMs for the assessment
of these circuit requirements are the breakdown voltages BVcgo and BVego
for HBTs and BVpss for MOSFETs. Note that for CMOS a breakdown volt-
age like BVogo cannot be defined, as the Gate current under typical DC bias
conditions (i.e. negligible gate tunneling and leakage) is zero. Therefore, only
BVepo and BVpgg are comparable FoMs, as they are measured in the same
hierarchical way. Unfortunately, the amount of data for BVpgg in the ana-

lyzed papers is small and therefore, no results can be presented here. Fig.
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Figure 1.3: Results of a literature study covering a variety of publications
for InP-HBTs and SiGe-HBTs [5H72|. (a) BVceo vS. Wehar and (b)
BVcpo vS. Wehar for SiGe HBTs only, due to the limited amount of data
for InP HBTs.

shows the results of the literature study for the breakdown voltages BVcgo
and BVcpo-

Even if the data for BVggo in fig. are trending relatively well, it
needs to be noted that there is no direct physical relation between breakdown
mechanisms and the characteristic width. Instead, the reasons for the good
alignment are an increasing current gain By for mature processes and the
increasing collector doping required for speed improvements over the past
years. Newer — and therefore smaller — high speed (HS) transistors typically
have a smaller base current and a larger collector doping leading to a lower
breakdown voltage. Contrary to BVcgo, BVepo does not depend on the
base current behavior, but on the breakdown behavior of the reverse biased
BC diode making BVcpo a true measure for the transistor voltage limit. A
negative base current is tolerable for some applications and therefore BVcgo
can be exceeded to improve device performance [73].

Typically, the current gain of InP HBTs is more than a decade smaller
than the current gain of SiGe HBTs. This leads to an increase of BVcgo
and the gap indicated in fig. Also, it clearly demonstrates that BVcgo

is less significant for the voltage limit of a transistor because it makes break-
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Figure 1.4: Results of a literature study covering a variety of publications
for InP-HBTs and SiGe-HBTs [5H72|. (a) BVcgo vs. fi and (b) BVcepo
vs. f; for SiGe HBTs only, due to the limited amount of data for InP
HBTs.

down depend on the base current — i.e. a transistor with a negligible base
current would have a breakdown voltage close to zero. Consequently, the gap
between BVcgo and BVepo is much smaller for InP HBTs as illustrated by
the standard text book equation [74]

E

1
BVceo = BVcgo <1 +Bf) ) (1.1)

with the material and doping dependent factor k. The larger the current gain,
the larger the discrepancy between the two breakdown voltages.

Fig. shows the trend of the breakdown voltages against transit fre-
quency as obtained from the literature study. The data for BVspo are trend-
ing very well because the base current does not influence this FoM. Conversely,
the uncertainty for BVcgo is somewhat larger. As the electric field increases
with increasing collector doping, f; improves but the breakdown voltage re-
duces: For a transistor with f; = 1 THz, BVcgo decreases to 0.9V and 2.7V
for SiGe and InP HBTs, respectively. Similarly, fi = 1 THz can be reached
at BVego = 2.6V for SiGe HBTs. The values indicate a reasonable voltage

rating even for very fast transistors.



1.2 Overview

In summary, SiGe HBTs are one of the major contenders for high speed
analog circuits with additional potential for development. The high transit
frequency and maximum oscillation frequency at a relaxed feature size allow

a cheap fabrication of fast circuits.

1.2 Overview

The main goal of this thesis is to establish a reliable methodology for the
performance prediction of SiGe HBTs using a heterogeneous set of simulation
tools and approaches. To accomplish this task, various scientific fields have to
be combined: technology computer-aided design (TCAD), compact modeling,
parameter extraction and device physics. The employed TCAD simulations
are based on the numerical evaluation of transport and electrostatics in semi-
conductor devices and allow to predict the performance of one-dimensional
(1D) and two-dimensional (2D) structures. Using such tools bears the risk of
generating incorrect results after long simulation times and consuming many
resources, which is why this first step of the prediction needs to be kept as sim-
ple as possible without compromising accuracy. Consequently, the considered
1D evaluations are based on complex simulation schemes (like the Boltzmann
transport equation (BTE) or hydrodynamic (HD) transport), whereas the
prediction of 2D components is based on drift-diffusion (DD) simulations.

The biggest disadvantage of a prediction, which is solely based on TCAD,
is that circuit simulations (but also simulations of the complete 3D transis-
tor structure) are not feasible. The structures would be too complex and
time consuming for efficient circuit design. As a result, the chosen prediction
approach uses a suitable compact model for describing the TCAD results ana-
lytically. This makes the prediction depend on accurate and robust extraction
methods but allows to proceed with a compact model. A large portion of the
thesis is therefore dedicated to the extraction of parameters for the compact
model; the feasibility of the approach depends on it.

After the extraction of the technology specific parameters for the internal
transistor region, external transistor elements — such as the spacer capaci-

tances and external resistances — are added to the modelcard. This is realized
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with the help of additional TCAD tools and methods, but some of the ele-
ments cannot be predicted by the approaches employed in the work and need
to be assumed (e.g. contact resistances).

For a meaningful prediction, it is necessary to assess the significance of
the TCAD simulations. Therefore, a prediction dry run is performed for an
existing bipolar technology. The calibration of the tools mainly focuses on the
adjustment of doping profiles, as they have turned out to be the decisive factor
for obtaining reliable results [75]. Nevertheless, the used material models of
the simulations are important too and thus, are summarized in the beginning
of the thesis. At the end of the dry run, a comparison with measurement data
reveals the accuracy that can be expected from the method.

Finally, the thesis is concluded with the evaluation of a novel SiGe HBT
architecture, which can serve as the next generation of bipolar transistors.
The technology is demonstrated to exhibit promising RF performances in
comparison to existing industry processes [76].

The thesis is structured as follows: Chapter [2| examines the used material
models for the DD and HD based simulations. The extraction methodology,
which is applicable to simulations, is presented in chapter [3| for measurement
data of an advanced SiGe HBT technology. In chapter @ the TCAD cali-
bration is performed by matching doping profile and physical models to the
extracted reference data and parameters. Finally, the prediction is performed
for the mentioned process and a future architecture in chapter [5] before giving

a conclusion and outlook in chapter [6]



CHAPTER 2

Simulation setup for advanced SiGe HBTs

2.1 Overview on device simulators

The final goal of the thesis is to predict the performance of future SiGe
HBT technologies. To achieve this goal, a TCAD based approach is chosen
using a heterogeneous set of simulation tools. Using a set of simulations
instead of a single simulation run — which would have to cover all physical
aspects at the same time — splits up the task and hence, simplifies prediction.
This is especially useful for the calibration process because it helps to assign
measured /extracted technology parameters to easy-to-comprehend simulation

setups. The following list gives a short overview of the used simulation tools.

Chief is an in-house hydrodynamic (HD) simulator developed by the Chair
for Electron Devices and Integrated Circuits (CEDIC) at Technische
Universitit Dresden (TUD) featuring 1D simulation capability at 300 K
[77]. Doping profile descriptions and physical model parameters are fully

accessible and can be manipulated easily.

DEVICE is an in-house mixed-mode drift-diffusion (DD) simulator of CEDIC

featuring 3D simulation capability at arbitrary temperatures [78] with
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full access to the tool and source code. Therefore, new physical models
and analytical profile definitions can be implemented.

POICAPS is an in-house Laplace simulator of CEDIC featuring 3D simula-
tion capability used for the determination of parasitic capacitances [79).
Due to the relatively low complexity of the Laplace equation, larger
systems with complex geometries can be simulated within a small time

frame.

DEBOTS is an in-house deterministic Boltzmann transport equation (BTE)
solver of CEDIC. It solves the BTE with the help of the box-integration
method and the WENO approach [80]. Although the BTE offers a
more physical approach for device simulations, it needs to be noted that
a conformity between HD-based commercial simulators and a BTE tool
cannot be established for arbitrary doping profiles and a single physical
parameter set. Additionally, the runtime is about three decades longer
(in comparison to HD simulations), which makes the tool unsuitable for
intensive usage, e.g. for calibration purposes. Therefore, BTE solvers
are mainly used for predictions, in which physical limitations play an

increased role.

A single tool is not capable of meeting all requirements for the performance
prediction of SiGe HBTs. Each tool has an unique area of application making
it necessary to combine the results for a unified prediction. The details of this

approach are shown in chapter

2.2 Physical models

Ultimately, for a meaningful assessment of the performance of SiGe HBTs,
calibrated physical models are required. As a starting point for the final goal of
a calibrated TCAD deck, the parameters used for the models in the simulation
tools are adjusted to match literature data. The calibration needs to cover
all models used in the simulations: Models for mobility and energy relaxation
times are adjusted to the Monte Carlo (MC) based reference of [81]. Next,

parameters for the density of states (DoS) and saturation velocity are tuned

10
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according to [82]. Finally, the remaining device models, like the band gap and

recombination, are illustrated.

2.2.1 Mobility as a function of doping

Mobility in silicon devices is a function of doping, germanium content,
carbon content, strain, field and direction. It also depends on the carrier
type (electrons/holes) and their type of abundance (majorities/minorities).
For most approaches in literature, the model core consists of the standard
Caughey-Thomas equation [83] for describing the low-field mobility

Mmax — Hmin (21)

HIF = Hmin + @y
1+ (G/Gref)

with the total doping G = N, + NS and the model parameters fimin, ftmax,
Gier and . For low doping concentrations G/Gyet approaches zero and pup
tends t0 pmax. Likewise, for large doping concentrations G/Get approaches
infinity and pp tends to pgi,. The slope of the transition depends on the
parameter . A schematic illustration of the equation is shown in fig. 23] for

a single parameter combination.

Hmax ~———Ff-—-—-—-—- ===

Figure 2.1: Schematic
dependence of the mo-
bility vs. doping for
a = 1 and Gre =
10*" cm™ according to

)

HMF

Hmin
1013 1015 1017 1019 1021

G/(cm™3)

Mobility models implemented into device simulators use extended descrip-
tions that also account for the type of abundance. An obvious approach is
to use additional parameters to model abundance leading to a distinction of
cases in the mobility description, as provided by Chief. For the reference
model (Reggiani) and DEVICE, the abundance differentiation is taken into

11



2. Simulation setup for advanced SiGe HBTs

. Mmax — Hmin
Chief [77 MF = Mmin + —— & (2.2)
[ I 1+ (G / Gref)
parameters: Umaxs Gret, @ and iy for both majorities and
minorities
Mmax — ,ufl,min
MF = Mflmin + ———— =
1+ (G/Grcf)
N
Hf1,min = HMmin |:1 + (T - 1) N + ¢

DEVICE |7| N N,  for electrons (2.3)
| NS for holes
n  for electrons
CcC =
p  for holes
parameters: Umaxs Grefs @ fmin and 7
input: n as electron and p as hole density

Hmax — Hf2,min
1+ (N;/NA»rCf> * + (NS/ND,I“C{)

o ,U/min,ANX + ,Ufmin,D-ZV]J)r
Ny + Nj

D

HIF = [4£2, min T
Reggiani [81,84]

,Ufo,min -

(2.4)

parameters: Hmax NA7ref: ND7ref: A, D, Hmin,A and Hmin,D

account by additional analytical terms within the minimum mobility and the
doping transition leading to a smooth description. The model equations are
shown in , and .

The mobility data presented in [81] are based on MC simulations and mod-
eled with the Reggiani description. Most of the parameters can be transfered
to Chief and DEVICE for ensuring a consistent model representation between
the used simulators, while the parameter r does not exist in Chief and is used
in DEVICE to represent the ratio between minority and majority mobility
at very large doping concentrations. The mobility comparison for the out-
of-plane case (transport in vertical /growth direction) and the corresponding
parameters are shown in fig. and tables and respectively.

12
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1500
— 1250
. 1000
—~
NE 750
S
< 5007}
=
S\ 250
\ \ 545 0 \ \ a2
1015 1017 1019 1021 1015 1017 1019 1021
G/(cm™3) G/(cm™3)
(a) (b)
Figure 2.2: Low-field mobility of electrons and holes in silicon for both
minority and majority carriers. Model comparison of wr vs. G = N, +
N for (a) Chief (lines) vs. [81] (markers) and (b) DEVICE (lines) vs.
(markers).
parameter Lmin Pmax Gref « r
(unit) (em?/(Vs))  (em?/(Vs))  (em™) (1) (1)
c . 65 (maj.) 8.5-10' 0.75
Reggiani and Chief 240 (min.) 1500 9.10 (.78 -
DEVICE 65 1500 8.5-10' 0.75 3.69
Table 2.1: Consistent parameter set used for the out-of-plane mobility
model for electrons in doped silicon based on reference [81].
parameter min Hmax Ghrer a r
(unit) (em?/(Vs))  (em?/(Vs)) (em™®) (1) (1)
. . 42 (maj.) 3-10'7 0.7
Reggiani and Chief 104 (min.) 510 3.1017 o7 -
DEVICE 42 510 3-10'7 0.7 248

Table 2.2: Consistent parameter set used for the out-of-plane mobility
model for holes in doped silicon based on reference [81].

13
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2.2.2 Mobility as a function of germanium

When combining silicon with different materials to form an alloy, the mo-
bility is altered. To calculate the resulting mobility, the rule of Matthiessen
can be applied treating different mobilities like the concept of a parallel
connection of several resistors. Additionally, nonlinear behavior can be in-
troduced for covering different physical effects accurately, e.g. from various
scattering mechanisms. lists a simplified model from [81] for the SiGe

composition system.

1 _ 1- Tmol + Tmol Tmol (1 - xmol) 1
HSiGe Hsi pce  Co+ moiCr + 22 ,Co C, (2)
———
1% term 28d torm 3" term

C, (2t) = Xst — (xst — 1) exp (:) and 2y = —0.10712m01 — 0.016322,,
(2.5)

The model consists of three main components:

e The standard Matthiessen rule (first term).
e The nonlinear extension to include the effect of alloy scattering for re-
laxed SiGe alloys (second term).

e The model to incorporate the impact of strain on mobility (third term).

In addition to this main description, the mobility at low doping concentra-
tions is altered due to phonon interactions according to (2.6)), which can be

described by a change of pnax that is taken into account for ug;.

for electrons

Hmax,M2 — Hmax,M1
1+ exp[(zst — 20) O]

Mmax (Z) = Mmax,M1 +

for holes

2
Z
Mmax (Z) = Mmax,M3 + (%)
20

Even if the description seems fairly complex, there is only a single quantity

that serves as input to the model: ) is the germanium mole fraction within

14
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parameter Co Cy Cs Xst
(unit) (cm?/(Vs))  (em?/(Vs)) (cm?®/(Vs)) (1)
value 120 0 0 2.2

parameter 20 21 Mmax, M1 Hmax, M2
(unit) (1) (1) (cm®/(Vs))  (em®/(Vs))
value 0 0.01 700 2300

Table 2.3: Parameters from the reference for the out-of-plane mo-
bility model for electrons in biaxially strained SiGe.

parameter Cy 4 & Xst
(unit) (cm?/(Vs)) (cm?/(Vs)) (em?/(Vs)) (1)
value 60 70 170 2.1
parameter 20 21 Hmax,M3
(unit) (1) (1) (cm?/(Vs))
value 0.0015 0.05 510

Table 2.4: Parameters from the reference for the out-of-plane mo-
bility model for holes in biaxially strained SiGe.

the limits 0 < Lmol < 1 and COa 01, 027 Xsts 21, 205 ﬁv Hmax,M1, Hmax,M2 and
Imax,M3 are material parameters. The limits

Inlgg HSiGe = [Si and zlilgl HSiGe = [Ge (2.7)
show that the additional terms do not affect the result for pure silicon or
germanium. All related parameters of the model are listed in tables and
24

The model description is a comprehensive and successive approach that
captures physical effects separately. Chief and DEVICE do not offer such a in-
depth mobility description, but their simplified method still allows to model
the SiGe composition system. In DEVICE, the model parameters piy.x and
[hmin Of are replaced by generic quadratic functions of the mole fraction

Tmol as shown in ([2.8)).

15
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2
HMmax,f (xmol) = Hmax + GmaxTmol + bmaxl'mol

DEVICE |[78] (2.8)

2
Hmin,f (xmol) = HMmin + Gmin®Tmol + bminxmol

parameters: Hmax, Gmax, bmax; HMmin; Amin and bmin (abundance
independent)

The model for Chief, like the one in [81], is based on BTE simulation

results and therefore, uses an exponential description, see ([2.9).

Trmol
Hmax.f (Tmol) = HUmax + Cmax {1 — exp < = >} + GmaxTmol

xmax

Chief [77| ,umin,f (xmol) = Mmin + Cmin |:1 — eXp (_z‘.md)] + AminTmol
Gre
log (cmf?’) = a4GTmol + bcxfml + CGIf’m,l + dg
(2.9)

parameters: Hmax; @max, Cmax; Tmax; Hmin; @min, Cmin; Lmin; AG,
ba, cq and dg for both majorities and minorities
)

Both models were adjusted to the reference by means of optimization,
with the corresponding comparisons shown in figures and Note that
Imax 1s identical for both types of abundance and hence, no distinction is
made in the figures.

For the optimization, the following steps were carried out resulting in the
parameters of tables and

(i) The parameters for the pnax and g, descriptions were tuned for
both Chief and DEVICE minimizing the least-square error with
respect to (2.5) and therefore, the behavior for very low and very
high doping vs. mole fraction is fixed.

(ii) For Chief, the model for G,f is adjusted for the best overall fit in
the relevant doping region of 10'* cm ™3 < G < 10! cm 2 and the
considered mole fraction region of 0 < x,, < 0.4 while keeping

the result of the previous step.

16
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ﬂmax/(ch/(V S))

fimin/ (cm?/(V's))
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Figure 2.3: Out-of-plane mobility of biaxially strained SiGe for electrons
and holes at low doping concentrations. Model comparison of pimax Vs.
Zmol for (a) Chief (lines) vs. (markers) and (b) DEVICE (lines) vs.
[81] (markers).

300 300
2505"0-0--0--9-—9--6--0-5 E 2506"d'b"f)-_a--t;_-;"o [
200 - -1 < 200+ n
1501 +e ,maj Oe ,min k s 150 1 +e ,maj Oe ,min |
>h*,maj *h* min \gl >h*,maj *h* min
100 F=rdmim s m e m i m 3t = im0 == \: 100 === =g m e =
—————— E Attt
50 SRR SO ST T SN T SR S 3 50 TP ST S S U U P S
0 ! ! ! 0 ! ! !
0 10 20 30 40 0 10 20 30 40
xmol/(%) meI/(%)
(a) (b)

Figure 2.4: Out-of-plane mobility of biaxially strained SiGe for electrons
and holes at very high doping concentrations. Model comparison of fimin
VS. Tmol for (a) Chief (lines) vs. [81] (markers) and (b) DEVICE (lines)
vs. [81] (markers).
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parameter (Chief) Hmax Gmax Cmax
(unit) (cm?/(Vs)) (em?/(Vs)) (em?/(Vs))
value (maj.) 1500 10652 -21359
value (min.)
parameter (Chief) Tmax Hmin Gmin
(unit) (1) (cm?/(Vs)) (cm?/(Vs))
value (maj.) 1.502 65 30.99
value (min.) ' 239.5 87.42
parameter (Chief) Crin Tmin aG
(unit) (cm*/(Vs)) (1) (1)
value (maj.) -8.98 0.298 5.07
value (min.) -45.7 0.170 4.72
parameter (Chief) ba ca de
(unit) (1) (1) (1)
value (maj.) 155 16.12 16.93
value (min.) 14.75 16.03 16.95
parameter (DEV.) Lmax Gmax bmax
(unit) (cm?/(Vs)) (em?/(Vs)) (em?/(Vs))
value (maj.) 1500 -3579 4442
value (min.)
parameter (DEV.) Mmin Gmin bmin
(unit) (em?/(Vs)) (em?/(Vs)) (em?/(Vs))
value (maj.) 65
value (min.) 65 - 3.69 297 50

Table 2.5: Consistent parameter set used for the out-of-plane mobility
model of electrons for biaxially strained SiGe in DEVICE and Chief based

on reference .
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parameter (Chief)

Hmax

amax

Cm ax

(unit) (em?/(Vs))  (em?/(Vs)) (em?/(Vs))
value (maj.) 510 1001 -386.1
value (min.)
parameter (Chief) Tmax Lemin Gmin
(unit) (1) (em?/(Vs))  (em?/(Vs))
value (maj.) 42 4.37
value (min.) 0-0986 104 49.13
parameter (Chief) Crin Tmin aG
(unit) (cm?/(Vs)) (1) (1)
value (maj.) -4.00 0.120 3.48
value (min.) -24.77 0.127 3.02
parameter (Chief) ba ca dg
(unit) (1) (1) (1)
value (maj.) -8.85 7.03
value (min.) -7.54 6.43 17.48
parameter (DEV.) Lmax Gmax bmax
(unit) (cm?/(Vs)) (em?/(Vs)) (em®/(Vs))
value (maj.) 510 1738 4983
value (min.)
parameter (DEV.) Mmin Qmin bmin
(unit) (em?/(Vs)) (em?/(Vs)) (em?/(Vs))
value (maj.) 42
value (min.) 42 - 2.48 212 441

Table 2.6: Consistent parameter set used for the out-of-plane mobility
model of holes for biaxially strained SiGe in DEVICE and Chief based on

reference .

19



2. Simulation setup for advanced SiGe HBTs

pur/(em?/(Vs))

! ! ! ! ! fiailag ]
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G/(cm™3) G/(cm™3)
(a) (b)

Figure 2.5: Out-of-plane mobility of biaxially strained SiGe for electrons
and holes at a germanium concentration of Tmer = 20 %. Model compari-
son of ur vs. G = N5 + N} for (a) Chief (lines) vs. [81] (markers) and
(b) DEVICE (lines) vs. (markers).

Although the previous figures indicate a good agreement of DEVICE with
the reference, the transition from low to high doping concentrations is not
sufficiently well captured for some germanium concentrations, as shown in
fig. 25] To improve the consistency between the used simulators, the full
mobility description of Chief was implemented in DEVICE, including the
Gret model.

2.2.3 Energy relaxation times

The energy relaxation time 7, is a material characteristic that describes
the time required for thermally stimulated carriers to return to their steady
state. As 7, is used within the energy balance equation, only HD simulations

require a respective model. The used reference description [81] reads

T, T
Te = (TO + 7—lxmol) |:1 — €xXp (_CertTL> + (TE‘)] s (2.10)

with the lattice temperature 77,, the carrier temperature 7. and the material
parameters 79, 7; and Cq¢. Chief provides a similar model to the user that
was based on BTE simulations, see (2.11). For a consistent representation,
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T, 2 T\
Chief [77] Te = (Ta + ToTmo1) exp |—Ci1 | == — Co | + Cpo [ =2
Ty, T.
(2.11)
parameters: Ta, Thy Ct1, Ci2 and C,
parameter (ref.) To Ti Cert
(unit) (ps)  (ps) (1)
electrons 0.38 0.04 0.18
holes 0.36 0.13 0.10
parameter (Chief) 7, Th Cu Cio Co
(unit) (ps)  (ps) (1) 1 1)
electrons 0.38 0.04 1.93-102 16.33 0.643
holes 0.36 0.13 9.16-10~* 28.87 0.873

Table 2.7: Parameters for the energy relaxation time models for electrons
and holes in the reference [81] and Chief.

05 T T T 05 T T T

+electrons + electrons

>holes 7 0.45 >holes b

— 0.4 s
g -.
<® 0.35 [ =
= 0.3 - V}}_.N
0.25 e .
| "Q'P"V\'F‘ﬁ g ! \ | ! ! !
2 2
0 1 5 10 15 0 1 5 10 15
T. /Ty, T. /T,
(a) (b)

Figure 2.6: Model comparison between Chief (lines) and [81] (markers)
for the energy relaxation time of electrons and holes. 7. vs. Tc/T1, at a
mole fraction of (a) Zmor = 0% and (b) zmo = 30 %.

the model parameters were adjusted to the reference, with the corresponding
values given in table[2.7] and a comparison for two different germanium mole
fractions shown in fig.
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2.2.4 Effective density of states

The DoS is a material quantity that describes the amount states within
an infinitesimally small energy span per unit volume available to be occupied
by carriers, which does not necessarily mean that carriers filled these spots.
Together with the distribution function that describes the probability to oc-
cupy a state, the number of free carriers per unit volume can be calculated

for a bulk semiconductor:

°°87rme E—EF>
n = 2Me.off (F — E exp | ——— dFE
[ oo (B~ o) o(-“or

density of states Boltzmann distribution function

2.12
[2wme,eﬁkBTLr/2 < EC—EF> (2.12)
2| ————— exp| ———— | .

h? ksT,

effective density of states (NgiGe,n)

E, Ec, Er, mccr, h and T3, are the energy, conduction band edge, Fermi
energy, effective electron mass, Planck constant and lattice temperature, re-
spectively. Since me e (and the effective mass for holes my, o) depends on
the germanium content, this must be taken into account for the device sim-
ulations. Using [82] as reference, the effective DoS for the SiGe composition

system is described by

M+ Maesp (i) + My exp (25 )

Nsige = Nsi (2.13)

My + My + M3 exp (;CAB%)

with the Boltzmann constant kg and the material parameters My, Ms, Ms3,
AFE;, AEs, AE3 and Ng; for both electrons and holes. Corresponding pa-
rameter values are listed in table Contrary to [82], the mole fraction
dependent DoS models in DEVICE and Chief are based on the effective elec-
tron mass: DEVICE and Chief employ a generic quadratic and an exponential

description, respectively. (2.14]) and (2.15]) list the corresponding models.
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parameter (ref.) AFE; AFEs AFEs Ng;
(unit) (eV) (eV)  (eV) (em™3)
conduction band -0.6 0 0 2.94 .10

valence band -0.31 -0.315 -0.044 2.24-10'9
parameter (ref.) M, Moy e
(unit) (1) (1) (1)
conduction band 4 2 0
valence band 1 1 1

Table 2.8: Reference parameters [82| for the effective density of states
model of electrons and holes.

DEVICE [78I NSiGe = Nz [me,r + Qe,r Tmol + be,rx?nol} 32 (214)
parameters: Me,r, Qe and be
N, =9 QWmekBTL 3/2
Chief |77] o h? (2.15)

NSiGe = szg)/f |:(1 - Cdos) + Cdos €XP (_mel>:|

Tdos

parameters: Me.,ry Cdos ANd Tgos

The parameters of DEVICE and Chief were tuned for agreement with the
reference: me , was calculated according to me , = (NSi/NZ)2/3 and the other
parameters were determined by least-square optimization. The results are
shown in fig. [2.7] with the corresponding parameter listing in table 2.9] As
can be observed in the figure, the generic quadratic description of DEVICE is
not sufficient for a consistent model approach and therefore, the DoS model
used in Chief has been implemented in DEVICE.

23



2. Simulation setup for advanced SiGe HBTs

.1019 1019
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Figure 2.7: Model comparison between Chief, DEVICE and [82] for
the effective density of states vs. germanium mole fraction for (a) the
conduction and (b) valance band.

parameter (Chief) me, Cdos Zdos

(unif) (1 Q) (1)
electrons 1.112 0.333 0.0431
holes 0.927 0.667 0.0827

parameter (DEV.) me, o, r be r
(unit) 1 Q) (1)
electrons 1.112 -2.91 7.39
holes 0.927 -3.79 7.84

Table 2.9: Parameters of the model description in Chief and DEVICE
for the effective density of states model of electrons and holes.

2.2.5 Energy band diagram

The band model of a semiconductor — as used in classical DD and HD

simulations — can be described by the energy band gap and electron affinity.

Both quantities are composition dependent and additionally, the band gap is a

function of doping concentration, caused by the so-called band gap narrowing

(BGN) effect. It describes the band gap reduction due to the insertion of

ionization energy levels close to the band edges.
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The band gap model reads

band gap at reference temperature

Eqy(mol, G) = + Qg Tmol + bga2 o + Cad ) — E
g ol g0 g<lmol g 1 g ! ZBGN
mo mo
SiGe composition band gap narrowing (2-16)

G G \1?
EBGN = Ehd In <%> + \/|:1H <%>:| + Cha |

with the material parameters Eyo, ag, by, Fhd, Gnd, Yha and cpq. Corre-
sponding parameter values are listed in table and are taken from [85/86].
The implemented band gap models of DEVICE and Chief do not feature the
cubic parameter cg, as it only becomes relevant for large values of 0. For
the relevant range of 2o < 0.4, ¢ can be incorporated in b,. A compari-
son is shown in fig. 2.8 and the additional parameter combination is listed in
table

The electron affinity x is the energy required by an electron to reach
the vacuum level Ey,. starting from the conduction band edge Ec. The

corresponding model is a generic quadratic function of xy,.)

X (xmol) = Xo + Ay Tmol + bxxfno] + 'YthBGN; (217)

with the material parameters xo, a, and b,. Values for the electron affinity

25



2. Simulation setup for advanced SiGe HBTs

parameter (reference) Eqo ag bg Cg
(unit) (eV) (eV) (eV)  (eV)
value 1.1241 -0.96 043 -0.17

parameter (DEV./Chief)  Ey ag by Cg
(unit) (eV) (eV) (eV)  (eV)

value 1.1241 -0.96 0.375 0
parameter (BGN) Fhna Gha Chd Yhd
(unit) (meV) (em™3) (1) (1)

value 6.92 1.3el7 0.5 0.5

Table 2.10: Parameters of the references for the band gap model
of biaxially strained SiGe.

parameter (ref.)  xo y by
(unit) (V) (eV) (eV)
value 4.05 -0.05 0

Table 2.11: Assumed parameters for the electron affinity of SiGe.

of silicon and germanium can be found in literature , but a measurement
based analysis of the functional dependence does not exist yet [88]. As xs;
and yge do not differ significantly (4.05eV vs. 4.0€V), a linear behavior —
with the corresponding parameter values listed in table 2.11] — is assumed.
DEVICE and Chief provide the same description and therefore, no parameter

adjustment is necessary.

To illustrate the effects of a changing band gap and affinity consider the
exemplary structure in fig. The left hand side part consists of a constantly
doped region with variable germanium mole fraction, whereas on the right
hand side the germanium content is fixed and the doping level increases. For
the thermal equilibrium and without interaction of the Poisson equation with
the band edges (i.e. the electrostatic potential v is zero), Ec and the valence
band edge Fv can be calculated with the previously described models by
applying
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Ec Y T . Figure 2.10: Band di-
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& structure (see fig.
Eg illustrating the influ-
ence of alloying and
BGN.
by /\—‘:——r‘—f

Eq = Eac — X
(2.18)

Ev = Ec — E;.
With increasing germanium content, both Fy and the electron affinity are
reduced and both F¢ and FEy of the left hand side of fig. are changing
accordingly. Due to BGN, the electron affinity is increased and the band gap

reduced, as can be observed on the right hand side of the figure.
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2. Simulation setup for advanced SiGe HBTs

2.2.6 High-field mobility

The generic model for the high-field mobility unr according to [89] reads

HIF

Bup] 1/ Por
E.
{1 + ( Jfﬁm) } : (2.19)

2 3
Usat (xmol) = Usi + AsatTmol + bsatmmol + Csat L ol

pnr (Eer) =

with Feg as the driving field in HD simulations (Eq4r) or the gradient of the
quasi-Fermi potential in DD simulations (|grad (¢)|) and the model parame-
ters agat, Dsat, Csat and Bpr. The model parameters of electrons were adjusted
to MC simulation data [89] for a consistent model representation within the
used simulators, see fig. In DEVICE, a third order coefficient does not

exist and therefore, cg,¢ is set to zero.

For holes, standard parameters are assumed, based on [83]. The complete
parameter set is listed in table Note that the value of Sy used for
DEVICE is different to Chief, as the driving force in HD simulations differs
and an additional carrier temperature dependent portion is added to Feg
(see [89)]).

2.2.7 Relative permittivity

The relative permittivity e, ap of an arbitrary alloy consisting of the ma-

terials A and B may be calculated according to [90]

€r,AB (xmol) = (1 - xmol) Er,A + Tmol€r,B + Tmol (1 - mmol) CE) (220)

with the material parameters €, a, €; g and C.. The parameters for the SiGe
composition system are listed in table 2.13] The descriptions matches the
implementations in DEVICE and Chief and therefore, a parameter adjustment

was not necessary.
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2.2 Physical models

107
1 T T T T —
> g}}fle.)ref)nce Figure 2.11: Sat-
—~ 0.9 N\~ 1e . uration  velocity  of
E \:"' DEVICE electrons in  biaxi-
S 08 N s ally  strained SiGe
\45 N vs. germanium mole
<3 0.7 - X N fraction. Comparison
of (markers) and
0.6 ‘ ‘ ‘ Tl DEVICE/Chief (lines).
0 5 10 15 20 25 30
Tmol / (%)
parameter (Chief) vsi Gsat bsat
(unit) (cm/s) (cm/s) (cm/s)
electrons 9.984 - 108 —3.278 107 9.949 - 107
holes 9.5-10° 0 0
parameter (Chief) Csat Bur
(unit) (cm/s) (1)
electrons ~1.100-10%  1.382
holes 0 1
parameter (DEV.) vgi Gsat bsat
(unit) (cm/s) (cm/s) (cm/s)
electrons 9.984-105 —2.675-107 4.515-107
holes 9.5-108 0 0
parameter (DEV.) Csat Bur
(unit) (cm/s) (1)
electrons 0 1.28
holes 0 1

Table 2.12: Parameter set for the high-field mobility model of SiGe
alloys.

parameter &5 &rge Ce
(unit) 1 @ Q)
value 11.7 16 0

Table 2.13: Parameter set for the permittivity of SiGe alloys.
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2. Simulation setup for advanced SiGe HBTs

parameter Tmin  Tmax Grec Brec
(unit) (s) (s) (em™?) (1)
electrons 0 9.100% 2.5.10% 0.5
holes 0 3-100% 2.5-10'" 0.5

Table 2.14: Parameter set for the SRH recombination of carriers in
silicon based on [78}|91|.

2.2.8 Recombination

Two recombination models are considered in the simulations: Shockley-
Read-Hall (SRH) and Auger recombination. Other mechanisms — like surface
or interface recombination — are not included, as their specific description is
strongly process dependent and cannot be quantified with the used simulation
approaches. The model for the SRH recombination rate Rsgry — including a

doping dependence — reads

pn — ’I’L?e
Tn (nie + p) +7p (nie + n)’
Tn,max — Tn,min

1 + (G/Gn7rec)ﬂn.rec

Rsru =

Tp,max — Tp,min

1+ (G/Gp’rec)ﬁp,rec ’
(2.21)

with the carrier densities p and n, the effective intrinsic carrier density n;, and

Tn = Tn,min + and Tp = Tp,min +

the model parameters Timin, Tmax, Brec and Grec for both holes and electrons.
The respective parameter values for electrons and holes are listed in table
and are based on [78191].

The Auger recombination model is described by

deviation from equilibrium

RAug = (Cn,Augn + Cp,Augp) (pn _ ni2e) ) (222)

with the model parameters c, aug and ¢, aue. The corresponding parameter
values are listed in table and are based on [92]. Both recombination
processes are linked to the state of equilibrium indicated by the marked term
in (2:22). For the thermal equilibrium there is no net recombination and the

total recombination equals the generation rate.
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2.2 Physical models

parameter Cn,Aug Cp,Aug
(unit) (cm®/s) (cm®/s)

value 2810731 0.99.1073!

Table 2.15: Parameter set for the Auger recombination of carriers in
silicon based on [92].

2.2.9 Hydrodynamic transport parameters

The HD transport parameters fiq, fic and fo. are —more or less — empirical
model parameters within the energy flux and transport equation of the HD

description. The HD transport equation for electrons in the 1D case is

In,z = — qnpy grad (Y + Vi) + pnks T, grad (n)

2.23
+ pnkpn grad (1) [ftd +In (NC)] , (223

1r

with the elementary charge ¢, the electron mobility pu.,, the electrostatic poten-
tial ¥, the band potential of electrons V,,, the effective DoS in the conduction

band N¢ and the intrinsic carrier density n;.. The energy flux density

5 ks’
Sn,:v - - (2 + ftc> <qB) qp’nnTn gradTn

5 kgT,
- (2 + fec) ﬂt]n,x
q

(2.24)

includes the remaining HD transport parameters. A typical approach for ad-
justing them is to perform an optimization with the goal to match the terminal
quantities of BTE simulations with the HD result. Assuming all other models
are sufficiently matched with the BTE description, it is a valid approach to
calibrate them. However, performing this adjustment step for various doping
profiles and technology generations results in different sets of parameters 77|
and shows that hydrodynamic simulations are just a simplified replacement
for the BTE and that their predictive capabilities for future process gener-
ations is limited. Therefore, a suitable parameter set for current advanced
SiGe HBTs is used |77] with the parameters listed in table
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2. Simulation setup for advanced SiGe HBTs

parameter  fiq fre fec
(unit) (1) (1) (1)
value 1.0 -1.7624 0.0

Table 2.16: Parameter set for the HD transport parameters of electrons
based on [77].

Note that for holes only DD transport is assumed, which is a valid ap-
proach for npn HBTs. Since the hole current of npn transistors is mainly a
recombination current and corresponding models are identical for both HD
and DD transport, this simplification is justified. As already mentioned in

section — the considered recombination mechanisms are only a rough
estimation.
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CHAPTER 3

Scalable extraction procedure for an advanced
SiGe HBT technology

Without a fast and reliable extraction procedure, the task of an heterogeneous
TCAD approach would not be feasible. The procedure must be suitable for
the device simulators DEVICE, Chief and DEBOTS — previously described
in section [2.1] Since it is necessary to prove that the TCAD approach is ap-
plicable to advanced SiGe HBTs, the extraction procedure must also work for
measurement data to generate a reference parameter set. Without a meaning-
ful technology parameter set corresponding to measured devices, a thorough
TCAD calibration is not possible. Consequently, the reliability and signifi-
cance of the TCAD prediction would be reduced greatly. It is also very impor-
tant to apply identical extraction procedures to measurement and simulation
data for consistency.

HICUM [74] is the compact model that is employed here, as it is a com-
prehensive up-to-date framework that includes relevant physical effects and
is applicable to advanced SiGe HBTs [93|. Its simplified equivalent circuit
for a transistor in forward operation — including all elements relevant for the
upcoming extraction tasks — is shown in fig. Ag illustrated by the dotted
and dashed boxes, HICUM contains elements for both modeling the 1D and



3. Scalable extraction procedure for an advanced SiGe HBT technology

internal 2D transistor regions (see also fig. [5.1] for the correspondence to the

actual transistor structure) and consequently, is suitable for the heterogeneous

prediction approach of section [5.1]

Some model parts of HICUM are mutually interdependent and therefore,

the extraction should follow a certain sequence for consistency, see fig.

Few model parameters cannot be determined reliably from extraction and are

estimated by other means:

e The spacer capacitances cannot be separated from the peripheral junc-

tion capacitance. However, as the spacer capacitance is related to its
geometry, the value can be estimated by a Laplace solver, like PO-
ICAPS.

With the help of special test structures, sheet resistance values can be
determined for the corresponding collector and base regions. Feeding
these values into quasi-3D device simulations [94] allows to determine
the resistances required for further extraction steps.

To the author’s knowledge, there is no extraction method to determine
the split-up of the high current transit time between the collector and
base portion. Hence, f,,. = 0.5 is assumed.

The scaling of the distributed substrate network is unclear. Only the
capacitance of the CS junction is scaled for the model. The remaining

parameters are extracted for each device and remain unscaled.

The extraction is performed for an advanced BiCMOS technology in a

55nm lithography node of STMicroelectronics [76]. To limit the extraction

effort, only long transistor structures with an emitter length larger than 4.5 pm

are considered.
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Figure 3.1: Simplified HICUM equivalent circuit for forward transistor

operation. The dotted and dashed boxes enclose components required for

modeling the 1D and internal 2D transistor regions, respectively.
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3. Scalable extraction procedure for an advanced SiGe HBT technology

First extrac-
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End of extraction

loop for BE junc-
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Figure 3.2: Proposed HICUM extraction workflow.



3.1 Perimeter over area separation

3.1 Perimeter over area separation

For the upcoming extraction tasks it will be necessary to apply geometry
scaling based on the concept of the perimeter over area (PoA) separation.
The general idea of the PoA separation is based on the transistor partitioning
of fig. By using the area and peripheral transistor portions, the electrical
behavior of the full transistor can be calculated for all compact model param-

eters that require scaling. For example, the total BE junction capacitance

Cigtot = Cigidro + Cig, Pro , (3.1)
S—_— N——
CiEi Ciep

is described by the internal (area normalized) and the perimeter normalized
components éjEi and Oj’Ep, respectively. Pgo = 2 (bgo + lro), Aro = brolro,
bro and lgg denote the actual emitter window perimeter, area, width and

length, respectively. The actual emitter size relates to the drawn size by

bEO = bdrawn - bsp
(3.2)

lEO = ldrawn - bsp7
as illustrated in fig. In the example, the capacitance components are un-
knowns and need to be determined from the known total capacitance Cjg,tot-

By normalizing (3.1)) to Ago,

Pro
B Ao

CiE tot
Agg

= Cji + (3.3)

is obtained, which can be used to perform the PoA separation. (3.3) is a
linear equation with the axis intercept 6jEi and the slope Cj’Ep. Using dif-
ferent transistor sizes allows to plot a reference dataset (e.g. measurements)
of Cig tot/Aro VS. Pro/Ago for fitting with a straight line and obtaining the
required unknowns. Repeating the procedure for different bias points allows
to capture the relevant range of 6jEi and Cj’Ep. The PoA separation is a com-
mon method in HBT modeling and was already applied to standard bipolar
junction transistors (BJTs) in [95]. It has received additional development

effort for advanced HBTs and their increased scaling complexity, e.g. in [96].
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. p doped
o sio Si/SiGe

n doped . n™ doped
silicon polysilicon
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emitter
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P Qa base Qp

collector

(b)
Figure 3.3: Transistor geometry partitioning concept for (a) the top
view, defining major transistor dimensions and (b) the cross section,

which divides the transistor into the area- (Q,) and perimeter-normalized
(Qp) sub-transistors.



3.1 Perimeter over area separation
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Figure 3.4: Scalability assessment for the measured collector current at
Vec = 0V and Vgg = 0.7V (HS transistors of [76]). (a) Ic vs. bgro
(markers) and linear fit (lines) for two fixed lengths. (b) Ic vs. Igo
(markers) and linear fit (line) for a fixed width.

Generally, the actual emitter window size does not necessarily correspond
to the electrical dimensions that determine the behavior of the transistor,
due to, e.g., laterally recessed or extended emitter doping diffusion. Also,
with shrinking dimensions, the determination error for bgy and [gg increases.
For compact modeling, it is therefore advised to use the electrical dimensions
bg = bpg — Abg, and g = lgg — Alg instead of the actual emitter dimensions
for forcing the collector current to be zero for by = 0 or [y = 0. If Abg #
Alg, a spatial dependence for the peripheral components is implied — actually
requiring 3D simulations. For long devices however, Alg plays a minor role

and the extraction in this work can follow the standard PoA approach.

The generic scalability of a process cannot be assessed by the quality of
the PoA separation, as wrong actual dimensions can have a severe impact
on the PoA scaling [96]. Instead, scalability should be assessed by plotting
relevant quantities — like the collector current I — vs. bgg and Igg; if a linear
fit can be applied to the data, the process is scalable. As can be observed
in fig. the HS transistors are only scalable to a limited extent because
the smallest emitter width and the smallest lengths do not scale well. The

behavior is confirmed by selecting other bias points within the low injection
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Figure 3.5: Voltage dependence of the dimension offset required for
obtaining the effective electrical dimensions of the collector current at
Vec = 0V (HS transistors of [76]). (a) Abg vs. Vg for two fixed lengths
and (b) Alg vs. Vgg for a fixed width.

region. As depicted in [97], there is a variety of concrete reasons that can cause
a process not to scale, but typically they are related to emitter width or length
dependent doping profiles or e.g. an additional lithography dependence for
small sizes. For the medium voltage (MV) and high voltage (HV) transistor
versions the results are similar, see figures [3.6] and [3.7] Likewise, smallest
transistor sizes do not scale well.

Fig. shows the intercepts of the fits of fig. with the x axis that
correspond to the dimension offsets Abg and Alg required for obtaining the
electrical dimensions. As Abg and Alg are smaller than zero, a laterally
extended emitter doping is indicated. Consequently, for small transistors the
peripheral component contains a large portion of the total collector current.
Note that both the absolute value and the bias dependence of Alg and Abg
are different. As |Alg| is about four to five times larger than |Abg|, the
emitter profile extends even further in z direction or the actual dimensions
in z direction are different (caused by a directional lithography behavior).
Taking the mean for the relevant bias region for HS, MV and HV devices
leads to the technology parameters Abg = —50.1nm and Alg = —194.3 nm.
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Figure 3.6: Scalability assessment for the measured collector current at
Vec = 0V and Vg = 0.7V (MV transistors of |76]). (a) Ic vs. bgo

(markers) and linear fit (lines) for two fixed lengths.
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Figure 3.7: Scalability assessment for the measured collector current at
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3. Scalable extraction procedure for an advanced SiGe HBT technology

3.2 Spacer capacitances

The approach for determining the spacer capacitances is based on the

Poisson equation

div (—2oe: grad (1)) = p, (3.4)

with the space charge density p and the permittivity in vacuum eg. Setting
p = 0 is identical to assuming neutrality, which is a valid simplification for the
passive spacer regions. Following this method, the capacitance determination
reduces to a geometrical problem that can be analyzed with POICAPS. The
charge of a contact within a two dimensional simulation is then calculated by
the Gauss theorem

Qlcontact = %5 : dg’ (35)

With Q) niace as the length normalized contact charge, D as the electric dis-
placement field and § as the normal vector of an arbitrary curve enclosing the
contact. Assuming a linear relationship between D and the electric field E

— —

D = eye, E (3.6)

and choosing the curve that directly encloses the contact leads to (3.7)), the

!/
contact "

simplified form of @ In order to obtain the relationship, the boundary
condition of a contact (i.e. the electric field Econtact must be parallel to the

normal vector of the contact surface) was applied.

/
Qcontact = €0 ¢5rEcontactd3contact (3.7

Up to this point, these analyses are performed automatically inside of
POICAPS [79]. Subsequently, is applied by the user to calculate the
length specific capacitance C'y 5 between the contacts A and B using the charge
of contact A Q. The capacitance directly corresponds to the calculated
charge of the simulator output by setting the voltage difference between the
two contacts to Vap =1V.
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Figure 3.8: TEM pictures of an advanced SiGe HBT process for (a)
the BE spacer (zoom-in) and (b) the BC spacer.

[N
[Va,B

Using transmission electron microscopy (TEM) pictures of the transistor

[
Cap =

(3.8)

cross section, the BE and BC spacer geometry and materials can be deter-
mined. As passing electrons are increasingly diffracted by atoms with larger
atomic number, the corresponding materials appear darker within the TEM
picture (i.e. bright regions correspond to materials with low atomic number).
Based on fig. the POICAPS compatible schematics have been generated
with the dimension definitions in figures [3.9] and [3.10 for the BE and BC
spacer, respectively. The process matched dimensions are listed in tables
and To verify the suitability of the proposed schematic, the resulting
structures are compared as a transparent overlay to the TEM pictures in
fig. B.11] The assumed relative permittivities, used in the simulations for the
spacer materials, are listed in table

SiOy SigN,; Passivation (nitride)
e 3.9 7.5 7.0

Table 3.1: Assumed relative permittivity used in the electrostatic simu-
lations for the spacer materials.
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Figure 3.9: BE spacer geometry schematic with (a) vertical and (b)
lateral dimensions.
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Figure 3.10: BC spacer geometry schematic with (a) vertical and (b)
lateral dimensions.
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3.2 Spacer capacitances

dimension by, bov bso bs dyi dpio dox
(unit) (nm) (nm) (nm) (nm) (nm) (nm) (nm)
value 230 13 12 42 9 30 6
dimension Ay, her hov hso hs dpass
(unit) (nm) (nm) (nm) (nm) (nm) (nm)

value 235 65 30 31 3 25

Table 3.2: Process matched dimensions used for the BE schematic of
fig. 3.9 to conduct Laplace simulations.

dimension by, bcB beBpo  bton bton,o bec  becio
(unit) (nm) (nm) (nm) (nm)  (nm) (nm) (nm)
value 191 73 47 50 25 133 42

dimension th hpo hox hton hpass,o th dpass
(unit) (nm) (nm) (nm) (nm) (nm) (nm) (nm)

value 330 31 385 30 45 415 25

Table 3.3: Process matched dimensions used for the BC schematic of
fig. [3-10] to conduct Laplace simulations.

(b)

Figure 3.11: TEM picture and simulation input comparison of an ad-
vanced SiGe HBT process for (a) the BE spacer (zoom-in) and (b)
the BC spacer.
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Figure 3.12: Field lines and equipotentials for (a) the BE spacer and
(b) a corresponding zoom-in to the region with the largest capacitance
contribution using a smaller number of equipotential lines.

The conducted simulations for the BE and BC spacer lead to the ca-
pacitances Cpg ,,, = 0.796fF /pm and Cpe ,,, = 0.126 fF /um, respectively.
Assessing the field lines in fig. reveals the origin for the large BE spacer
capacitance: In total, eleven field lines were drawn to divide the structure into
ten segments. 90% of the capacitance is attributed to the region shown by
the zoom-in and the largest contribution is caused by the distance hg between
the polysilicon emitter and the lateral base. Either increasing hg or decreasing
bs would significantly decrease the BE spacer capacitance.

As observed in fig. there is some field line clustering at the clos-
est distance between the base and collector contact. Therefore, decreasing
beB,po Would help to reduce the capacitance. Nevertheless, most streamlines
are distributed fairly uniform and hence, the BC spacer structure is already

optimized.
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Figure 3.13: Field lines and equipotentials for the BC spacer.

For calculating the final capacitance required for the complete three di-
mensional transistor structure, the transistor layout needs to be taken into
consideration. The full top view of an exemplary transistor in CBEBC con-
figuration is shown in fig. [3.I4] The figure illustrates that the previously
examined cross section (cut A1) is the main contribution to the capacitances.
Nevertheless, the top view depicts additional effects that may influence the
total three dimensional parasitic capacitances: (i) The base and collector vias
are checkered, (7i) the cross section differs in direction of cut A2 and (%ii) the
corner portions may influence the result.

To assess the impact of (i), the contact vias of the BE and BC regions are
simulated using the structures shown in fig. [3.15] The results are compared

with the standard parallel plate capacitor (i.e. without checkering)

b
Cl, = sosrdﬂ, (3.9)
pPp

which is defined by the plate width by, and the distance between the two
parallel plates dp,. Table concludes that it is not necessary to incorpo-
rate the influence of the checkered vias for long transistors by comparing the
simulation result Cgy, with Cpp,. This is the case not only due to the small
error, but also because the via capacitance is only a part of the total spacer
capacitance. As the distance between the checkered vias is not much larger
than the via size, most of the field lines are ending at the facing edges and

hence, the simulation result is close to the parallel plate capacitance.
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Figure 3.14: Contact via top view for a device in CBEBC configuration
with a drawn emitter length of 4.5 pm.
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Figure 3.15: Top view for a device with a drawn emitter length of 4.5 pm
for (a) the BC and (b) the BC contact vias used for the capacitance
simulations.
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3.2 Spacer capacitances

BC via array Clin Cly error
(i) (F/um)  (F/um) (%)
value 0.652 0.719 10.3

BE via array Clin Chp error
(i) (F/pm)  (F/im) (%)
value 0.555 0.576 3.6

Table 3.4: Comparison for assessing the impact of checkered vias on the
parasitic capacitances.

(#1): The cross section for the BE spacer structure obtained by cut A2
is identical to cut plane Al, except for the missing base via. As has been
already pointed out for fig. [3.12] nearly no field lines end at the base contact

via and therefore, the previous result for C is also applicable in direction

E,par
of cut A2. This was also verified by simulat?ons leading to an error of only
2 % for this assumption. For the BC spacer an additional component between
the base polysilicon and the buried layer (hox) is taken into account for the
lateral extension lox = 270nm in z direction (starting from the shallow trench
isolation (STI) up to the deep trench) by applying leading to Cf
0.024 fF /pum.

Finally, the total parasitic capacitances can be determined for every device

C,par,z

geometry by

/
CBE,par = CBE, par PEO

, , (3.10)
CBC,IJ&Y - 2CvBC,palrlEO + QCBC,par,z (bEO + 2beX) )

with

bex = bs,tot + bpo + bep + ch,po

(3.11)
bs,tot = bs + bso + bov-

Unfortunately, the value determined for the total spacer capacitance C]/BE,par
does not correspond to its effective portion required for the model, as the ob-
served laterally extended emitter doping in fig. will short part of the total
capacitance. Additionally, the region underneath the spacer is — in part —

undoped and would rather act as an insulator than a conductor and thus,
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3. Scalable extraction procedure for an advanced SiGe HBT technology

decreases the capacitance additionally. For the extraction, no final evaluation

can be performed and assumptions have to be made. As a rough estimation,

the dimension by is set to 5nm for including the effect of a laterally extended

emitter doping and the undoped region, leading to an effective capacitance of
BE.pareff = 0-416 fF/pm that replaces Cpp -

3.3 BE and BC junction capacitances

After determining the total capacitances Cgg and Cpc based on cold S-
parameter measurements according to , an appropriate extraction fre-
quency (fext) needs to be selected. foxt needs to be in a certain range of the
measurement frequency fieas t0 maximize the accuracy of the measurement
and the deembedding. Based on the data shown in fig. foxt = 5 GHz is

selected.

S (y11 + y21)

CgE =
fﬁfmeas (3‘12)
C — -3 (y12)
BC 27Tfmeas

Subtracting the spacer capacitance portion from the total capacitances by
applying , the junction capacitance extraction can be performed using
PoA separation. As fig. [3.17] shows, the BC capacitance scales well for all
device sizes. Contrary to that, the BE capacitance does not scale for the
smallest device width, as was expected from the scalability exercise for the
collector current in section [3.1] However, additionally the BE capacitance of

the largest device width does not align well with the rest of the data.

Cig tot = CBE — CBE,par (3.13)

Cic,tot = CBc — CBC,par
As the base and emitter doping for the HS, MV and HV transistors can
be assumed to be identical within the process tolerances, the BE capacitances
need to be identical as well. This is the case, as can be observed in fig-
ures and Conversely, due to the different collector doping of the

three transistor flavors, the BC capacitances must be different, too.
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3.3 BE and BC junction capacitances
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Figure 3.16: Total measured capacitance vs. frequency and different
voltages of a HS transistor with an emitter area of Agrawn = 0.18 pm X
4.5um (process of [76]) for (a) the base emitter capacitance and (b) the
base collector capacitance. The region between the dotted lines indicates
a reasonable frequency range suitable for extraction.

Also, a large noise level is observed for the measured BE capacitance in all
corresponding plots. This behavior can be explained with fig. During the
deembedding of the structure, the capacitances of the “Open” are subtracted
from the total capacitances measured for the transistor to account for the
external influence of the pad and metal layers. As the capacitances attached
to the substrate node (Csg,0, CsB,0, Csc,o) can be up to ten times larger than
CBE,0, CBc,o and Ccg,o, they become a dominant factor. Csg,o, Csp,, and
Csc,o assume a value of about 25 fF for modern process technologies regardless
of the transistor size. Typically, the substrate node is shorted with the emitter
at metal layer 1 in the S-parameter transistor test structures. Consequently,
CsB,o and Csc,, are added to Cpg,, and Ccg,o, respectively and need to be
deembedded by Cr, = CBE,tot — CBE,0 — CsB,o- Since Csp,o is very large, Cpg
can become a residual, especially for small transistors. Note that Cg¢ is not
affected because the large substrate capacitances were added to the emitter
node. An effective workaround for the problem is to fabricate transistors also

in common collector configuration for HF-measurements.
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3. Scalable extraction procedure for an advanced SiGe HBT technology
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Figure 3.17: Perimeter over area separation of HS transistors with
larawn = (4.5 and 9) pm and bdrawn = (180 to 378)nm (process of [76])
for different voltages. Capacitance data (markers) and linear fit (lines) for
(a) the base emitter capacitance and (b) the base collector capacitance.
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Figure 3.18: Transistor setup to illustrate the impact of pad and metal
capacitances —represented by Csg.o, CsB,0, Csc,0, CBE,0, CBC,0 and CcE,o
— on transistor characterization.



3.3 BE and BC junction capacitances
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Figure 3.19: Perimeter over area separation of MV transistors with
larawn = (4.5 and 9) pm and bgrawn = (180 to 378) nm (process of |76]) for
different voltages. Capacitance data (markers) and linear fit (lines) for
(a) the base emitter capacitance and (b) the base collector capacitance.
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Figure 3.20: Perimeter over area separation of HV transistors with
larawn = (4.5 and 9) pm and barawn = (180 to 378)nm (process of [76])
for different voltages. Capacitance data (markers) and linear fit (lines) for
(a) the base emitter capacitance and (b) the base collector capacitance.
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3. Scalable extraction procedure for an advanced SiGe HBT technology
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Figure 3.21: Comparison of the BE junction capacitance data obtained
by the perimeter over area separation with the HICUM model descrip-
tion (HS transistors, process of |[76]). Capacitance data (markers) and fit
(lines) for (a) the internal BE capacitance Cjg; and (b) the peripheral
BE capacitance Cig,.

Based on the PoA separation, data for Cjg; and leEp were obtained and
fitted with the capacitance description of HICUM, see fig.[3:21] The noise level
for Cjg; and C{gp 18 too large to determine reliable parameters for describing
the shape vs. Vgg. This is confirmed by the results for the MV and HV
transistors in figures [3.22] and [3.23] respectively. Especially the result for the
HV flavor seems to be different: As the common emitter configuration of the
measured transistors leads to an inaccuracy for Cgg, errors of up to 20 % are
expected. The current S-parameter transistor test structure setup is a decisive
factor and should be improved for reliable BE capacitance determination by
including common collector setups. The quality for the MV fit is best and
hence, corresponding parameters are used for all three transistor flavors and
can be found in table 3.5

The extraction for the parameters of the BC capacitances runs much
smoother, as is shown in figures [3.24] [3.25] and [3.26] for the HS, MV and HV
transistors, respectively. The corresponding parameters of the capacitance
extraction can be found in table The punch through voltages Vprc; and

Vercx were set to a sufficiently large value (100V), as no punch through can
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3.3 BE and BC junction capacitances
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Figure 3.22: Comparison of the BE junction capacitance data obtained
by the perimeter over area separation with the HICUM model description
(MV transistors, process of |76]). Capacitance data (markers) and fit
(lines) for (a) the internal BE capacitance Cjr; and (b) the peripheral
BE capacitance Cjg,.
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Figure 3.23: Comparison of the BE junction capacitance data obtained
by the perimeter over area separation with the HICUM model description
(HV transistors, process of |76]). Capacitance data (markers) and fit
(lines) for (a) the internal BE capacitance Cjr; and (b) the peripheral
BE capacitance Cjg,,.
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3. Scalable extraction procedure for an advanced SiGe HBT technology

be observed in the capacitance data. This assumption is reasonable for the HS
and MV transistors because the collector doping is continuously changing and
no abrupt change is present. Therefore, no precise punch through condition
can be defined. Conversely, punch through exists for the HV transistors, but

the available measurement range in the provided data is too limited to see the
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Figure 3.24: Comparison of the BC junction capacitance data obtained
by the perimeter over area separation with the HICUM model descrip-
tion (HS transistors, process of [76]). Capacitance data (markers) and fit
(lines) for (a) the internal BC capacitance Cjc; and (b) the external BC

capacitance Cjg,.

parameter (Cg;) Cigio 2B VaEi
(uni) (F/um?) (1) (V)
value 8.05 0.265 0.964

parameter (Ci,) Clepo zEp  VaEp
(unit) (fF/pm) (1) (V)
value 0.215 0.390 0.862

Table 3.5: Extracted parameters for Cjg; and Cigp, of the capacitance

description of HICUM.

effect on the capacitance behavior.
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3.3 BE and BC junction capacitances
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Figure 3.25: Comparison of the BC junction capacitance data obtained
by the perimeter over area separation with the HICUM model description
(MV transistors, process of |76]). Capacitance data (markers) and fit
(lines) for (a) the internal BC capacitance Cjc; and (b) the external BC
capacitance Cjg,.
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Figure 3.26: Comparison of the BC junction capacitance data obtained
by the perimeter over area separation with the HICUM model description
(HV transistors, process of |76]). Capacitance data (markers) and fit
(lines) for (a) the internal BC capacitance Cjc; and (b) the external
BC capacitance Cjg,.
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3. Scalable extraction procedure for an advanced SiGe HBT technology

parameter (HS) Clicio zci  Vaci
(unit) (fF/um?) (1) (V)
value 2.67 0.264 0.586
parameter (HS) Cj/CxO Z0x Vacx
(unit) (fF/pm) (1) (V)
value 0.343 0.311  0.652
parameter (MV) Cicio 2Ci Vaci
(unit) (fF/um?) (1) (V)
value 1.47 0.219 0.534
parameter (MV) Cloxo zex  Vaex
(unit) ) (1) (V)
value 0.182 0.256 0.687
parameter (HV) Cicio zci  Vaai
(unit) (fF/um?) (1) (V)
value 0.909 0.498 0.578
parameter (HV) fox0 zox  Vacx
(unit) G pm) (1) (V)
value 0.117 0.670 0.971

Table 3.6: Extracted parameters for Cjc; and Cj/Cx of the capacitance
description of HICUM.

3.4 External collector resistance

The extraction of the external collector resistance Rcy is based on the
approach presented in [98,/99], using transistor structures in CBEBC config-
uration with varying buried layer length by;. As illustrated in fig. both
collector contacts are accessible for applying a voltage drop to the buried layer

region. The measured resistance

Rcic2 = Ry + 2R

dsk Psk
~ Rsp— +2
b lsk bsklsk

(3.14)

between the contacts C1 and C2 includes the resistances associated to the
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3.4 External collector resistance
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Figure 3.27: (a) Schematic of the cross section with important dimen-
sions for the collector resistance test structure. (b) Field lines and equipo-
tentials of the corresponding top view for an exemplary test structure with
realistic dimensions.

sinker and buried layer Ry and Rgy, respectively. To obtain reliable results
for the corresponding technology parameters Rgp and pg, it is important
to use four terminal sensing structures and to take into account current
fringing. Following [98], the electrical correction offset Algk o can be de-
termined to map the fringing portion to an homogeneous resistor with the
length Ik o = lsk + Alsk off, replacing lgc. Inherently, the fringing current of
all device lengths is assumed to be identical, which is a valid assumption as
long as the structures are not too short. By varying the buried layer width
b1 and plotting Rcicalsk,e VS. dsk = bpl — 2bsk — 2dpi, the separation of R 1,
and pgi is performed: The slope and y-axis intercept correspond to the buried

layer sheet resistance Rsp; and 2pgx/bsk, respectively.

Another option is to use the method described in [100]|, which generalized
the approach of [101] by compensating the impact of fringing using resistances

instead of currents. Although originally developed for the base resistance,
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3. Scalable extraction procedure for an advanced SiGe HBT technology
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Figure 3.28: Equivalent circuit of the proposed method adapted from
[100]: Resistance components for a long (a) and a short collector resistance
test structure (b).

the method is also applicable to the external collector resistance. Here, the
resistance Rpinge caused by the fringing current is assumed to be identical for
two different device lengths, as illustrated in fig. [3.28 The main advantage
over 98] is that no fitting procedure is required for determining Alg 0. By
performing a simple subtraction, the fringing components cancel each other
and a part of the total resistance remains. This homogeneous resistance

1

]-/Rlong - ]-/Rshort
1

B ]-/Rhom,l - ]-/Rhom,s
does not contain Ryinge and can be calculated for different buried layer widths.
Consequently, a slightly modified form of (3.14)) is applied to the data:

Rhom =

(3.15)

RClCQ,hom = Rbl,hom + 2Rsk,hom
dsk Psk 7’

sbl———— + 2

>l Alsk * bskAlsk

with the difference between the long and short resistance structure length

(3.16)

=R

Algk = lsk long — lsk,short- Applying the approach to measurement data of 76|
leads to fig. for the HS transistors. Note that the shortest available length
(lsk = 405nm) was excluded for the extraction. By repeating the strategy

for different ambient temperatures Ty, and assuming T' = Ty, additional
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3.4 External collector resistance

data is generated. The temperature dependence implemented in HICUM for a
resistance (mainly capturing the temperature dependent mobility) is modeled
by the simple exponential dependence listed in using the parameter (;
and the reference temperature 7y. For Ry and pk, is applied and
the corresponding parameters () and (g are extracted by a least square
fit. The results for the MV and HV transistor versions are shown in fig.
along with the summarized parameter values in table [3.7] The parameters of
the HS and MV transistor flavors differ within the process tolerances, as they
feature identical doping for the buried layer and sinker. There is no influence
of the selectively implanted collector (SIC) on the results as dg is not varied
by changing the emitter width, but the width of the buried layer under the
STI.
T

R(T) = R(T}) (TO)C (3.17)

For the extraction, an identical voltage drop should be applied for differ-
ent structure lengths to obtain similar conditions for the electric field within
the buried layer. The provided measurements are forced current measure-
ments and therefore, appropriate bias points had to be selected manually. It
is advised to apply identical voltages for future measurements instead. An
additional uncertainty is caused by the checkered contact configuration and
the inconsistent contact areas of the test structure layout: The contact re-
sistance pg consists of the vertical via resistance, the interface resistances
(via/silicide/poly /mono stack), the sinker resistance itself and a part of the
vertical buried layer resistance, which all feature a slightly different area. Ulti-
mately, the resistance can only be normalized to a single area: Ay = by Algk.
If the ratios between corresponding contact areas differ for different device

lengths, an error for the determination of Rcic2hom is caused.

The value of R¢y required for the HICUM modelcard of the actual device
can be determined by means of device simulations using the previous extrac-
tion results. Actually, this requires 3D analyses, but viewing the buried layer
as a resistive sheet with the sheet resistance R 1, the task can be reduced to
a two dimensional problem without a considerable loss of accuracy. During

forward active transistor operation, the collector current is injected into the
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Figure 3.29: Results of the external collector resistance extraction using
an adapted method of [100| for three different Alg and various bias (HS
transistors, process of [76]). (a) Resistance data (markers) and linear
extrapolation (lines) for Algc1 = 4.5pm, Algo = 7.65 pm and Alg sz =
3.15pm at Tamp = 25°C. (b) Comparison of measurements (markers)
and model (lines) for the average values of Rsp and pgk vs. temperature
(bsk = 590 nm).
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Figure 3.30: Results of the external collector resistance extraction using
an adapted method of [100] for three different Alg and various bias (pro-
cess of |76]). Comparison of measurements (markers) and model (lines)
for the average values of Rsp1 and pg vs. temperature (bsx = 590 nm)
for (a) the MV transistor and (b) the HV transistor versions. As the
HV flavors do not feature a buried layer, the specific resistances increase
significantly.
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3.4 External collector resistance

parameter (HS)  Rgp Psk Crbl Crsk
(unit) (Q/0) (Qum?) (1) (1)
value 30.74 18.11 0.488 0.434

parameter (MV)  Rg Psk Gl Grsk
(unit) (Q/0) (Qum?*) (1) (1)
value 30.65 18.13 0.491 0.433

parameter (HV)  Rgu Psk Crbl Crsk
(unit) (@/0) (@Qum®) (1) (1)
value 373.6 119.9 1.12  0.707

Table 3.7: Parameters of the external collector resistance description
(Rs,b1 and pgx) for all three transistor flavors.

internal collector region along the buried layer and consequently, the current
“disappears” from the resistive sheet. This behavior can be described by a
constant recombination current density distributed over the internal collector
region. Basically, the procedure is identical with the quasi-3D simulations
in [94] for the base, except for the effect of current crowding. Therefore, only
simulations at sufficiently small bias will lead to valid results. Fig. shows
an exemplary simulation result: In comparison to the collector test structure
field distribution, the current flow is directed to the internal collector and
therefore, the field lines are much more inhomogeneously distributed.

Note that the sinker resistance cannot be included in the 2D simulations
and needs to be added analytically because the current flow direction at the
sinker is perpendicular to the simulated current sheet. Hence, the boundary
of the sinker to the buried layer is assumed to be an equipotential surface
represented by an ideal contact within the simulations. After determining
the geometry-dependent buried layer resistance Rp)sim by means of device
simulation, the sinker portion is added to Rcx using . The final param-
eter values for Rcx obtained by the method are listed in appendix for all
relevant device geometries.

Psk

Rex (To) = T + Rpl,sim (3.18)
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Figure 3.31: Simulated field lines and equipotentials of the buried layer
for an exemplary device in forward active operation.

3.5 Base resistance

The base resistance Rg = Rp;+ Rpy is one of the elements with the largest
impact on the maximum oscillation frequency fuax. Also, it is an important
quantity to draw conclusions for the base doping. To extract the internal
base resistance Rp; and external component Rpy, tetrode structures can be
used for applying the approach of [100]. A tetrode consists of a ring emit-
ter structure — with the internal base underneath — to electrically separate
two external (polysilicon) base regions, which are connected with the con-
tacts Bl and B2, as illustrated in fig. [3.32] Neglecting the contact resistance
(PB.cont ~ 0.2 pm?), the corresponding equivalent circuit of the tetrode is
easily drawn (see fig. . Hence, the total resistance Rgigs between the
contacts evaluates to

Rp;
Rpip2 = TB + Rpx. (3.19)

As already pointed out for the external collector resistance, also for the
base resistance four terminal sensing structures need to be used for reasonable
accuracy. To take into account the apparent current spreading, the idea of
fig. and are applied to the tetrode structure: By subtracting the
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3.5 Base resistance
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Figure 3.32: (a) Schematic for the base resistance test structure illus-
trating important dimensions (top view). (b) Field lines and equipoten-
tials of an exemplary 2D simulation.
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Figure 3.33: Equivalent circuit of a tetrode structure neglecting the
contact resistance of the base.

conductance of two different tetrode lengths, the inhomogeneous resistance
components cancel each other and a part of the homogeneous resistance re-
mains (only valid for long structures). Neglecting the contact resistance, the

corresponding resistance portion

RBi hom
2
bro
= RsBim—
BoAlLg

RBlBQ,hom = + RBx,hom
(3.20)

+ RBX,hom
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Figure 3.34: Results of the resistance extraction using the method
of [100] for Alg = 9um, Vegg = (—0.5t0 0.5)V and Veg = 0V (HS
transistors, process of 76|, Tamp = 25°C). (a) Resistance data (mark-
ers) and linear extrapolation (lines). (b) Rs pi and Al:gRBx hom VS. VBE
(Vee = 0V).

consists of the sheet resistance of the internal base R ;i and the homogeneous
external base resistance Rpyhom- AlcB = lcBjlong — lcB,short represents the
difference between the long and short tetrode structure length. To proceed
with the extraction, is multiplied with 2Al.g leading to

2AchRBlBQ,hom = Rs,BibEO + 2AZCBRBX,hom- (321)

By varying the emitter width and plotting 2Al.g RB1B2,hom VS. bgo, the
separation of Rspi and Rpxhom is performed: The slope and y-axis inter-
cept correspond to the internal base sheet resistance R i and 2Al.g Rx,hom
respectively. Fig. [3.34] illustrates the extraction result for the HS transistor
version of the process of [76]. The electrical dimension offset 2,5 describes
the width required to obtain a bias independent axis intercept 2Al.g RBx, hom.-

To process the result for Rpx hom further, the resistance components of Rp
are illustrated in fig. As can be observed, the external base resistance
+ Ry si1 Ab;iilB

Rgiy

Dom

RBx,hom = Rlink,hom + Rs,po Alp (322)
c

Rpo
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3.5 Base resistance
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Rg;

5

collector

Figure 3.35: Schematic transistor cross section with important dimen-
sions to illustrate the base resistance components.

consists of the sheet resistances of the base polysilicon R ,, and silicide R i,
as well as the base link Riink hom. Rlinkhom iD turn consists of the bias depen-
dent portion Rpy 1 — caused by the modulation of the peripheral space charge
region (SCR) — and the bias independent portion Rpy 19, which is linked to the
interface resistance of the base poly- to monosilicon, the vertical resistance
contribution underneath and the sheet resistance further away from the BE
junction. Rearranging (3.22)),

Ach-Rlink,hom = AchFin,hom - Rs,pobpm - Rs,silbsil (323)

can be used to calculate Al.g Riink,hom applying technology data for Rg ,, and
Rs si1. Subsequently, the result for AlcgRjink,hom Needs to be assigned to the
respective base regions. To do so, assumptions have to be made because the

information about the base link is limited:

(i) The bias dependent portion of the base link resistance (Rpy 1v) is

assumed to be linked with the electrical dimension offset Abg (see
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3. Scalable extraction procedure for an advanced SiGe HBT technology

(ii)

(iii)

. . Abg|/2
section , meaning that Rpx iy hom = RS,BXJV%. |Abg| /2
is a measure to describe the extended emitter doping diffusion
and consequently, corresponds to the width relevant for the bias
dependent portion of Rpy.

Unfortunately, the measurements were conducted at Vog = 0V:
This setting leads to Vg = V¢ and therefore, the base collector
SCR is modulated as well, causing an additional change of the
base resistance vs. bias. This in turn leads to a very large value
for v,p in case of the the HS transistor version with high SIC
doping. Hence, 7,5 does no longer correspond to the effective
width required to reproduce Rpx 1y (assuming Rspxiv = Rspi)-
To circumvent this issue, v, of the MV or HV transistors can be

used because the reduced collector doping prevents a change of
the BC SCR width inside the base.

The bias independent portion Rpy o consists of a vertical and hor-

izontal component. Therefore, it can be viewed as a contact and

bat-bao— | Abs | /2
A T

holds. Assuming a negligible contact resistance, Rs px,10 ~

sheet resistance, meaning that Rpx 10,hom = Rs,Bx,10

PBx,10
AlcBbpm

2R, p; is obtained for the process of [76]: Typically, Rs px 10 must
be smaller than Ry v and R i, as the diffusion from the poly-
base region increases the conductivity of the region. Since R px 10 >
R Bi, the result would be unphysical and indicates that a rela-
tively large vertical component must be present. Assuming R Bx 10 =

R Bip leads to the lower estimate for ppyxio and Rpx10hom =

bs+bso—|Abg|/2 x
Rs,BiO s+bso—|Abg|/ 4+ _PBxio

= Alepbpm 19 used.

Finally, RsBx,1v and ppx 10 can be calculated using

Rs,Bx,lv

PBx,10 =

68
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= R i
P Abg| /2
Ab Ab
<Rlink,homAch - Rs,Bx,lv% - RS,BiO |:bs + bso - | 2E|:|> bpm~

(3.24)



3.5 Base resistance

parameter (HS) Rspio RsBxivo  PBx,l0 GBi  GBx
(unit) @D (@0 (@) (1) (1)
value 5745 5873 8.44 0.294 0.894
parameter (MV) RsBio  RsBxvo  PBx,10 GBi GiBx
(unit) @D (@0 (@) (1) (0
value 5270 5387 6.25 0.308 1.34
parameter (HV) RyBio  RsBxilvo  PBx,10 GBi  GBx
(unit) @D @) (@md) (1) (0
value 5292 5410 6.48 0.341 1.41
parameter (generic) VB R 1o R gt bpm bsin
(unit) (m)  (@0)  (@)0)  (m) (um)
value 25.6 710 15 47 200

Table 3.8: Technology parameters of the base resistance description
(Rs,Bi, Rs Bx,1v and ppx,10) for all three transistor flavors.

Using the temperature dependence of , the technology parameters
are extracted and presented in table [3.8] The corresponding extraction is
shown in fig. [3.36] for the HS, MV and HV transistor flavors.

Although HICUM does not offer a bias dependent external base resistance,
the bias dependent portion of the external base-link resistance Rpy 1y can be
added to Rgpj. The value of Rpjo and Rpyx required for the modelcard of
the actual device can be determined by means of device simulations using
the previous extraction results (similar to the determination of Rcy). Again,
quasi-3D simulations are performed, viewing the base region as a resistive
sheet with several sheet resistances to model R i, fis Bx,1v0, Fs,Bx,105 £s,po
and Rsgi. During forward active transistor operation, the base current is
injected into the emitter region along bgy — Abg and consequently, the current
“disappears” from the resistive sheet. Similar to the treatment of the collector
in section [3.4] this behavior is described by a recombination current density
distributed over the emitter region.

Fig. shows an exemplary simulation result. As the sheet resistance of
the silicide is very low, the equipotential lines concentrate within the emitter

and spacer region. Rpg = Rpio + RBx,sim is obtained by the simulation and
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3. Scalable extraction procedure for an advanced SiGe HBT technology
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Figure 3.36: Results of the base resistance extraction using the method
of |100] for Alg = 9pm, Vgg = 0V and Vg = 0V (process of [76]).
Comparison of measurements (markers) and model (lines) for Rs gio and
pBx,l0 vS. temperature for the HS (a), the MV (b) and the HV transistor

versions (c).

the resistance components have yet to be separated from each other. Thus,

a second simulation is performed that only includes the internal and bias

dependent spacer base region (Rgpio and Rgpx1vo). The result corresponds

to Rgip and can be subtracted from Rp( to calculate Rpx sim-

Note that the vertical resistance component ppx 1o cannot be included in
the simulations and needs to be added analytically afterwards using (3.25).
The final parameter values for Rg; and Rpy obtained by the method are listed

in appendix [A.2| for all relevant device geometries.
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3.5 Base resistance

Rs Bio contact D R Bx,10

Rs,sil . Rs,Bx,lvO . Rs,po
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Figure 3.37: Simulated field lines and equipotentials of the base region
for an exemplary device in forward active operation. The equipotential
lines concentrate within the regions of high resistivity (RsBio, Rs,Bx,v0
and Rs Bx,10) and since the polysilicon and silicide sheet resistances are
much lower, only a relatively small voltage drop is observed here.

RBX (TO) = f%lo + RBx,sim (325)
pmYpm
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3. Scalable extraction procedure for an advanced SiGe HBT technology

3.6 Substrate network

With the newest HICUM/L2 version (2.34), the substrate network has
been extended to account for the peripheral isolation capacitance Cscp, which
is either caused by a bias dependent p-n junction or a bias independent iso-
lation (DTT). The equivalent circuit is shown in fig and can be used to
calculate the impedance between the nodes C and S as a function of angular

frequency w = 2nf:

ZCS,sim (w)
1 1 Rgu/ (jwCsu)
jwCscp ijjS Rsu + ]-/ (jwcsu)
Zos micum (w) = T . o (0o (3.26)

JoCscp T JoCs T Rout1/(uCon)

(3.26) also contains the collector substrate junction capacitance Cjs and the
intra-device substrate network (Cs, and Ry,). From measurements, the sub-
strate impedance Zcg can be determined by

Zcs (w) =1/ (Y21 + y22), (3.27)

using the measured Y-parameters y21 and ys2 of the respective device. Zgg in
turn consists of the frequency dependent substrate capacitance and resistance,
Ocs and RCS:

Rcs = R (Zcs) (3.28)
Ccszs(l/ZCs> /w. ‘

To proceed with the extraction, the simplified substrate impedance Zcg sim

is analyzed. For low frequencies, the limits

lim RCS,sim = Ry

w0 (3.29)
lim Ccssim = Cjs

w—0

already give information on how to extract the parameters: Cjs and Ry,
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3.6 Substrate network

28, HICUM
CSU ‘
S RS,cont
o— 1= R

Cscp

S
¢ - [ .
Figure 3.38: Substrate network of HICUM/L2 2.34 suitable for mod-
eling both a junction and deep trench isolation with the corresponding

impedance Zcs nicum and a possible extension for high frequencies by
adding Rs cont-

directly correspond to measurement data at low frequencies using (3.29)). For
high frequencies, the limits evaluate to

lim RCS,sim =0
w—00

lim C C. CisCou (330
im i = inf = —————.
Wroo CS,sim CS,inf st +Csu

With the previous result for Cjs, can be rearranged to calculate Cg,.
Applying the strategy to measurement data of [76] and using Ccs inf = Ccs
at fieas = 15 GHz leads to the result shown in fig. As can be observed in
the figures, the model shows good agreement for low to medium frequencies,
but fails to capture the behavior at high frequencies. Nevertheless, as pointed
out in [102,[103], the additional resistance Rg cont (illustrated in fig. [3.38) can
be added to the network to capture the high frequency behavior. The cor-
responding result is shown in fig. Note though that the substrate is
a strongly distributed network and therefore, the additional frequency range
captured by a single discrete element is limited. Another downside is the
increasing simulation runtime, as the node count of the compact model in-
creases.

After the parameters have been determined for all relevant device geome-

tries, a PoA separation can be performed to separate the area and peripheral
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3. Scalable extraction procedure for an advanced SiGe HBT technology
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Figure 3.39: Results of the direct extraction of the substrate network
for a device with lgrawn = 4.5 1m and lgrawn = 180nm at Ves = 0V (HS
transistor, process of |76, Tamb = 25°C). Comparison of measurements
(markers) and model (lines) for (a) the substrate capacitance Ccs and
(b) the substrate resistance Rcs.
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Figure 3.40: Results of the extended substrate network extraction (in-
cluding Rs cont) for a device with lgrawn = 4.51m and lgrawn = 180 nm
at Vcs = 0V (HS transistor, process of [76], Tamb = 25°C). Compar-
ison of measurements (markers) and model (lines) for (a) the substrate
capacitance Ccs and (b) the substrate resistance Rcs.
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Figure 3.41: CS junction capacitance extraction for the HS transistors
of |76]. Comparison of measurements (markers) and model (lines) for
(a) the perimeter over area separation (devices with lgrawn = (3 to 9) pm
and barawn = (180 to 378) nm) for different voltages and (b) the bottom

component Cjsp.

component of the junction capacitance from each other. Contrary to the
example for the PoA shown in section Cjs needs to be scaled with the

collector substrate area Acs and perimeter Pcg:

Cjs = CjspAcs + Cis, Pos

Acs = b1 (lsk + 2dp1) (3.31)
Pes = 2 (b + lsk + 2dp)) -

Based on the result for the bottom component Cjsy, from the PoA separation
(assuming a constant value Cjg, (Ves) = const), data were fitted with the
capacitance description of HICUM, see fig. As Cjg corresponds to the
capacitance at low frequencies, the noise level of the measurements is increased
making the extraction somewhat difficult. Nevertheless, the agreement is
adequate, as is also observed for the MV and HV transistor versions in fig.
Parameter values for all three transistor flavors can be found in table 3.9
Contrary to Cjg, the elements for the intra-device coupling network cannot
be scaled easily based on measurement data. Additionally, either complex

three dimensional device simulations [104] or a Schwarz-Christoffel mapping
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Figure 3.42: Comparison of measurements (markers) and model (lines)
for the bottom component Cjs, of the CS junction capacitance (process
of [76]). Results for the MV transistor flavor (a) and HV transistors (b).

parameter (HS) Clisho zsb Vbsb Cj/Sp
(i) (Fpm?) (1) (V) (F/pm)
value 0.114 0.60  0.60 0.413

parameter (MV) éijO. 2sb Vbshb isp
(i) (Fpm?) (1) (V) (F/pm)
value 0.104 0.60  0.60 0.423

parameter (HV) éijo‘ 2sb Vbshb isp
(unit) (fF/um?) (1) (V)  (fF/pm)
value 0.140 0.46 0.62 0.365

Table 3.9: Extracted parameters for éij of the capacitance descrip-
tion of HICUM and the bias independent component Cjs, for all three
transistor flavors.

approach in conjunction with physics-based equations [105] are required. As
this would go beyond the scope of this thesis project, Cs,, Rey and Rs cont are
not scaled and remain associated to each individual transistor. Corresponding
parameters for each individual device are listed in appendix[A-3] Additionally,

results for Cj/Sp are illustrated.
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3.7 Zero-bias hole charge

3.7 Zero-bias hole charge

The hole charge (), describes the total charge related to the number of

holes within the internal 1D transistor. Hence, the integration limits of

Lq
Qp = Ag1p q/ pdx (3.32)
H,_/ 0

=1 pm2

confine the region between the start of the mono emitter and the peak of the

buried layer doping. The internal base sheet resistance R, p; relates to Qp, by

L,
1 p— / Py = Q. (3.33)
0

with the hole mobility p, and its average value 7z, within the integration
limits. Relating the sheet resistance of the base to its value at zero volt
(Rs.Bio) leads to the ratio

r _ Rs,Bi - QPOHpO - QpO
ere Rs,BiO Qpﬁp Qp ’

with the zero-bias hole charge Qpo. Assuming f, = [i,0, the terms cancel

(3.34)

each other out and only the charges remain. Under low bias conditions, the
hole charge only consists of the BE and BC depletion charges (Qjri and Qjci)
and Qpo. Hence, Qp, = Qpo + Qjri + Qjci- Inserting this relation into (3.34)

allows rearranging for Qpo:

Rspi Qpo

Repio  Qpo + QjEi + Qjci
Q;gi + Qjci

R pio/Rspi — 1

Rewriting the equation using area normalized quantities leads to

(3.35)
= QpO =

5 _ ajEi —+ @jCi (3.36)
PO Rypio/Repi — 1 '

During the previous extraction steps (tetrode measurement evaluation and

junction capacitance extraction), all required quantities to calculate épo have
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Figure 3.43: Results for the zero-bias hole charge determination for the
HS transistors of [76] at Vop = 0V. (a) Q,, obtained by plotted
vs. Ver. The dashed line indicates the linear interpolation used to obtain
the relevant zero-bias value. (b) Comparison between the charge and
resistance ratio r,ero assuming the previously determined value for @po at
zero bias.

been determined. Inserting them into (3.36) leads to the results shown in
fig. For R; pio/Rsi = 1 the denominator approaches zero and hence,

Qpo obtained by the method is undefined for Vgg = 0V. Therefore, the value

for the zero-bias case needs to be calculated by interpolation.

With @po being known, it is possible to determine the average mobility of
holes 7i,,, to get an idea if the physical model for the hole mobility is in line

with the measured data:

1

_. 3.37
Qo s Bio (3.37)

ﬁpO =
All relevant values are listed in table [3.10] for all three transistor flavors. As
can be observed from the data, @po is increasing for the MV and HV transistor
versions. This is reasonable because the extension of the space charge region
inside of the base reduces with decreasing collector doping and hence, the

number of available holes increases. Note though that the accuracy of the
determination method is about £5 % (based on fig. |3.43).
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3.8 Base current at low injection

parameter (HS) Qo Tipo
(unit) (fC/um?)  (em?/(Vs)
value 23.0 76.0

parameter (MV) Qo Fipo
(unit) (fC/um?)  (em?/(Vs)
value 24.0 79.2

parameter (HV) Qo o
(unit) (fC/um?)  (em?/(Vs))
value 26.4 71.9

Table 3.10: Extracted parameters for @po and [1,, for all three transistor
flavors.

3.8 Base current at low injection

Generally, the base current Ip is a recombination current: Holes are in-
jected into the n doped transistor regions and recombine. These holes need
to be supplied to fulfill continuity from the base terminal. The resulting cur-
rent is physically independent from the transfer current and thus, should be
modeled independently from Ic. The very simplified approach of describing
a bipolar transistor via Ic = B¢lg is therefore invalid.

In HICUM, there are several base current components to model the inde-

pendent recombination regions of Iy [74]:

Iy = Ipg + Ire + InC- (3.38)

Igg and Ipc represent the current injected into the neutral emitter and collec-
tor, respectively. Additionally, Irg describes the recombination within the BE
space charge region, which is relevant for low Vgg. Each of the components
is modeled by the well-known current equation for pn-junctions:

oo () 1] -

Vi, Is, m and Vj denote the thermal voltage, the saturation current, the non-

ideality factor and the voltage applied across the junction, respectively. Each
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Figure 3.44: Base current extraction of the BE component for the HS
transistors of [76]. Comparison of measurements (markers) and model
(lines) for (a) the perimeter over area separation (devices with ldrawn =
(4.5 and 9) pm and barawn = (180 to 378) nm) for different Vzg and (b)
the internal component IBE;.

of the Iz components itself consists of an internal and a peripheral /external
current component, which leads to twelve parameters dedicated to model Iy
(Is and m for each element).

To proceed with the extraction, a PoA separation is performed for the
measured base current and the respective area and perimeter portions are
then fitted with . The extraction results for the BE component of the
base current are shown in fig. As the measurements are too noisy below
Vee = 0.6V to observe a recombination component in the PoA results, the
extraction of Irxg was omitted.

In an additional step, the temperature dependence of Iy is extracted by
fitting results for the saturation current measured at different ambient tem-

peratures with the temperature dependent description of Ig:

mn-n (2) e[S (L) o

The parameters ¢t and Vg are the temperature coefficient and the band gap
of the injection region, respectively. As only a limited amount of temperature
dependent measurement data was available, the results shown in fig. do
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3.8 Base current at low injection
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Figure 3.45: Extraction of the base current (BE component) for a single
HS transistor of [76] (larawn = 9 1m and barawn = 180 nm). Comparison of
measurements (markers) and model (lines) for (a) Isg vs. Vag at different
ambient temperatures and (b) Isgs vS. Tamb.

not correspond to the PoA components, but to the current of a single device

(which is sufficient, as the temperature dependence of all devices of the same
process is assumed to be identical). Tables and list the extracted
parameter set corresponding to the base current for modeling the electrical

and temperature behavior, respectively.
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3. Scalable extraction procedure for an advanced SiGe HBT technology

parameter (HS) TgEss MBE; Ippps MBEp
(unit) (A/um?) (1) (A/nm) (1)
value 4.99-1072° 1.033 3.74-107?2 1.000
parameter (MV) TgEss MBE; Ippps MBEp
(unit) (A/um?) (1) (A/nm) (1)
value 2.94-1072° 1.016 3.00-10"2' 1.066
parameter (HV) IBEis TMBE; I]/ESEpS MBEp
(unit) (A/um?) (1) (A/nm) (1)
value 2.72-1072° 1.020 2.50-10"?' 1.036
parameter (HS) TIpcis MBCi Igexs MBCOx
(unit) (A/um?) (1) (A/nm) (1)
value 3.14-1072° 1 3.01-10°1° 1
parameter (MV) Tpcis MBCi Ioxs MBCx
(unit) (A/um?) (1) (A/nm) (1)
value 2.50-10720 1 2.20 10717 1
parameter (HV) Tgcis MBCi Ioxs MBOx
(unit) (A/um?) (1) (A/nm) (1)
value 1.26-101° 1 2.44-1071° 1

Table 3.11: Extracted electrical parameters for the base current for all
three transistor flavors.

parameter (HS) Vg (Ber Vic

(unit) vy @ (V)
value 1.063 3.45 0.887
parameter (MV) Ve (Ber  Vic
(unit) V) @ (V)
value 1.061 4.08 0.892
parameter (HV) Vg (er  Vic
(unit) V) @ (V)
value 1.071  3.59 0.971

Table 3.12: Extracted temperature parameters for the base current for
all three transistor flavors.
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3.9 Emitter and thermal resistance

3.9 Emitter and thermal resistance

Both the emitter and thermal resistance are two critical components that
determine transistor behavior at high injection and also have an impact on
the transition frequency. The thermal resistance Ry of the transistor links
the temperature increase AT by self-heating (SH) with the dissipated power
P by

AT =T — Tyt = Rin P, (3.41)

with the ambient temperature Tyoy,. As Ry, is a quantity with a complex
3D geometry dependence closely associated to the transistor structure, it is
not practical (and possibly unfeasible) to develop a dedicated test structure
for its extraction. Similarly, test structures for the emitter resistance Rp —
like the one in [106] — cannot be fabricated anymore without significant effort,
as they require a dedicated process step (and lithography mask) to form a
nT doped region as replacement for the base. Older technologies used an
additional process step to form such a region for the mono-silicon emitter
making the approach feasible without any process changes. Consequently, for
modern technologies that rely on the out diffusion of the n* doped polysilicon
to form the n* doped mono-emitter (saving a mask), the approach has not
been implemented anymore.

As a result, other determination methods need to be applied that use
measured characteristics of single transistors for the determination of Rg, like
the ones developed in [107H110]. As for all indirect extraction methods, the
main goal is to find terminal characteristics in which the desired parameter
dominates the behavior and can be extracted. This means, other yet unknown
parameters (mainly for the internal transistor behavior) that have an impact
on the respective procedure are either assumed or neglected. Since Rg is just
one of the parameters that impacts the transistor behavior at high injection,
these approaches can easily fail.

In this work, the approach of [110] is pursued, which is — from the author’s
perspective — one of the most consistent and direct approaches (as long as there

is enough self-heating involved). For treating the base current (or the internal
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BE voltage VgE; in case of a forced Iy measurement) as a temperature sensor,
the current equation for a pn-junction (see (3.39) and (3.40))) is rewritten and

solved numerically for the device temperature T":

¢BET
T Ver (T VBEi
Iy = Inps (To) [ — RSl BB ) ).
b = foes (T0) (TO) eXp[VT (To ﬂ (exp (mBEVT> )
(3.42)
Furthermore, it is assumed that the voltage drop caused by Iz Rp is negligible.
This is reasonable (the current gain of process [76] is very large) but also

necessary, as the exact value of Rp; at high currents is unknown at this point.
This assumption leads to the internal voltages

Veri = Vee — (Ic + Is) RE

(3.43)
Veri = Vor — (Ic + Is) Rg — IcRex.

Neglecting the power dissipated in Rp, the pn-junctions and the power cor-
responding to impact ionization, (3.41)) can be evaluated:

AT ~ R IcVep. (3.44)

Assuming then a constant collector current obtained by a forced Iz mea-
surement, changing Vog means changing device temperature in a linear way
according to the previous equation and implies that the temperature increase
must be zero for Vog = 0V, which forms the condition to extract Rg: Rg is
adjusted until AT obtained by forces AT = 0K at Vgg = 0V for the
forced Iz measurement. AT at Vog = 0V needs to be extrapolated within a
reasonable voltage range because I cannot be assumed to be constant in the
saturation regime (this would violate the assumption made for the extraction).
Subsequently, the obtained data for Rg are scaled by
PE

RE = RE,aCC +-—, (345)
Ago

with the access contribution Rg ,.c caused by the on-chip metalization and

probes. Since the measured resistances of the “Short” structure are taken into
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3.9 Emitter and thermal resistance

account by correcting the voltages applied to the actual transistor, Rg acc
should be negligible. Remaining error sources for Rg acc 7 0€) are an imper-
fect “Short” and the uncertainty of the extraction procedure.

Although the obtained value for Ry is physical and in line with the HICUM
setting flsh = 2, the result is yet inconsistent with the typical model usage:
For the HICUM setting flsh = 1 only the main contributions to the dissipated
power are considered in the model for faster convergence of the positive self-
heating feedback of BJTs. This means that is rewritten to

AT =~ RthICVCEh (3.46)

now including the internal voltage Vg instead of Vog. Subsequently, (3.43)
is inserted into (3.46)), which then finally leads to (3.47)) and the description
of the extraction method for flsh = 1.

AT =~ RnIc | Veg — [(Ic + IB) Rg + ICRCx] (3.47)

Vero

For Vog = 0V, there is still a voltage drop over the series resistances (Vegg) —
assuming a constant collector current. However, this drop does not contribute
to the temperature increase caused by self-heating for the setting flsh = 1.
Consequently, the temperature increase must be zero for Vog = Vg — form-
ing the updated condition to extract Rg. To force this condition, the data are
extrapolated at a reasonable voltage range outside of saturation leading to the
results shown in fig. for the HS transistors of [76]. Fig. illustrates
the result for the MV and HV transistor versions.

As can be observed in the figures, the emitter resistance scales fairly well
with emitter area. Nevertheless, due to the limited measurement data, the
temperature parameters for Iy had to be extracted for the smallest device
width (see section and were assumed to be identical for other device
geometries. This causes a certain extraction inaccuracy for Rg, which could
be avoided by measuring relevant device geometries vs. temperature and
applying a separate parameter combination for each geometry. Additionally,

the available measurement resolution was only 1 mV for Vg, which leads to
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Figure 3.46: Emitter resistance extraction for the HS transistors of [76].
Comparison of measurements (markers) and model (lines) of (a) AT vs.
Veg for a device with a size of Adrawn = 0.315pm x 4.5 um at different
forced Iz and (b) Rg vs. 1/Ago for devices with lgrawn = (4.5 and 9) pm
and bdrawn = (180 to 378) nm.
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Figure 3.47: Emitter resistance extraction: Comparison of extracted
data (markers) and model (lines) of Rg vs. 1/Ago for devices with lgrawn =
(4.5 and 9) pm and bgrawn = (180 to 378) nm for (a) the MV and (b) HV
transistor versions of |76|.



3.9 Emitter and thermal resistance

a behavior similar to several consecutive step-functions for AT and makes the
method unreliable at low Ig.
After Rg has been extracted, Ry, is obtained by rearranging (3.47):

_ AT
Ic (Veg — Vero)

The scaling for Ry is based on a pyramidal heat flow — in analogy to the

Rin (3.48)

scaling of the internal collector resistance [74]:

g
———
fin

Rth = Pth . (349)

Normalizing Ry, to fin allows to extract the geometry independent value py
by taking the mean for all considered transistor geometries. Respective results
for all three transistor flavors are shown in fig. [3.48

To evaluate the impact of self-heating on Rg, Ry, and the extraction
approach, the method is extended by including the temperature dependence
of Rcy, Rg and Ry, via : The corresponding expressions — including the

temperature coefficients (g, (¢n and (cx — are inserted in (3.43) and (3.47)
leading to

CE
VBE: (T) ~ VBE — (IC + IB) Rg (TO) <T>

T
0 (3.50)

T CE T CCx

Veri (T) = Veg — (Ic + Is) R (To) (T> — IcRex (Th) <T)
0 0
and
Cth
AT~ R (1) () TeVews (7). (351)

The former linear relationship between the temperature increase and Vig; is

Cth

distorted by the temperature dependent coefficient (T'/T;)*". However, the

temperature independent prefactor can be restored by a proper normalization

of (B31)
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Figure 3.48: Results of the thermal resistance extraction using the
method of |110] for devices with larawn = (4.5 and 9) pm and barawn =
(180 to 378) nm (process of [76]). Comparison of extracted data (mark-
ers) and model (lines) for pyn vs. Ago for the HS (a), the MV (b) and
the HV transistor versions (c).

o

Subsequently, the extraction approach can be applied to the data assuming
initial starting values for (g and (i,. By repeating the method for different
ambient temperatures, the temperature coefficients can be determined and

are then fed back for consistency: The method is repeated until a consistent
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3.9 Emitter and thermal resistance

parameter (HS) PE Pth Ge  Gh
(i) (@u?) (Km/W) (1) ()
value 1.84 4269 -0.12  0.79
parameter (MV) PE Pth Ge G
(it)  (@u?) (Kpm/W) (1) ()
value 1.53 4190 0.13 0.65
parameter (HV) PE Pth Ge G
(nit)  (Qu?)  (Kpm/W) (1) (1)
value 1.56 3322 0" 0.96

*Method failed for (;g of the HV transistors.

Table 3.13: Parameter set for the emitter and thermal resistance for all
three transistor flavors.

solution for the parameters has been found for the measurements of a single
device at different ambient temperatures. While the initial method already
requires a nested loop (optimizing for Rg while fitting a straight line to AT
vs. Viri), the extension leads to an additional interleaving.

As can be observed in fig. the temperature dependence of Rg is neg-
ligible and is lost within the extraction accuracy. Conversely, Ry, follows a
clear trend — close to a linear behavior. Naturally, the extension of the extrac-
tion method for the temperature dependence of the resistances can also be
applied to geometry scaling — reducing Rg and Ry, at reference temperature
by about 5% and 10 %, respectively. Table summarizes the technology
parameters (including the effect of SH on the resistances) for all three transis-
tor flavors. It is assumed that the emitter resistance of the three flavors must
be identical and hence, the mean value is used for the model (pg = 1.64 Q pm?
and G = 0).
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Figure 3.49: Extraction results for the temperature behavior of the
emitter and thermal resistance for single transistors of [76] (larawn = 9 pm

and

bdrawn = 180nm).

Comparison of extraction data (markers) and

model (lines) of Rg vs. Tamp for (a) the HS and (b) the MV transistor
versions. (c) and (d) illustrate Ren vS. Tamb for the HS and MV versions,
respectively.
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3.10 Transit time extraction

The extraction of most of the parameters of the external transistor el-
ements is mandatory before starting the transit time extraction. Both the
external capacitances and resistances can have a severe impact on the small
signal behavior and need to be taken into account for the next extraction
steps. All of the required parameters were determined previously, except for
fBE,par and fc par, which describe the partitioning of the parasitic BE and
BC capacitances across the external base resistance. In section it has
been observed that the largest portion of Rpy is associated to the interface of
the poly- to mono-silicon base and the resistance of the spacer. Together with
the extended emitter doping diffusion and the undoped region underneath
the spacer (causing a greatly reduced capacitance underneath the spacer),
this leads to the assumption that most of Cgg par needs to be attached to
the external base terminal and thus fpg par =~ 0.2 based on the analysis of
section [3.2] With this information, the partitioning for the BC capacitance is

done according to

Cicxo

e 3.53
C’ijO + CvBC,par ( )

fBC,par =

which assumes that the bias independent portion Cgc par is attached between
the external base and collector terminals.

To proceed with the extraction of the transit time 7¢, the deembedding
procedure described in [93] is applied. As a result, the fitting quantity 7a¢
and the internal transconductance g, are obtained, which will be used to
conduct the extraction. The master equation consists of 7¢, Cjg; and the minor
derivative for the low current transit time 7¢ with respect to the internal base

collector voltage:

o
The = Tt + (CjEi +1Io avBﬂ;-) /Gon- (3.54)

7¢ in turn is composed of the high current transit time A7s and 7¢. During
the first extraction step the voltage dependence of the internal base emitter

capacitance (described by the parameters Vpg; and zg;) are revised and aig;
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3. Scalable extraction procedure for an advanced SiGe HBT technology

— the ratio of the maximum to the zero-bias value of Cjg; — is extracted. To
do so, the derivative of (3.54) w.r.t. 1/gy is calculated and simplified for low

to medium current densities:
8Tﬁt

9(1/gm)
Measurement data are typically too noisy to apply (3.55)) for parameter ex-

traction, but it can be used reliably to detect the relevant bias range without
prior knowledge of the parameters for the transit time. Data up to the max-

imum value of Cjg; are included in the extraction process. As an alternative,
(3.54) is rearranged to obtain

87’{0
OVaci

and initially, 7¢ is set to zero until it can be replaced by the HICUM model

Cigi = (T8¢ — 7t) gm — Ic (3.56)

description during the next extraction steps. For the particular process an-
alyzed in this thesis, the scaling for Cjg is unclear because there is a large
measurement error caused by the deembedding of the “Open” (see section.
To reassess the scaling, Cjgpo is set to zero during the deembedding process
of [93] and hence, the total value of Cjg is obtained for Cjg; by the procedure.
Consequently, parameters for the total junction capacitance can be extracted
instead of Cjg;. After running the internal transistor extraction for all relevant
geometries (the exact methodology to extract 7+ — which is required to obtain
Cig — is shown later in this section), the model description for Cjp can be
scaled by performing a PoA separation on the MV transistor data — for which
the scaling was working best. Contrary to section [3:3] all transistor widths
were included in the separation process and thus, the extracted parameters
are somewhat different — even at low bias. A change in Cjg; also requires
updating Qo and therefore, the evaluations of section @ are repeated. All
results are summarized in fig. [3.50] with the corresponding parameter listing
in table B.14l
With the updated parameters, the actual transit time parameter extrac-
tion can be performed. As a first step, the internal device temperature is
determined by solving
T = I1cVeg (T) Ren (T) + Tamb (3.57)

92



3.10 Transit time extraction

Cik.tot /Ao / (fF/ (nm)?)

-
- ,“—
#—*""4 -
PR
| " VBE
R B 4
R -
-
e

Qpo/ (fC/(um)?)

Pgo/Ago/(pm 1)
(a)

Cii/ (F /(um)?)

T T
+ Imeasurement

/(fF/pm)

JEp

!

[~ ===--model ]
,f
#
#
L +,_.,
A
Fe
ot
r—+"’”+
| |
—0.5 0 0.5
Vee/(V)
(<)

28 R
27 -
26 S~ -
25 -
24 L | |
-1 —-0.5 0 0.5
Vee/(V)
(b)
0.4 T T
+ Imeasurement
----model ot
0.3 i
¥
0.2] *,+' g
+"
Featt el
0.1 : ‘
—0.5 0 0.5 1
Vee/(V)
(d)

Figure 3.50: Extraction update for the base emitter junction capac-
itances and the zero-bias hole charge (MV transistors, process of [76]).
Comparison of extraction data (markers) and fit (lines) for (a) the PoA
separation, (c) the internal BE capacitance Cjm; and (d) the peripheral

BE capacitance Cjg,. The update for Q, is illustrated in (b).

Veogi (T) = Vog — (Ic + Is) Re (T) — IcRex (T) (3.58)

for the S-parameter measurements in forward bias — including the temperature
dependence of the series resistances. Generally, it is important to include self-
heating for the transit time extraction, as it already plays an important role
for g for larger Veg. Subsequently, is rearranged for T¢:
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parameter Cirio ZEi Vagi QiEi
(unit)  (fF/nm?) (1) (V) (1)
value 8.86 0.269 0.872 1.80

parameter Clepo ZEp Vaep aiEp
(unit)  (fF/nm?) (1) (V) (1)
value 0.134 0.253 0.787 2.57

parameter Qo (HS) Q0 (MV) Qpo (HV)
(wit)  (C/um?)  (1C/mm?)  (HC/nm?)

value 24.7 26.1 28.8

Table 3.14: Updated parameter set for the base emitter junction capac-
itance and the zero-bias hole charge.

6Tf0
OVaci

Tf0 = Tht — (OjEi +Ic ) /9m — ATt (3-59)

Initially, A7y is unknown and hence, set to zero. During the course of the
extraction, Ar¢ will be determined and can be fed back to for consis-
tency. To proceed with the extraction of 7g, appropriate data need to be
selected in a region where the low current transit time dominates 7q¢. It has
been confirmed both by device simulations and measurement data that the
appropriate region is just before the minimum of 74 (~ (10 to 30) mV be-
fore Vg (Tht,min)) and therefore Vg (7t min) IS an important reference (see
fig. .

Using the selected data, 1y can be fitted with the description of HICUM,
which relies on the normalized internal BC junction capacitance ¢ |74]. Using
c instead of Vi additional effort is avoided to treat numerical overflows, as
c > 0. Fig. illustrates the extraction result with and without self-heating
for an exemplary transistor. Corresponding parameter values are listed in
appendix [A4]

The initial result for 74y is used to conduct the extraction for Ar¢: To apply
the standard method [111], (3.54) is rearranged for Ar¢:

anO
OVaci

AT = Tay — <CjEi + Ic ) /Gm — Teo- (3.60)
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Figure 3.51: Exemplary data obtained from measurements (HS transis-
tor, process of [76]) for (a) the fitting quantity g¢ vs. Ic and (b) the low
current transit time 7y vs. Vi for different Vog. The minimum of 74
is indicated by markers in both plots for each Vcg. As can be observed
in (b), the appropriate selection range to extract 7q is just before the
minimum of 74, where bumps indicate a small constant region.
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Figure 3.52: Extraction result for the low current transit time 7q of
an exemplary transistor (HS transistor, process of [76]). Comparison of
measurements and model of ¢ vs. ¢ without self-heating (a) and with
self-heating (b) for four different Vac. The data used to conduct the ex-
traction were selected in the range of ~ (10 to 30) mV before Vig (T, min)
and are indicated by markers. As can be observed, self-heating is a dom-
inant factor for 7¢yp and must be taken into account for reliable results.
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Figure 3.53: Illustration of the classical extraction method for the
critical current Ick based on measurement data (HS transistor, process
of [76]). (a) Intercepts of A7y vs. Ity with the reference level A7s of are
calculated for different bias conditions (constant Vac and Veg). If there
is no intersection, an extrapolation is performed to determine Ick ;. (b)
Fit of the HICUM description for Ick with the obtained data.

The classical method determines the critical current Icx based on calculating
intercepts of A7y (It¢) with an arbitrary reference level At e (in forward op-
eration and negligible breakdown, the forward transfer current Ir¢ is assumed
to be identical with I¢). Consequently, the data sets Ick i, Vogii and T; at
the intercept are obtained for different bias conditions (e.g. for measurements
at different Ve, Vor and ambient temperatures) and are then used to ex-
tract the parameters for Icx. The method is somewhat inaccurate because
the condition to merge all different sweeps is only valid if self-heating for all
bias sweeps is identical and in the end, the actual merging goal cannot be
accomplished by a single reference level. Therefore, the classical method is
only applied to determine starting values for the parameters of the critical
current.

Applying the method to exemplary measurement data leads to the result
shown in fig. B.53] One of the problems here is that there might not be an
intercept for certain V¢ if the maximum value of A7y is lower than the refer-
ence level. As a workaround, the missing values for Ick ; can be extrapolated
based on different V¢ or Vog bias, as indicated in the figure. The biggest
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problem, however, is to select an appropriate reference level for the cut: The
exact value is undefined (as there is no definition to select Ick), but theo-
retically — as the HICUM description aims on merging A7y (I1¢) for different
Vsc/Ver sweeps — all values should deliver a valid parameter set for Ick
(except for the internal collector resistance rcip). In practice, the point of
inflection of A7y (It¢) at a single Ve /Veg is used to determine A7y yer. As-
suming a wrong reference level has been selected, the values obtained for Ick ;
will be altered by a constant factor (fix), hence the extracted values will be
Ick,ex,i = fieklck,i- Consequently, the extracted value for the internal col-
lector resistance will be rcio.ex = 7cio/ fick, whereas the other parameters are
not affected (assuming identical self-heating for all bias sweeps). Therefore, it

is not feasible to obtain an accurate value for rc;y with the classical method.

Based on the previous observations, the classical method was enhanced in
[93l]112]: Instead of a single reference level, the whole range of Ar¢ (Ir¢) is used
for the merging process. As a result, the parameter balance is improved, but
the issue for r¢;g still remains. The improved method is applied subsequently,
but does not lead to a significant gain in accuracy (depending on the reference

level) — which is why this intermediate step is not shown here.

Before conducting the extraction of the transit time parameters at high
injection, a similarity between the emitter transit time Args and the Kirk-
related transit time A7g, shall be pointed out for low-medium current densities.

To do so, the exponential factor gif, of ATgs needs to be isolated:

Atgs = Treo (Ire/Iok )™

(3.61)
In (Amge/TER0) = gote In | Ire/Ick
——

fnorm

(3.61) describes gyt as the slope of the characteristics in a log-log plot. To di-
rectly force a linear relationship with fyorm, the variable fiorm,log = I (faorm)

can be introduced, which then leads to

In (ATEf/TEfO) = Jtfe In (fnorm) = gtfefnorm,log' (362)
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Calculating the derivative of the right hand side of (3.62)) with respect to
frorm,log directly leads to gire. Next, the same idea is applied to the description

of Argy,:
2

) ?
fnorm V 1§ + Gne

with the parameters 7,os and ap.. The normalized injection width wi, , and

AT = Theswiy |1+ (3.63)

the additional variable i; read

. — VIt ane
T+ VT F ane (3.64)
Z‘f =1- 1/fnorm~

Consequently, the logarithm on both sides of (3.63) is taken and foorm =
exP (fnorm,log) 18 inserted into the equations. After that, the derivative with

respect t0 fnorm,log is determined leading to the exponent of A7y,:

- 8111 (ATfh/Thcs)

Giic = (3.65)

8fn0rm,log

The analytical result is too lengthy and not useful, but the limit fuorm, log —
—00 (fnorm — 0) evaluates to
lim Jiik = 2, (3.66)

Sfrorm,log——00

which does not depend on ay. and means that Arg, behaves quadratically for
small fuorm. The result can be troubling for the extraction process, consid-
ering that there are transistor technologies that have an emitter transit time
exponent gif close to 2. In that case, the extraction routine might not be
able to distinguish between Arg and Arg,. (3.63) and are illustrated in
fig. mfor various parameter combinations of ay.. In the relevant extraction
range for Argr (0.1 < foorm < 0.5), 2.5 < gy < 4.5, which still interferes
with Args. As can be observed, the absolute value of A7, at low currents
decreases with decreasing ay.. Consequently, the extraction of Arge should
still be possible for low ay, even if gyt of the technology is close to gy in the
relevant extraction range. Note that the maximum of g¢n — which represents
the point of inflection — is before f,orm = 1 and hence, before the critical

current Iok.
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Figure 3.54: Illustration of the behavior of the Kirk-related transit time
At for Thes = 100 ps and different values of anc. (a) AT vS. fnorm and
(b) Jtfk VS. fnorm~

As has been pointed out before, A7gs and Arg, are coupled and cannot be
extracted separately from each other. Finally, the extraction of the parameters
for Aty is conducted by optimization: The remaining parameters ape, Thes,
gife and Tggo are adjusted for the best fit with the reference data within 0.1 <
Sfoorm < 1.5. Also, the value for r¢ijp needs to be included in this process,
as it could not be determined accurately in the previous extraction steps. It
is beneficial to take the logarithm for both the measured A7y and the model
description before performing the fit. An exemplary result for this step is
shown in fig.

The previously described steps (extraction of 759, Ick and A7) describe
the general idea of extracting the transit time for a single transistor geometry.

The concrete sequence for the extraction flow is as follows:

(i) First, the temperature coefficients for the the transit time and
the critical current need to be determined. Usually, only for se-
lected devices measurements at different ambient temperatures
exist (possibly from a different wafer) and hence, the method can
only be applied as a single transistor approach. The transit time
extraction is applied to these data and the obtained temperature

coefficients are assumed to be identical for different geometries
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(ii)

(iii)
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Figure 3.55: Extraction result for the high current transit time A7y of
an exemplary transistor (HS transistor, process of [76]). Comparison of
measurements and model of A7y vs. fnorm for two different Vc. The split-
up of the model for the two different sweeps is caused by self-heating.

(similar to the assumption in section [3.8]).

The transit time extraction is performed for different geometries
at room temperature using the previously determined temperature
coefficients for taking self-heating into account. The obtained pa-
rameters are specific for each transistor. Extraction uncertainties
are canceled out by taking the mean value for each of the geometry

independent parameters.

The geometry dependent and independent parameters correlate
with each other. Consequently, the transit time extraction needs
to be repeated, but now fixing the geometry independent param-
eters during the extraction. As a result, the geometry dependent

parameters 79 and rgjo can be scaled with a lower extraction error.

These three steps are very time-consuming and show how difficult a reliable

transit time extraction for HBTs is. The author would like to point out that

no manual adjustments were performed to the extracted parameters. All pre-

sented plots are as-is from the extraction output. The amount of data is too

large to be presented in this section and therefore, only important results
are shown on the following pages: Figures and show the agreement
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Figure 3.56: Comparison of measurements and model for the transit
frequency f; vs. Ic at different ambient temperatures for devices with

larawn = 9pm and barawn = 180 nm at Vec = 0V (process of [76]). Results
for (a) the HS (Tamb = (—30,0, 25,75 and 125) °C), (b) the MV (Tamb =
(0,25,75 and 125)°C) and (c) the HV (Tamy = (0,25,75 and 125) °C)

transistor versions.

for the model with the measurement data at different temperatures and the

behavior of some selected parameters, respectively. More comprehensive in-
formation can be found in appendix [A-4]
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Figure 3.57: Scaling behavior of selected transit time related parameters
for the HS transistors of [76]: (a) Vcors vs. Pro/Ago, (b) Viim vs. Pro/Ako,
(C) T0 VS. PEO/AEO and (d) TCcio VS. 1/AE,eff.

Even during extraction step (iii), current spreading is assumed to be neg-

ligible (i.e. the current spreading parameters Ly and Lj, are assumed to be

zero), which might not be the case depending on the collector doping distri-

bution. Therefore, the internal collector resistance rcig is scaled by apply-

ing optimization to the reference data for different geometries. The current

spreading angle ¢ is obtained and the model for A7y, needs to be adjusted
for consistency with the current spreading description of HICUM. The general

idea for this approach was already illustrated in [113]. Contrary to [113], the

relevant range for Ick is used for the adjustment instead of a single point.
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Figure 3.58: Illustration of the method for adjusting Ar,cs to include
current spreading in the model depending on the spreading angle dc. The
reference corresponds to the extracted model without current spreading
for a single transistor. Using the extracted model with current spreading
leads to a large deviation, which can be compensated by adjusting 7pcs
and apc to the reference data.

By performing the correction for current spreading, the correct high current
transit time, which corresponds to the 1D transport, is obtained. Adjusting
the saturated collector transit time (Tpcs = frheThes) and apc for fitting the
current spreading description to the extracted model without current spread-
ing for a single transistor leads to fig. [3.58] The transit time increase for
Tpcs ranges from 50 % for the MV transistors to 500 % for the HV version de-
pending on éc. To the author’s knowledge, there is no method to extract the
partitioning factor f.n. and thus, the base and collector portion of the high
current transit time are assumed to be identical (f;n. = 0.5). The parame-
ter change of ay. is much smaller than for 7,cs and therefore the approach
of [113] — which only relies on changing 7,cs — is confirmed (especially when

only focusing on fuorm < 1).

Besides the extracted transit time parameters that are relevant for TCAD
calibration, the most important conclusion of this chapter is revealed by in-
vestigating the different current spreading angles (see table : d¢ is sur-
prisingly large for the HS transistor flavor, which is in line with other pre-
vious observations, e.g. with the negligible area component of the BC diode

current or the increased vertical resistance component of Rpy. This implies
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3. Scalable extraction procedure for an advanced SiGe HBT technology

parameter dc (HS)  dc (MV) ¢ (HV)
(unit) ) ) (")
value 19.8 5.4 31.9

parameter frp (HS) frpi (M) frps (HV)
(unit) (1) (1) (1)
value 1.00 1.23 1.25

Table 3.15: Extracted current spreading angle dc and the low current
transit time ratio frpi for the three transistor flavors.

an increased collector doping towards the external BC junction, yet the ex-
act location remains unknown. It is possible that the well proximity effect
(WPE) |114] has an influence on the selectively implanted collector and may
lead to an increased doping at the STI edge. The results are again confirmed
by the extracted low current transit time ratio frpi = Top/70a Obtained from
the scaling of 7o (based on optimization) illustrated in fig. frpi 18 typi-
cally larger than one because the transit time g, of the peripheral transistor is
larger than the area related component 7y,, i.e. the internal transistor should
be faster since the profile in vertical direction is optimized for performance
(especially the base doping and the germanium shape). frpi =~ 1 indicates a

significantly increased external collector doping of the HS transistors.
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3.11 Transfer current

3.11 Transfer current

The extraction of the transfer current is the “discipline reine” of the HICUM
parameter extraction, especially in the high injection regime. To understand
how the transfer current is scaled, the ¢ approach shall be explained briefly.
As was shown in fig. on page the internal transistor region consists of
two components: the area and peripheral transistor. Hence, there are actu-
ally two different transfer currents, which need to be modeled for matching
different device geometries. To save model runtime and extraction effort, the

two components are merged into one, as described by the ¢ approach [115]:

It = I'taAgo + I, Pro

_ I,
= Ita | Ago + = Pro (3.67)
ITa
yc
= TTaAEﬁﬁ”-

~¢c has the dimension of a length and allows to relate the total transfer current
to the area component I, and the effective emitter area Ap ¢ without having
to specify Iﬁ«p. Consequently, Ag ¢ needs to be used to scale I,. Applying
the scaling to a simplified description of the transfer current of HICUM leads

to

Croa A2 Vi
Iy = = e 1 exp (BE> : (3.68)
QpoAE,ef + Mg QjeiAro Vr

with the GICCR constant c1o and the effective weight factor hjp,; as parame-

ters. already reveals a first inconsistency: As the BE junction charge
QjEi needs to be scaled with Aggy (for consistency with the AC behavior), It
is not a sole function of A . anymore. To restore the required behavior, the
effective weight factor relates to the actual hjg; by h;‘Ei = higiAE, e /Aro. Sim-
ilarly, the effective weight factor for the BC junction charge Qc; is defined:
ko = hjciAg et / Aro-

~v¢ was bias independent for former processes, but for modern SiGe tech-
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3. Scalable extraction procedure for an advanced SiGe HBT technology

nologies this is not the case anymore, making the scaling procedure more com-
plex. In [116], a method has been developed to model the bias dependence by
performing a scaling for hjg;. The derivation of the approach was originally
based on the reverse Early voltage but was rewritten for hjg; in [117]. In [118],
the scaling was extended to include the parameter anjg;, which models the bias

dependence of hjg;. Introducing the saturation current I, = G0 /Gp allows

to rewrite (3.68):

B Isa AR eff (VBE>
IT = ex - |-

1+ higiQigi/Qpo Vr
Further, combining (3.69) with (3.67) and inserting the respective descriptions
for I, and I7, leads to

(3.69)

7SaAE,eff _ TSaAEO IépPEO
L+ hgiQpi/Qpo 1+ MiiaQiri/@po 1+ AigipQiri/@po

(3.70)

For low Vig, hjriQjr;/Qpo < 1 and hence 1) can be simplified (note that
Ig, = Ycolsa and yoo = vc (Vee = 0V)):

Qs Qs Qig;i
Ap e | 1 — hijmi = ~ Ao | 1= higia=— | +vcoPro | 1 — higip—=— |
< ! QpO ! QpO e QpO

(3.71)
Around Vg = 0V, a Taylor expansion leads to @jEi = 6jEiO VBE and therefore
the derivative of (3.71)) with respect to Vg is

higiAg et = higiaAro + higipYcoPro
Ago Pro (3.72)
h; i—= h; ia hy i
iE JEi AE,e + NjE pVCoAE e

As the final modelcard needs to use hjy;, it is convenient to reintroduce it to
(13.72):

!Note that @po was determined from tetrode measurements and cannot be extracted
from the transfer current characteristics at medium to high injection for modern SiGe
technologies, as the influence of the weight factors is not negligible anymore.
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3.11 Transfer current

* B
B = hiEia + hjEip'YCOTEZv (3.73)
which reveals a linear relationship. From [118],
Ohi; 2B
= QhjBiT; 3.74
Vars0 0Vee 0 Vs (8.74)

and hence, by calculating the derivative of w.r.t. Vgg, the scaling for
anjri is obtained:

AhiEi = GhjEia + ahjEip'YCO%];x;~ (3.75)
Note that for the final modelcard anjri = anEiAEO/AE’eﬂ? — instead of a;jEi -
needs to be used.

To apply the strategy to measurement data, a PoA separation for the
transfer current needs to be performed first. The parameters for the transfer
current components are extracted using the method described in [117] and
the model can then be compared with measurementsﬂ The quality of the
extraction can be assessed best by plotting the normalized transfer current
It norm = It/ [Isexp (Ver/Vr)] (see fig. 3-59). To verify the validity of the
scalable model, a PoA separation is performed on simulated characteristics of
the low-bias model for It: ~¢ is calculated and compared with measurements
in fig. As can be observed in the figures, the model works reliably for the
analyzed process. However, the extracted parameters of I’Tp strongly depend
on the selected extraction range, as the measurement accuracy is limited for
small VEg.

The extraction of the transfer current at large forward bias is a complex
task: The impact of the external resistances, self-heating and all charges
need to be taken into account for a reliable extraction. This is why the
temperature coefficients need to be determined first for a single transistor,
which is done by applying the procedure outlined hereafter to measurements
at different ambient temperatures. Figures and show the agreement

21t is important to extract the parameters Is, and Iép and to determine ycg based on

Yoo = Iép/73a~ Extrapolating linearly for yco based on ¢ vs. Vg will lead to incorrect
results.
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Figure 3.59: Result for the normalized transfer current after extracting
the parameters ci0, hjgi and anj; (MV transistors 0fJ76|). Comparison of
measurements (markers) and model (lines) for (a) ITanorm vs. Var and

(b) I'/I‘p,norm vs. Vg at Ve =0V.
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Figure 3.60: Result for yc obtained by a PoA separation (process of [76])
at Vsc = 0V. Comparison of measurements and model for (a) the HS

and (b) the HV transistor versions.
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Figure 3.61: Comparison of measurements and model for the collector
current Ic vs. Vg at different ambient temperatures for devices with
larawn = 9nm and barawn = 180 nm at Vec = 0V (process of [76]). Results
for (a) the HS (Tamb = (—30,0,25,75 and 125) °C), (b) the MV (Tamb =
(0,25,75 and 125) °C) and (c) the HV (Tamb = (0,25,75 and 125) °C)
transistor versions.
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for the model with the measurement data at different temperatures. More
comprehensive information can be found in appendix

For other extraction methods — e.g. [112] — it is assumed that the transfer
current of the final model, which “causes” the high current transit time charge
AQ), is identical with the measured Ir¢, which is not necessarily the case

at high injection. Applying this assumption, it is possible to calculate AQs
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Figure 3.62: Comparison of measurements and model for the normalized
collector current Ic norm vs. Ve at different ambient temperatures for
devices with lgrawn = 9pm and barawn = 180nm at Ve = 0V (process
of |76]). Results for (a) the HS (Tump = (—30,0,25,75 and 125) °C)

(b) the MV (Tamb = (0,25,75 and 125) °C) and (c¢) the HV (Tamp =
(0,25,75 and 125) °C) transistor versions.

from the measured It:. However, the previously extracted parameters are
usually somewhat defective; especially AQ¢ at high injection could not be
matched for the process analyzed here due to the BC barrier effect [74] and the
model shortcomings for this region [119]. Hence, the final model for I1¢ might
not be fully accurate. Accepting this limitation complicates the extraction

procedure a lot, as the internal voltages and AQ; will be inconsistent with Iy.
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This is the reason why the weight factors hsg and hec are typically extracted
by running circuit simulations for achieving the best fit. Note though that
there is no issue for extracting the parameters mnjg; and hg, as the model is
sufficiently accurate in the corresponding region. For these parameters, the
method described in [118] can be applied.

Running simulations needs to be avoided for extracting parameters quickly
and hence, a simpler idea is required to solve the problem. The approach
chosen here still assumes that the internal voltages are known (defined by the
measured It¢), but the transit time charge and It¢ are forced to be consistent
by solving the transfer current equation of HICUM during each iteration step
of the optimization. Optimizing heg and hgc to fit Ite for frorm > 0.3 at
large forward bias concludes the transfer current extraction. The external
resistances, self-heating, htg and hec are coupled and thus, possible extraction
errors in previous extraction steps are partially compensated by the error
made for the weight factors.

The extraction for the process of [76] is concluded at this point. The

extracted parameters and more information can be found in appendix [A]
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3.12 Process improvements

For the MV transistors, an alarming behavior for the transfer current is
observed: After reaching the high injection region, the current increases again
rapidly for large Vg as illustrated in fig. Such a behavior cannot be
reproduced by the model. Taking a look at the internal device temperature
reveals a process issue: Thermal breakdown. Due to the relatively large Ry
and the increased Vg in comparison to the HS transistors, the temperature
increases up to more than 700K according to the model. Therefore, the
region of impurity exhaustion is left and additional carriers are generated
leading to an additional positive feedback. Thus, the actual temperature of
the device is even larger than predicted by the model, as the actual dissipated
power is greater. The onset of thermal breakdown occurs at a temperature of
about 500 K, which is somewhat lower than the limit of impurity exhaustion
according to standard literature [87]. Note that the model temperature is
an effective quantity for matching the device characteristics, i.e. the local
temperature inside of the device is somewhat larger. Also, the main problem
is not only caused by the large temperature itself, but by the huge temperature

increase for small increase of the dissipated power.

To improve the behavior, it is possible to reduce the depth of the DTI —
which is currently at 5 pm. A conclusive way to do so would be to estimate the
heat flow angle with 45° and to extrapolate to the ideal DTI depth starting
from the internal BC junction. That way, the thermal resistance is reduced,
but the substrate resistance reduces too — leading to a trade-off. A DTT depth
of about 3pm is obtained. Reducing the STI depth will probably not help
much, as the depth already is in line with the simplified 45° rule.

Section [3.5] revealed the main contribution to the external base resistance
to be the interface or vertical resistance of the poly- to monosilicon region.
Consequently, Rpyx can be reduced significantly by increasing the interface
area. A possible way to do so — instead of doing a direct process change —, is to
use a checkered emitter by changing the transistor layout. It is questionable if
such a layout can improve performance because the capacitances will increase

too —leading to a trade-off. To evaluate if such a device is useful, the extracted
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Figure 3.63: Observed thermal breakdown for a device with lgrawn =
9pm and barawn = 270nm (MV transistor of |76]): (a) Comparison of
measurements and model for Ic vs. Vg and (b) corresponding internal
device temperature based on the model. The onset of thermal breakdown
is indicated by an additional marker.

model is used to predict its performance. For the comparison, a single emitter
device with a drawn emitter area of 180 nm-954 nm and a multi finger emitter
device with a drawn size of 7 x 180 nm - 180nm are analyzed. Between each
of the fingers the minimum size for silicidation is used, leading to a total
drawn length of 3.132pm. Designing the transistors with these dimensions
leads to identical collector currents at low injection according to the model.
The difference in size demonstrates that the integration density is reduced

drastically for the checkered device.

The scaling for the checkered emitter device is relatively straightforward.
Most of the parameters are scaled according to the PoA results and the
external base and collector resistance are determined by device simulation.
However, the scaling for Ry, is not obvious and therefore the worst case sce-
nario is assumed: The value for Ry, is assumed to be identical to a single
emitter device with a drawn size of 180nm - 3.132pm (leading to an overes-
timation). The internal collector resistance and current spreading is taken
into account by calculating the corresponding parameters for a single emit-
ter (180nm - 180nm) and dividing the result for Rcjo by seven. Plotting
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Figure 3.64: Study for improving the external base resistance. Com-
parison of simulations for a single emitter (lgrawn = 954 nm and barawn =
180nm) and a checkered emitter device (7 X larawn = 180 nm and barawn =

180 nm) for the HS technology of |76|. Results for (a) Ic vs. Vg, (b) fi
vs. Ic and (c) fmax vs. Ic for Vec = (—0.5,0 and 0.5) V.

the most important characteristics leads to fig. As the capacitances of
the checkered device increase, the transit frequency at low currents decreases
considerably. Nevertheless, as Rcjp decreases (current spreading for each of
the emitter fingers is larger, reducing the resistance), the peak of f; for both
devices is quite similar. Although the gain for fi,.x is very promising, it is
unclear if a fabricated device would behave similarly. With shrinking emitter

dimensions, both the doping profiles of the vertical transistor and the inter-
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face properties (e.g. of the emitter) can differ and change the performance.
Future trials with specific test structures of checkered devices should therefore

also vary the emitter finger length.
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CHAPTER 4

TCAD calibration for SiGe HBTs

By completing the scalable extraction for the process of |76] (chapter [3) and
setting initial physical models (chapter , the TCAD calibration can be per-
formed. Although a lot of physical model development has been performed
during the past years (e.g. [81}/82,/89]), these developments mainly focused on
deriving physical models for DD /HD simulations from more complex physical
approaches like the BTE. Major measurement based physical model develop-
ment (e.g. [83,85]) started already in the 50ies and lasted until the beginning
of the 90ies. Corresponding results still serve as reference today. Model de-
velopment for scattering mechanisms — required for the BTE simulations —
also took place during this period and hence, most physical models still relate
to the respective equipment of that time. Even worse, for some underlying
physics no measurements exist at all — e.g. electron affinity vs. composition
(SiGeC system) — and hence, physical models must partially rely on theoret-
ical evaluations or extrapolation. Also, cross correlations are not well known
and are complex to measure — e.g. mobility depends on composition, dop-
ing, strain and field (a five dimensional system) — and thus, each influence
is superimposed linearly (without cross correlations) within the used physical

models.



4. TCAD calibration for SiGe HBTs

Additional uncertainties stem from secondary ion mass spectrometry (SIMS)
measurements or process simulations for obtaining doping profiles. As has
been shown in [120], profile measurements of large transistor boxes of 100 pm x
100 pm size — which are required to apply SIMS — do not agree with other
profile measurements for smaller devices that have practical relevance. The
issue can be avoided for the detection of alloy concentrations (e.g. germa-
nium content) by using electron dispersive X-ray spectroscopy (EDX) mea-
surements, which can be applied to smaller TEM samples. Nevertheless, the
sensitivity of EDX is too low to detect doping concentrations reliably and
hence, SIMS is mandatory. Employing SIMS, different doping species require
different primary ions for the bombardment and therefore, two different mea-
surements need to be aligned for the full doping profile view. This leads to
an uncertainty of about (4 to 5) nm for the position of the base doping and
composition profile, which is significant if compared to the total base width.
SIMS measurements inherently involve the sputtering of an imperfect cav-
ity, as the sputtering angle is not exactly perpendicular to the probe surface.
This means that the ion beam cannot focus on a single depth and the obtained
doping concentrations flatten in comparison to the probe.

Accepting that there is an uncertainty for the physical models and doping
profiles means that they may be tuned (in a reasonable range) for better
agreement with the measurements. In a first step, the doping profile will be
adjusted for agreement with the measured capacitances according to some of
the approaches of [|75]. If the obtained profile result is not feasible (e.g. if
there is a large deviation for the germanium profile obtained by the method
and the EDX measurement), the physical models and the transport model

itself can be questioned and adjusted.

4.1 1D profile calibration — method

description

The idea behind the profile adjustment is a (limited) one-to-one corre-
spondence between electrical reference data and simulated profiles [75]. Some

quantities, like the zero-bias hole charge or the internal junction capacitances
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Figure 4.1: (a) Zoom of the reference doping profile (D = Ny — N}
and Zmol vs. vertical depth z) used to generate synthetic reference data.
(b) Zoom of the initial doping profile serving as a starting point for the
profile adjustment.

are only affected by electrostatics and hence, allow to reconstruct doping pro-
files without a large impact from the chosen transport model and the physical
models. Other characteristics — like the collector current and the transit
frequency — depend on carrier transport and therefore might require known
material models for a profile reconstruction. For illustrating the method, the
issue is circumvented in this section by using synthetic reference data gener-

ated from HD simulations (and therefore known material models).

The doping profile shown in fig. (a) is used for generating a set of
reference characteristics. Cigi, Cjci, fi, Ir, RsBi, Qpo, the output conduc-
tance g, and the normalized transconductance gm norm = G /TT - Vo serve
as target quantities for tuning the initial doping profile in fig. (b). For a
fair evaluation, the profiles are assumed to be very different initially. Note
that the reference and initial profiles use an exponential and trapezoidal ger-
manium description, respectively. The employed initial doping profile is also
very generic: As the one-to-one correspondence between electrical data and
profile is limited, the profile information that can be recovered is limited and
thus, only a reduced amount of profile descriptions is used. Profiles based on

an exponential function
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4. TCAD calibration for SiGe HBTs

r — Xo

)bx (4.1)

are used to model the base and internal collector profile (parameters Ny, ax,

Nexp () = No exp (‘

Gx

by and xg). A profile based on a complementary error function

Nerte (:E) = Ny erfc (17 — IO)
Ax

o (42)
erfc(z) =1— ﬁ/o exp (—t?) dt,

is used for the emitter (parameters Ny, ayx and zg). For the buried layer an
additional complementary error function is used, which will remain fixed. At
the end of the adjustment procedure, the reference profile will be restored if
the electrical results are in agreement with the target characteristics and if
there is a unique solution, i.e. if there is a one-to-one correspondence between
electrical characteristics and doping profile.

The first adjustment steps focus on matching the junction capacitances of
the reference. 5jEi and éjCi are directly related to the extension of the respec-
tive space charge regions of the 1D transistor. As the base doping Ng is much
greater than the doping of the internal collector N¢;i, N¢i determines the SCR
width and hence, Cjci. The slope and curvature of the collector doping deter-
mine the bias dependence of the capacitance. Adjusting the parameters Nyc,
axc of the collector profile (and assuming byc = 1) for matching the reference
data leads to fig. As can be observed in the figure, the adjusted doping
profile does not correspond to the reference even though the capacitance is
matched. The reason for the discrepancy is the germanium profile that has
not been adjusted yet, causing a different permittivity of the BC-SCR.

The same procedure is repeated for Cig; — this time by changing the pa-
rameters Tog, axg and axp of the emitter /base profile (keeping the initial value
for byp). Simultaneously, the maximum doping of the base Nyg is tuned for
forcing @pO' As is depicted in fig. there is still a large deviation between
the adjusted profile and the reference. However, the result is still inconsistent
as other electrical characteristics have not been matched yet. Consequently,

it is necessary to couple all relevant electrical quantities — allowing for profile
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Figure 4.2: Results for the profile adjustment procedure of the BC space
charge region. (a) Cjci vs. Vic: Comparison of different optimization
steps with the reference. (b) Zoom of the corresponding doping profile
region (D = N — N vs. vertical depth z).
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Figure 4.3: Results for the profile adjustment procedure of the BE space
charge region and total base doping. (a) Cjgi vs. Vgr: Comparison
between results of the initial, adjusted and the reference doping profile.
(b) Zoom of the corresponding doping profile region (D = Ny — N vs.
vertical depth z).

interaction and consistent electrical results — for a final profile agreement.
The next step exploits the sensitivity of the collector current to the band

gap in the base. Aside from band gap narrowing, which certainly plays a

role, the main contributor to the band gap reduction is alloying. Hence,

by changing the germanium peak concentration, it is possible to match the
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Figure 4.4: Results for the profile adjustment procedure of the germa-
nium description. Comparison of different optimization steps with the
reference for (a) It vs. Vee at Vec = 0V, (¢) gmnorm vS. VBE at
Vec = 0V and (d) g, vs. Vcg at Veg = 0.6 V. (b) Zoom of the cor-
responding doping profile region (D = N, — Ng vs. vertical depth x).

collector current. Additionally, the rising and falling slope of the germanium
profile will determine the reverse Early voltage and g,, respectively [121].
Applying the strategy to the example leads to fig. £.4] The method allows to
capture the rising and falling slopes of the germanium profile well, even if the
base width is not yet consistent with the reference. The position of the edges
and the maximum germanium concentration, however, are not accurate and

need to be refined for consistency later.

To complete a first calibration run, the base width and the maximum

122



4.1 1D profile calibration — method description

250 T LS T T T TTTIT] 20 x
“Xx“ 10 ?‘x R ad'
200 PO )
é\ 150 ,*I* \ll B C? 1019 E ‘:‘x ')é 3‘\
S A k g ST .
= A < oo :
= 1 - ! S l0E A
50 [ (X reference 1 | — F ' !
¥~ ----adjusted % F : [
0 Lol RN 1017; | | |xl"’
10! 10° 10! 20 40 60 80
Tr/(mA /um?)

x/(nm)

(a) (b)
Figure 4.5: Results for the profile adjustment procedure neutral base
region. (a) f; vs. It at Vec = 0V: Comparison between results of the

adjusted and the reference doping profile. (b) Zoom of the corresponding
doping profile region (D = Ny — N vs. vertical depth z).

doping of the base Ny are tuned again to match the characteristics of f;
(changing ayp while keeping the initial value for byg) and @po, respectively.
After this step, the doping profile is already — more or less — in agreement
with the reference (see fig. [£.5).
For better consistency the described steps are repeated once, leading to the
characteristics illustrated in fig. In total, six doping profile parameters
and five parameters of the germanium description were adjusted. By including
a greater bias range for the reference data, the number of tunable parameters
for a one-to-one correspondence can be increased. For example, the space
charge region extension increases at larger negative bias, which is represented
by a capacitance change. Therefore (as has been found by additional trials),
eleven to thirteen profile parameters can be reconstructed by the method
depending on the quality of the reference data, which in turn leads to a very
important hypothesis: Eleven to thirteen degrees of freedom are enough to
reproduce an arbitrary (but consistent) combination of electrical results by

means of device simulation. Note though that the form of the result depends
on the initially assumed profile shape.
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Figure 4.6: Final results of the profile adjustment procedure. Compari-
son between the final profile and the reference for (b) gm norm vs. VBE at
Ve = OV, (C) TT vs. VBg at Vec = OV, (d) ft VS. TT at Ve = OV,
(e) 6J-Ei vs. Vgg and (f) 6jCi vs. Vec. (@) Zoom of the corresponding
doping profile region (D = Ny — N;).
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Figure 4.7: 1D doping profiles obtained from process simulations for the
HS, MV and HV transistor versions of process [76]. (a) Profile overview:
D = N, — N vs. vertical depth = and (b) zoom of the internal doping
profile region.

4.2 1D profile calibration — application to

measurement data

To generate the reference data used for the calibration, the previously
extracted compact model is reduced to its 1D part in accordance with the 1D

simulation approach. That means that the following settings are applied:

All resistances and external capacitances are set to zero.

All peripheral capacitances and currents are set to zero — that also means

Yc = Onm.

dc is set to zero (The reference data need to be free from current spread-
ing).

The reference data need to be free from self-heating.

Using these settings, the 1D modelcard (Ago = 1um?) is generated, simula-
tions at 300K are performed for various bias conditions and reference data
for the profile calibration are obtained. Subsequently, process simulations are
executed to obtain initial doping profiles for the calibration. As displayed in
fig. [£.7] the corresponding profiles for the HS, MV and HV transistor versions
only differ for the collector doping.
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Figure 4.8: Initial comparison of the extracted 1D reference with HD
simulations using the 1D profiles of process simulations (HS transistors

of |76]). Results for (a) It Vs,
Visc = (—0.5,0 and 0.5) V, (c) C

For an initial comparison, device simulations are performed using the pro-
cess TCAD profiles. The results are shown in fig. [f.§ for the HS transistor
flavor (the corresponding plots for the MV and HV transistors can be found

Vee at Ve = 0V, (b) ft VS. IT for
jEi VS. VBE and (d) C]cl VS. VBC

in appendix . Additionally, a zero-bias hole charge of QpO = 24.7fC/pm?

is obtained from the simulations, which aligns well with the extracted value.
Nevertheless, the initial comparison is somewhat discouraging for the simu-
lated transfer current with a factor ten discrepancy.

explained by comparing the effective band gap in the base extracted for the
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Figure 4.9: Adjusted collector doping profile according to SIMS mea-
surements for the HS transistor version of process [76]. D = Ny — N vs.
vertical depth z.

compact model (required for matching the temperature dependence of the
collector current) with the average band gap of the base in the simulations:
Ve = 1.01V vs. VB aveoxk = 0.93V. As the germanium profile is known
well from EDX measurements for relevant transistor dimensions (with which
the process simulations align well), adjusting it does not make sense. Only
its position w.r.t. the base doping may be tuned or — more importantly — the
material models for the band gap can be changed for an agreement with the
transfer current. It is unknown if the cause for the discrepancy is by a model
uncertainty of band gap narrowing or alloying. Therefore, the relative change
applied to the model parameters a, (band gap composition) and Epnq (band
gap narrowing) — for matching the transfer current — is assumed to be identi-
cal, leading to ag = —0.77¢eV, Epq = 5.55meV and hence, Ve avg,ox = 0.99V
for the simulations. Amongst others, the result for the transfer current is
shown later in fig.

During the next step, the doping profile (HS transistors) of the collector
is adjusted to be in line with SIMS measurements for the buried layer as
shown in fig. (a region for which profile measurements can be trusted,
as the doping level is large enough to be detected accurately and the doping
change is small enough not to be affected by the effects mentioned in the
beginning of chapter . As a result, the questionable “doping-hole” in the
collector region disappeared (see fig. as comparison). Note that the SIMS
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4. TCAD calibration for SiGe HBTs

measurements for the region with Nij < 1-10' cm™2 in the collector are too
noisy and inaccurate because of the low doping level and the large doping
change. Consequently, there is room for a profile adjustment in that region:
The internal collector profile is shifted into the base and also its steepness
is slightly increased for improving the agreement with the measured internal
BC junction capacitance. The modification is an expected outcome because

SIMS measurements are too inertial to capture profile changes fast enough.

As explained in section the base emitter junction capacitance is not
well known from extraction and thus, it is rather advised to tune the emitter
profile for f; at low currents. Comparing the extracted value for Cigio of [75]
(which is the same process) with the value extracted in table reveals an
uncertainty of more than 20 %. Even the collector capacitance chm changed
about 10 %. The process TCAD result for the emitter profile is already in the
range of uncertainty with the reference and thus, it is not changed. The same
applies to the base profile, as the result for the zero-bias hole charge is within
the extraction accuracy (Q,o = 24.0fC). To match the extracted value for
Ti,0, the parameter Ger is slightly increased to 3.5 - 10'7 em =3 for holes (ma-
jorities). The result for relevant characteristics, as well as the corresponding

doping profile, is illustrated in fig [£.10] for the HS transistors.

The discrepancy for f; at large currents can be explained with an uncer-
tainty for the internal collector profile (resulting from an inaccuracy of the
extracted internal BC capacitance), which changes pcio and the onset of high-
current, effects. During the extraction, the link between 6j010 and pcijg may
not be noticed (as the compact model decouples Cjcio from the onset of high
current effects), but for TCAD simulations an inconsistency/inaccuracy be-
tween the two parameters is fatal. If —in such a case — 6j010 is used to restore
profile information of the BC-SCR, the high-current onset of f; will not be
captured accurately. Comparing f; of the extracted 1D model of this work
with [75] leads to the result shown in fig. Major deviations at low cur-
rents are observed, which stem from the inaccuracy for Cjg;. At medium to
high injection the data do not differ significantly, but as Cjcio changed about
10 %, the doping profiles for the collector (which were tuned for matching

Cjci) are different. Using the doping profile of [75] allows to capture the high
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Figure 4.10: Final comparison of the extracted 1D reference with HD
simulations for the HS transistors of [76]. The doping profile — incorpo-
rating a collector doping change — is illustrated in (a). Results for (b)
Rs,Bi vs. Ve at Veg =0V, (C) TT vs. Vg at Vec =0V, (d) ft VS. TT
for VBC = (70.5,0 and 0.5) V, (e) éjEi VS. VBE and (f) 6j(ji VS. VBC-
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Figure 4.11: (a) Comparison of the current and previous 1D refer-
ence data obtained for the same process [75]. f¢ vs. It for Vec =
(—0.5,0 and 0.5) V. (b) Comparison of simulations using the previous
profile calibration result |[75] with current 1D reference data. f; vs. It for
Vec = (—0.5,0 and 0.5) V.

current region of the current reference data accurately (but not Cjc;). All in
all, it can be concluded that the remaining deviations are within the uncer-
tainty for the measurements and the extraction approach and that an accurate
TCAD calibration is difficult due to the limited measurement accuracy and

process tolerances.

The next step focuses on tuning the doping profile for the MV transistors.
All parts of the profile can be assumed to be identical with the HS transistors,
except for the internal collector, which is adjusted for a trade-off between
matching 6@1 and f;. The corresponding profile and simulation results are
shown in fig. @po = 25.6fF is obtained from the simulations, aligning
well with the extracted value of @, = 26.1fF. Note that no physical model
changes were applied.

Finally, the HV transistor profile is adjusted. This time, all parts of the
profile can be assumed to be identical with the other transistor flavors, except
for the collector region (including the implanted buried layer). The doping
of the implanted collector region is too low to be measured accurately by

SIMS measurements and hence, other measures need to be applied. As can
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Figure 4.12: Final comparison of the extracted 1D reference with HD
simulations for the MV transistors of [76]. The doping profile — incorpo-
rating a collector doping change — is illustrated in (a). Results for (b)

Rs,Bi vs. Ve at Veg =0V, (C) T’LVS. Ve at Ve = OX, (d) ft VS. TT
for VBC = (70.5,0 and 0.5) V, (e) CjEi VS. VBE and (f) CjCi VS. VBC-
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be observed for the initial simulations in appendix (using the process sim-
ulation result), the peak value for f; is matched relatively well. However, Cjc;
is greatly underestimated: This is due to the well proximity effect that has not
been taken into account in the process simulations. The WPE [114] affects
implantation process steps depending on the thickness and characteristics of
the photoresist, but also the wafer tilt. During the implantation step, ions are
both reflected from and scattered inside the photoresist. As a result, regions
close to the photoresist well will absorb a larger dose, resulting in a larger
doping. Consequently, there is some room for profile modifications: The mea-
sured 6jCi is used to adjust the internal collector, while the doping of the HV
implant is adjusted to match f;. A constant collector doping profile for the
internal collector seems to match the capacitance best. As a result, the char-
acteristics in fig. are obtained. Q. = 25.9fF is obtained from the sim-
ulations, which is somewhat lower than the extracted value (@po = 28.81F),
but within the extraction accuracy. Note that no physical model changes were
applied.

For all three transistor flavors, the onset of high-current effects is not taken
into account correctly. As has been explained earlier, the link between 6@10
and pcip is one of the major complications for TCAD calibration and strongly
depends on process variations and measurement accuracy. Even if the fall-off
of f; is captured (by compromising Cjci), peak f; cannot be matched very
accurately. There is a variety of reasons to explain the discrepancy: (i) The
physical models are not fully accurate (especially the HD parameters are not
well known). (i) The HD transport model itself is a simplification. (%ii) There
is a certain process variation or a measurement /extraction inaccuracy at peak
ft, as can be observed in fig. (a). However, it would be unreasonable to
tune physical parameters, as the direct cause for the discrepancy cannot be
identified. Without evidence, a model change may degrade the predictive
capabilities of the simulation setup and therefore, the physical models should

not be tuned.
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Figure 4.13: Final comparison of the extracted 1D reference with HD
simulations for the HV transistors of |[76]. The doping profile — incorpo-
rating a collector doping change — is illustrated in (a). Results for (b)
Rs,Bi vs. Ve at Veg =0V, (C) TT vs. Vg at Ve =0V, (d) ft vS. TT
for VBC = (70.5,0 and 0.5) V, (e) éjEi VS. VBE and (f) 6j(ji VS. VBC-
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4. TCAD calibration for SiGe HBTs

4.3 Base current calibration

The prediction of the base current is difficult because recombination pro-
cesses strongly depend on the maturity of the process. During early process
stages, the amount of traps in the transistor may be increased and the in-
terface conditions may not be fully matured. Consequently, TCAD cannot
predict Iy reliably. Nevertheless, to have an idea of how the base current
could look like for similar processes, it can be useful to tune the physical
models to match the extracted base current behavior of the analyzed process.
Note that doing so is a fitting approach and hence, the result will only be
applicable to similar processes. Also, a model for the recombination lifetimes
for different alloy concentrations is missing and unfortunately, no reference
data are available for model development.

The area component of the extracted base current from measurements for
the HS transistors is about three times larger than Ipg obtained from device
simulations using the initial models. Consequently, it does not make sense
to change the recombination velocity at the poly- to monosilicon interface, as
adjusting it would only decrease the base current. By performing a parameter
variation for the Auger and SRH recombination models, it is revealed that
the SRH recombination plays an important role for the non-ideality factor of
the current. To find out which parameter set to use, the Auger recombination
parameters are adjusted for matching the base current at Vgg = 0.7V while
keeping the standard SRH parameters and vice versa (the relative change
applied to the hole and electron parameters is assumed to be identical). As
can be observed in fig. (a), it is advised to tune the Auger coefficients
for matching the slope of the base current. The corresponding parameters are
listed in table 11

parameter Cn,Aug Cp,Aug
(unit) (cmb/s) (cm®/s)

value 3.5-107%% 1.24-1072°

Table 4.1: Parameter set of the Auger recombination adjusted for match-
ing the base current I'gg of the HS transistors (process of [76]).
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Figure 4.14: Comparison of the 1D reference data for Ige with HD
simulations using different recombination models (HS transistors of [76]).
(a) Plot of I vs. VaE using either adjusted Auger or SRH recombination
models. (b) and (c) compare reference and simulation of Ige vs. VBE
— using the adjusted Auger recombination model — for the MV and HV
transistor versions, respectively.

Using the adjusted Auger recombination model, simulations for the MV
and HV transistors are performed and compared with the 1D reference data
for Igg and Ipc (see figures and . The adjusted model is also able
to capture these characteristics accurately. Note that the extraction for the
HS transistors lead to a negligible area component for Igc and hence, no

comparison is shown here.
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Figure 4.15: Comparison of the 1D reference data for Ipc with HD
simulations using the adjusted Auger recombination model (process of
[76]). Isc vs. Ve for (a) the MV and (b) the HV transistor flavor.

4.4 Impact ionization model calibration

Before starting the calibration of the avalanche parameters, reference data
for all three transistor flavors need to be obtained. First, the avalanche cur-
rent I, is separated from Iy based on forced Vgg measurements of different
transistor geometries. To do so, I is plotted against V¢ for a fixed Vg and
the current close to Vo = 0V is fitted linearly to take neutral base recom-
bination (NBR) into account (see fig. [1.16). The avalanche current is then
calculated by

Iwi = Igo [1 + mnBrVBC] — I8, (4.3)

with the base current Igg at Vgc = 0V and the slope of the linear interpolation

mygr. Subsequently, the transfer current can be calculated according to

It = Ic — L. (4.4)

By performing a PoA separation, the area related avalanche current Iy,
and transfer current I, can be determined and are then used to calculate the

multiplication factor M,:
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Figure 4.16: Separation of the base current from the impact ionization
component based on measurements. Ig vs. Vac at Vg = 0.7V for an
exemplary HS transistor (process of [76]).

M, =1+ T2 (4.5)
Ta

The impact ionization (IT) model for the HD transport (electrons) is based
on an additional generation rate, mainly depending on the carrier temperature
T,, and the amount of electrons:

E.
Gri,n = air,pn exp <_ﬁH’"kB1g“n) , (4.6)

with the model parameters air, and Bir,. For holes, a corresponding DD
model is used, which is based on the quasi-Fermi potential of holes ¢, and
the amount of holes:

P p
N B ) 47
ILp = OI,pUsat,pP €XP ( grad (¢p) 0

with the model parameters agr, and Sir,p.

As has been observed in [122,[123], the generation of holes plays an impor-
tant role for breakdown, even in npn transistors: Due to the electron-hole pair
generation caused by II, the amount of electrons and holes increases equally.
When I, = I, the current caused by avalanche starts to dominate the trans-

port and hence, the amount of holes has increased significantly. Conversely,
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Figure 4.17: Comparison of the 1D reference data for M, — 1 with HD
simulations using adjusted impact ionization models for electrons (process
of [76]). M. —1 vs. Vop at Veg = 0.7V for all three transistor flavors
using a separate parameter set for each transistor flavor (a) and a unified
parameter set (b).

for M, ~ 1 the minority carrier transport in the base dominates and holes do
not contribute as much as electrons.

Using the known 1D doping profiles, the parameters for the II model of
electrons are tuned to match the data for M, —1 of all three transistor flavors.
The result is illustrated in fig. (a). For each flavor a separate set of
parameters is obtained, which aligns well with the reference. It is known that
the used avalanche generation models are a simplified approach for describing
the actual physics behind II. As was shown by using MC simulations in [122],
a “dead-space” inside the BC-SCR is forming, in which no IT occurs. Such an
effect is not taken into account by the considered models because they only
rely on the carrier temperature inside of the device. Consequently, for a a
unified parameter set, accuracy is compromised (see fig. (b)). Also note
that the measurement accuracy for the HV transistors was reduced, leading
to bad scaling and noisy reference data.

Finally, the II parameters for holes are adjusted for measurement data
with an extended Vg range while keeping the previous adjustment for elec-
trons. Unfortunately, these extended measurements are only available for a

single device geometry and consequently, identical scaling — obtained from
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Figure 4.18: Comparison of the 1D reference data for M, — 1 with HD
simulations using adjusted impact ionization models for both electrons
and holes (process of [76]). M. —1 vs. Veg at Veg = 0.6 V for all three
transistor flavors using a separate parameter set for each transistor flavor
(a) and a unified parameter set (b).

parameter QIln Bi1n
(unit) (1/ps) (1)
value 65.9 3.49

parameter a1, Bip
(unit) (1/cm) (V/cem)
value 8.84-10° 9.17-10°

Table 4.2: Unified parameter set of the IT models for electrons and holes,
adjusted for matching the multiplication factor M, of the HS, MV and
HV transistors (process of [76]).

the previous PoA separation applied to the limited data range — had to be
assumed. The result for M, — 1 using the adjusted parameters is displayed
in fig. £.18 and the parameters for the unified I model are listed in table [£.2]
The obtained accuracy is acceptable although the predictive capabilities are
limited due to the simple II model.
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4. TCAD calibration for SiGe HBTs

4.5 Attempting 2D doping profile calibration

Based on process simulations and the calibrated 1D doping profiles, an-
alytical input profiles for DEVICE were created and are used to determine
additional 2D parameters required for modeling the respective devices. In
comparison to the 1D results, the following characteristics and parameters

are added to the transistor:

e The peripheral BE junction capacitance and base current.

e The external BC junction capacitance and base current.

e The transfer current scaling modeled by the parameters vc, hjgip and
GhjEip-

e Collector current spreading modeled by the current spreading angle Jc.

e The transit time ratio f,pi, which describes the transit time scaling at

low currents.

Also the internal and parts of the external base resistance are included by
running 2D simulations. Nevertheless, it has been found in section [3.5| that a
large portion of Rpy is associated to the vertical resistance pgy 1o including the
poly- to monosilicon interface, which cannot be predicted without atomistic
simulations. Consequently, with the TCAD simulations employed in this work
it is not possible to predict Rpy without making assumptions. Although the
exact value of ppy o is unknown (certain assumptions had to be made in
section, adding it externally will be a reasonable estimation. Under these
circumstances, tuning the diffusion of the polysilicon base for matching fiax
would be a fit. The resulting doping profile would not correspond to actual
fabricated silicon. Not only the base resistance but also the exact value of
the peripheral BE junction capacitance is unknown. Both the measurement
accuracy is low (see section and the separation of the spacer capacitance
and Cjgp is not exact, as the under-spacer doping is unknown. Consequently,
for the 2D calibration only an attempt for adjusting the external BC junction
doping to the measured characteristics is feasible. To match the measured
Yoo, the emitter doping diffusion may be tuned. Other doping profile regions

need to remain at their initial process simulation result.
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Figure 4.19: Metallurgical junctions and space charge region extensions
at zero bias as obtained from the FRA for a HS transistor with an emitter
width of bgo = 98nm (process of [76]). Only one half of the internal
transistor (right hand side) is shown. The letters E, B and C indicate the
respective transistor regions.

A possible — but cumbersome and time-consuming — way to extract the
2D parameters is to apply the methods described in chapter 3] Consequently,
device simulations for different emitter widths can be conducted and the pa-
rameters are then obtained by PoA separation and scaling. Another option
is to develop dedicated methods to determine the parameters based on single
device simulations. The idea for doing so is based on [124], using the full re-
gional approach (FRA). Applying the FRA to 2D simulation data is as simple
as applying it to a 1D transistor slice repeatedly [125]. Exemplary for a FRA
result, the zero-bias space charge region extensions are illustrated in fig.

for a HS transistor with an emitter width of bgg = 98 nm.

To determine the peripheral /external components from single device sim-
ulations is straightforward: The symmetry line at the middle of the emitter
is used to determine the current and charges of the area component — cor-
responding to the 1D transistor. Multiplying them with the actual emitter
width leads to area related (but now length specific) components, which are
then subtracted from the total simulated quantities. For example, the area
related transfer current density I, corresponds to the electron current den-
sity I,, at the end of the BC SCR Zjc,e in the collector at the symmetry line

(where recombination and current spreading are negligible):
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4. TCAD calibration for SiGe HBTs

TTa = 7n (.17 =TjC,erY = 0) . (48)

The peripheral current I’Tp is then obtained based on the total current:

Ity = (It — I'tabro) /2. (4.9)

Similarly, the idea can be applied to the BE and BC capacitances [125]. To
assess if the method is working accurately, the results are compared with
extraction on 2D simulations of different emitter widths and 1D simulations
(see fig. . As can be observed, the accuracy is sufficient for waiving the
time-consuming extraction step.

To determine f.,; and dc¢ from single 2D simulations is less straightfor-
ward. frpi describes the transit time ratio between the peripheral and area
related 7+ components at low currents. Its meaning can be better understood
by relating the transit frequency to quasi-static quantities for a simulated 2D
internal HBT based on [74]:

1 aQ,
amfy  OIL |y,
Q) OVBE
VBB |y, OIG |y, (4.10)
1/ 9%
/
i o), =g

Next, the total response of the charge C], caused by a voltage change and the
transconductance g/, are split up into their area and peripheral components

according to transistor scaling;:

1 Cpabro +C},
QTCft ?mabEO + g;np .

(4.11)

The subscripts “a” and “p” indicate the area and peripheral components, re-

spectively. Subsequently, the components of Cp, and C;p are introduced to
(4.11):
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Figure 4.20: Comparison of methods for determining important 2D char-
acteristics by means of PoA separation and single 2D simulation evalua-
tions based on the FRA for an exemplary HS transistor with bgo = 178 nm
(process of [76]). Results for (a) Cjgi vs. Ve, (b) Cjci vs. Ve, (¢) Clgp
vs. VeE, (d) Cjox vs. Vae, (e) Ita vs. Var at Ve = 0V and (f) yc vs.

Vee at Vgc =0V.
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1 (Cigi + Cici + Tama) bro + Cigp + Cloy + TipGip

= 4.12
2nft gmabEO + gll'np ( )

At low currents, the transit time consists of its bias independent portion only

and hence, 7 = 1r9. Consequently, f-p; is linked to f; by

1 <5jEi + Cjci + 7ioa §ma) bro + Clgp + Clox + frpiTioa Iinp
onf, TmabE0 + Fhp

. (4.13)

Even though 7t and the minority transit time 7, are known from the FRA,
it is complicated to determine f.,; without performing parameter extraction.
This is because parts of 7y behave like Cjg/gm and therefore need to be added
to the junction capacitance. Consequently, the bias independent parts of 7¢ at
low injection — which are relevant for f,p; — cannot be directly accessed from

the FRA. Hence, the following equation for f.p; is only an approximation:

Tm
frpi = £, (4.14)

Tma
Following the simple approach, fig. is obtained. f;pi can be read off the
chart as the maximum value close before the peak of f;. A deviation of about
6 % is achieved in comparison with the reference obtained by extraction on
simulation data, which is within the limits of the extraction accuracy.

To assess the amount of collector current spreading, the collector current
stream lines beginning from the emitter contact are plotted for low injection in
fig. and the current spreading angle d¢ is read off the plot by connecting
the intersect of the dotted flow line with the metallurgical collector junction to
the end of the internal collector (where there is no more current flow bending).
For the example, ¢ = 4.9° is obtained, which is somewhat inaccurate in
comparison with the reference value obtained from extraction on simulation
data dc = 1.3°. However, both the accuracy of the FRA-based approach
and the standard extraction method are relatively low for d¢ (especially when

there is nearly no current spreading) and hence, the accuracy of the FRA-
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Figure 4.21: Result for determining frpi by means of single 2D simu-
lation evaluations based on the FRA for exemplary HS transistors with
beo = (98,178 and 258) nm (process of [76]). Result for frpi vs. Vee. The
reference value obtained from extraction on simulation data is about 6 %
larger.
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Figure 4.22: Result for the current stream lines of an exemplary HS tran-
sistor with bgo = 178 nm at Vg = 0.7V and Vec = 0V (process of [76]).
Only one half of the internal transistor (right hand side) is shown. The
dotted current flow line can be used to determine the current spreading
angle dc by connecting the intersect of the flow line with the metallurgical
collector junction to the end of the internal collector — as illustrated by
the dash-dotted line.

145



4. TCAD calibration for SiGe HBTs

based method is sufficient for a fast profile adjustment approach.

Comparing the results for the 2D parameters of simulation and measure-
ments for the HS transistors reveals that most parameters do not align well,
as is shown in table The same applies to the MV and HV transistor
results in tables and This is due to several reasons: (i) The used
process simulations were adjusted to match f,.x by tuning the diffusion at
the poly- to monosilicon interface (see [126]). As has been explained earlier,
this can lead to a wrong peripheral base profile, which in turn can cause ad-
ditional discrepancies. (ii) The lateral diffusion of the emitter doping profile
is inaccurate, leading to a deviation for ¢ and Cjp . (iii) As has been found
in chapter [3} there are several indications for an increased external collector
doping — again confirmed by the results for Cj’CXO, dc and frpi.

For the profile calibration, the process simulation adjustments of [126] for
the diffusion at the poly- to monosilicon interface of the base are undone.
Next, the lateral diffusion of the emitter doping profile is adjusted to match
Yoo- In a final step, an additional collector doping is added to the internal
BC periphery of the HS transistors for a better agreement with the measured
external BC capacitance, f,; and current spreading. As detailed lateral dop-
ing profile information are unavailable, assumptions had to be made for the

profile placement:

e The peak concentration of the profile is placed at the edge of the SIC
implant window to account for the WPE.

e The falloff of the doping concentration in lateral direction is set not to
influence the area related collector profile part.

¢ The peak concentration is optimized for agreement with Cjq.

The SCR extension of the corresponding doping profile is compared to the
initial version in fig. As can be observed, the SCR extension of the
periphery decreased to increase the corresponding capacitances. For the MV
transistors, the lateral profile fall-off of the internal collector was changed to
better match the reference for f.,; and dc. Note that an adjustment for the
HV transistors turned out to be unfeasible and not useful, as only insufficient

information about the neutral collector is available. Subsequently, simulations
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parameter Yo dc Ipps ILows
(unit) (nm) () (A/pm) (A/pm)
value (msmt) 23.3 19.8 3.74-10722  3.01-10719
value (sim.) 33.3 1.3 (4.9) 1.86-1072! 893.102!
parameter Clepo Cloxo Jrpi
(unit) (fF/pm)  (fF/pm) (1)
value (msmt) 0.215 0.343 1.00

value (sim.)  0.074 0.220  1.18 (1.11)

Table 4.3: Initial results for important 2D parameters obtained by ex-
traction on simulations and measurements for the HS transistors of [76].
Values in brackets list results of the FRA-based methods.

parameter Yo dc Ipps Iows
(unit) (nm) () (A/pm) (A/pm)
value (msmt) 26.9 5.4 3.00-10721  2.20-10719
value (sim.) 33.5 8.2 (8.7) 1.91-10721 9.02-10"2
parameter Clepo Cloxo frpi
(unit) (fF/pm)  (fF/pm) (1)
value (msmt) 0.215 0.182 1.23

value (sim.)  0.074 0.138  1.02 (1.04)

Table 4.4: Initial results for important 2D parameters obtained by ex-
traction on simulations and measurements for the MV transistors of [76].
Values in brackets list results of the FRA-based methods.

parameter Yco oc Igmps Ipoxs
(unit) (nm) ) (A/pm) (A/pm)
value (msmt) 30.3 31.9 2.50-10721  2.44.1071°
value (sim.) 33.3 10.3 (9.9) 1.92-10721 2.36-10"2°
parameter Cigpo Cicxo frpi
(unit) (fF/pm)  (fF/nm) (1)
value (msmt) 0.215 0.117 1.25
value (sim.) 0.074 0.083 0.96 (1.02)

Table 4.5: Initial results for important 2D parameters obtained by ex-
traction on simulations and measurements for the HV transistors of [76].
Values in brackets list results of the FRA-based methods.
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Figure 4.23: Comparison of the initial and adjusted 2D doping profile.
(a) BE and (b) BC space charge region extensions at zero bias as obtained
from the FRA for a HS transistor with an emitter width of bgg = 98 nm
(process of |76]). Only one half of the internal transistor (right hand side)
is shown. The letters E, B and C indicate the respective transistor regions.

are performed and the extraction is redone for an updated comparison with
the reference. Tables and summarize the results for the HS, MV
and HV transistor versions, respectively.

As is illustrated by the results, the agreement with the reference is reason-
able and demonstrates again that TCAD can reproduce measured character-
istics of actual devices. Nevertheless, the accuracy strongly depends on the
used lateral profiles and unfortunately, there are only few methods that allow
their determination [127]. Even worse, their accuracy is too low for relevant
doping concentrations and hence, they are only applicable to alloy concentra-
tions (for example the germanium concentration of the base). This means that
2D TCAD has to rely on process simulations and additional manual profile

adjustments.
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parameter Yco dc Ipps Ioxs
(unit) (nm) (") (A/pm) (A/pm)
value (msmt) 23.3 19.8 3.74-10722 3.01-1071°
value (sim.) 26.9 8.2 1.43-10721 9.77-107%
parameter CJpro ;CXO frpi
(unit) (fF/pm)  (fF/pm) (1)
value (msmt) 0.215 0.343 1.00
value (sim.) 0.134 0.344 0.95

Table 4.6: Final results for important 2D parameters obtained by ex-
traction on simulations and measurements for the HS transistors of [76].

parameter Yo dc Ipps ILoes
(unit) (nm) () (A/pm) (A/pm)
value (msmt) 26.9 5.4 3.00-1072t  2.20-10719
value (sim.) 26.9 4.3 1.50-10721  9.45.107%
parameter Clepo ox0 frpi
(unit) (fF/pm)  (fF/pm) (1)
value (msmt) 0.215 0.182 1.23
value (sim.) 0.134 0.114 1.16

Table 4.7: Final results for important 2D parameters obtained by ex-
traction on simulations and measurements for the MV transistors of [76].

parameter Yco dc Ipps Igcxs
(unit) (nm) (") (A/pm) (A/pm)
value (msmt) 30.3 31.9 2.50-10721  2.44-10719
value (sim.) 26.8 10.3 1.50-1072t  2.35.1072°
parameter Clepo iox0 frpi
(unit) (fF/pm)  (fF/pm) (1)
value (msmt) 0.215 0.117 1.25
value (sim.) 0.134 0.083 0.88

Table 4.8: Final results for important 2D parameters obtained by ex-
traction on simulations and measurements for the HV transistors of |76].
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4.6 TCAD calibration outlook

As has been observed in the previous sections of chapter [4] doping pro-

files play a very important role for a successful TCAD setup. It turned out

that process simulations are not reliable and hence, additional methods were

applied for retrieving profile information. On the other hand, it needs to be

pointed out that without process TCAD, no quantitative link to the actual

process implementation is possible. Fixing the process simulation setup is

beyond the scope of this work and would require an additional thesis project.

In addition to this important and time-consuming task, there is room for

improvement by implementing the following enhancements:
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e Due to the large noise level for the measured base emitter capacitance

(see fig. [3.16)), the methods of section for optimizing the doping
of the BE space charge region could not be applied. The reason for
the noise was identified to be linked with the measured common emitter
configuration transistors (see fig. . By fabricating common collector
test structures, reliable data for Cjg; could be obtained for creating a

more comprehensive doping profile view.

Although the predictions will be carried out at room temperature, an at-
tempt to calibrate the temperature behavior should be performed based
on the extracted compact model for taking the impact of self-heating on

the characteristics into account correctly.

The base resistance model was built on tetrode measurements of an
earlier process stage. It is recommended to revise the model for Rp
based on updated data and to also apply other extraction methods for
verification. Doing so would help to improve the agreement for the
transfer current at medium-high injection and the f,.x characteristic

before its peak value (especially for the HS transistors).



CHAPTER 9

Performance prediction of SiGe HBTs

The previous methods and approaches of chapter [] — in conjunction with
some extensions — can be applied for predicting the performance of SiGe
HBTs. After explaining the fundamentals of the prediction approach in the
beginning of the chapter, the expected accuracy of the heterogeneous method
is demonstrated by comparing the results with actual measurement data of
different device sizes for the technology of [76]. Subsequently, the scheme is
also applied to a fictitious technology in 28 nm for which no reference data
exist yet. Based on the results, the approximate performance of the future

technology is summarized.

5.1 A heterogeneous prediction approach

The goal of the prediction approach is to obtain specific model parameters
for HICUM that describe the process under investigation sufficiently accurate
to replace the TCAD-based simulations. A major advantage is that circuit
simulations can be conducted by using the respective modelcards aiding early
circuit designs for the technology. In the beginning of the considerations,
the 1D transistor — which describes the main transport of a SiGe HBT —

is characterized. By performing simulations, data are obtained for all rele-



5. Performance prediction of SiGe HBTs
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collector
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Figure 5.1: Cross section to illustrate the transistor regions covered by
1D and 2D simulations. External regions outside the 2D box are taken
into account with additional dedicated simulations and approaches of the
heterogeneous methodology.

vant characteristics of the 1D structure. Subsequently, extraction is applied
to the data and the respective compact model parameters are added to the
modelcard. Applying the same approach to the full intrinsic transistor region
allows to obtain the parameters for the 2D characterization. The transistor
cross section containing the respective regions is illustrated in fig. Finally,

external components are added to the parameter set of the technology:

e The BE and BC spacer capacitances are determined with the help of
Laplace simulations assuming the geometry and materials of the tech-
nology under investigation.

e The external base and collector resistance are calculated based on quasi-
3D simulations (see section using sheet resistances from device sim-

ulation and assumed process specific values for regions that cannot be
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sufficiently described with the simulation tools (e.g. contact resistances).
e For the substrate network only the isolation capacitance (either trench
or junction isolation) is taken into account. The corresponding model
is obtained by 1D simulation and calculations.
e The thermal resistance is calculated by means of 3D thermal simulations

for which the geometry and materials of the structure need to be known.

The approach allows for combining different TCAD tools and their unique
features employing extraction (see chapter [3[ for corresponding methods), an
accurate compact model (e.g. HICUM [74]) and scaling. At the end of the
procedure, a modelcard is available for conducting simulations with an arbi-
trary circuit simulator and the FoMs of the technology can be determined.
The determination sequence for the extraction is illustrated in fig.
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Figure 5.2: Proposed workflow of the extraction on TCAD data. Solid
boxes illustrate a single extraction step of the strategy. An additional
frame (dotted) depicts a coupling between two subsequent sections.
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5.2 Case study for an advanced
SiGe HBT technology

To demonstrate the prediction flow in detail and to get a picture of the
accuracy that can be expected from a TCAD based prediction, the strategy
in fig. is exercised for the technology of [76]. At first, the parameters for
the internal junction capacitances and the base current are extracted based
on the simulation data and the corresponding HICUM model equations. Sub-
sequently, the zero-bias hole charge and base sheet resistance are calculated
according to and , respectively. Finally, the transit time and
transfer current extraction is conducted based on the extraction methods of
sections and The 1D model is then compared to the simulation
results: As can be observed in fig. [5.3] the accuracy of the compact model
is sufficient to capture the presented figures of merit correctly. That means,
instead of conducting device simulations, it suffices to run circuit simulations

with the compact model.

The next step focuses on extracting the temperature parameters. As Chief
does not permit to run simulations for different lattice temperatures, all simu-
lations are performed using DEVICE. Consequently, the full extraction needs
to be run again for the DD data — although only the temperature parameters
are added to the modelcard of the prediction approach, whereas the electrical
description is discarded. Performing simulations at various lattice tempera-
tures allows for the extraction of the temperature parameters. Finally, the
model is compared to the simulation results of the HS transistor flavor in
fig. The comparison for the MV and HV transistors can be found in
appendix together with the extracted parameters for all three transistor

flavors.

Most of the parameters of the final modelcard relate to 1D transport: Of
the total 61 parameters required for modeling the internal transistor, only 15
are required to characterize the 2D impact. The additional prediction steps
for the external /peripheral transistor were already carried out in section
and the required parameters are added from tables [47 and to the

respective modelcards.
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Figure 5.3: Comparison of HD simulations for the 1D profile with

the

corresponding extracted model based on HICUM for the HS transistors
of [76]. Results for (a) It vs. Vgg at Vec = 0V, (b) It norm vs. VaE at
VBC = OV, (C) ft VS. IT fOI‘ VBC = (*0.570 and 05) V, (d) CjEi VS. VBE

and (e) aj(ji VS. VBc.
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Figure 5.4: Comparison of DD simulations for the 1D profile with the
corresponding extracted model based on HICUM for the HS transistors
of |[76] at Vec = 0V. Results for (a) fi vs. Ir, (b) It vs. Vig, (c)
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temperatures (71, = (300,350 and 400)

K).
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Following section the BE and BC spacer capacitances need to be
determined next based on Laplace simulations. The spacer results must be
identical with the evaluations of section [3.2] and the respective values for

Cgg par and Cpe ,, are added to the modelcard.

5.2.1 External resistances

The buried layer sheet resistance Ry — which is required for determining
the external collector resistance Rcx — can be calculated based on the buried
layer doping Ny, and electron mobility within the vertical limits a1, s and p) e

of the layer:

1/Rsp1 = q/zbl’e Ny () pi, (z) dz. (5.1)

Tbl,s
The approach leads to Rsp = 26.6Q/0 for the HS and MV transistors —
aligning well with the extracted reference of R = 30.7Q/0. For the HV
flavor, Rgp = 434Q/0 is obtained.
The sheet resistance equation is not applicable to the sinker stack, as the
current flow is perpendicular to the resistive layer (the sinker resistance is a

contact resistance). Starting from the conductivity definition

K = qnjiy (5.2)

and the infinitesimal resistance of a cuboid with the cross-section area A and
length dz
1dzx
dR = —— 5.3
— (53)
the monosilicon portion of the sinker resistance Rsk mono can be calculated.
Integrating dR over the sinker depth x and inserting the sinker doping Ny ()
leads to
1 [l 1

Rs mono — ————dx. 5.4
koo = 01 Sy N @) i @) o4

Note that the contact resistance psk mono = Fsk,monoA does not depend on
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the cross-section area. The approach leads to pskmono = 10.6 2um? for the
HS and MV transistors. For the HV flavor, psk mono = 88.012 nm? is obtained.
The values are somewhat lower than the extracted contact resistance of the
test structures because the via portion and the interface resistances are not
included in the result. As has been mentioned in the beginning of section
polysilicon, contact and interface resistances cannot be predicted and hence,
need to be estimated. As a result, the remaining portion of the sinker stack

is calculated by

Psk,int = Psk,meas,HS — Psk,mono — 7.5 me2a (55)

which then also compensates for doping and model uncertainties. To ob-
tain the final value for Rcy required for each individual modelcard, quasi-3D
simulations are run for the relevant transistor geometries assuming pgx =
Psk,mono + Psk,int- Lhe results are added to the existing table in appendix
which originally focused on the measurement based evaluations only.

A reliable base resistance determination is complex, as the assumed model
relies on certain assumptions (see section . For the TCAD approach,
tetrode-like structures are simulated to determine the monosilicon contribu-
tion RBx.mono: By applying the voltage AVgp between the base contacts of
the CBEBC transistor, the interjacent resistance Rpips is calculated using
the current Ig of one of the base contacts. Rgips consists of the internal and

external monosilicon portion according to

AV
Rpip2 = IBB
B
RBlB2 = RBi + 2-RBx,mono (56)
b
= Rs,BiALZZ + 2]%Bx,monm

with the simulation dimension in z direction Al, = 1um. Rearranging the
equation allows for determining Rpx mono, Which is also defined by

Bx,10,
AZZRBx,mono = Rs,Bx,lv'YCO + Rs,Bx,lO (bs + bso - ’VCO) + L 2)0 s . (57)
pm
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parametel“ (HS) Rs,Bx,lvO Rs,Bx,lO PBx,10,mono
(unt) @) (©/0) (@)
value 5073 1339 1.55
Parameter (MV) Rs,Bx,lvO Rs,Bx,lO PBx,10,mono
(unit) @) (©/0) (@)
value 4253 1243 1.24
parameter (HV) RS,BX,IVO Rs,Bx,lO PBx,10,mono
(unt) @0)  (©0) ()
value 4161 1201 1.44
parameter (generic) Rs,po* RS7SH*
(unit) (Q/0) (Q/0)
value 710 15

ES
Assumed values based on process information.

Table 5.1: Technology parameters of the base resistance description
based on TCAD simulations for all three transistor flavors.

R Bx,1v and R By 10 are determined by calculating the spatial average of the
sheet resistance for the respective regions beneath the BE spacer (adapting
(5.1)). The vertical mono resistance ppx10,mono i then obtained by rear-
ranging . The results in table illustrate that ppx,10,mono ONly covers
a small part of the total value for ppy o obtained from measurements and

consequently, the remaining interface portion is estimated:

PBx,10,int = PBx,10 — PBx,10,mono — 6.89 meQ- (58)

To obtain the final value for Rpy required for each individual modelcard,
quasi-3D simulations are run for the relevant transistor geometries assuming
PBx,10 = PBx,10,mono + PBx,10,int- Lhe results are added to the existing tables in
appendix[A.2] which originally focused on the measurement based evaluations

only.
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Figure 5.5: Comparison of 1D device simulations (markers) and model
(lines) for the bottom component Cjs, of the CS junction capacitance
(process of |76]). Results for the HS/MV transistor flavors (a) and HV
transistors (b).

5.2.2 Collector substrate junction capacitance

To take the CS junction capacitance into account for the prediction ap-
proach, the bottom component éij is calculated based on 1D simulations
using the full regional approach. Assuming a substrate doping of Ng,, =
1-107'5 cm 3 and the buried layer doping profile of process TCAD leads to
6j3b0 = 0.089fF /pm? for the HS/MV transistors, which is somewhat lower
than the extracted value. As the substrate doping is much lower than the
doping of the buried layer, the capacitance is determined by the substrate
doping level mainly. Increasing Nyup to 1.5 - 10715 cm 3 allows to reproduce
the measurement based value for 6ij0 accurately. The simulation result and
the corresponding extracted model are shown in fig. [5.5] for different bias.

The DTI portion OJ'/Sp of the capacitance is calculated according to the sim-
ple parallel plate capacitance equation. Applying to the DTT geometry

and assuming the permittivity of silicon oxide leads to = 0.384 {F /pm.

/
jSp
The relevant model parameters are summarized in table
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parameter (HS/MV) Cisbo zsb  Vpsb

(unit) (fF/um?) (1) (V)
value 0.109 0.41 0.60
parameter (HV) Cisho zsb  Vpsb
(unit) (fF/um?) (1) (V)
value 0.106 0.41 0.60

Table 5.2: Extracted parameters for Cjgi, of the capacitance description
of HICUM based on 1D device simulation data for the HS/MV and HV
transistor flavors.

5.2.3 Thermal resistance

The thermal resistance R, can be calculated with the help of the heat
flow equation solver THERMO [128]. For the calculation, the transistor cross
section of fig. is used to build up an appropriate input file for conducting
the simulations. The largest portion of heat is dissipated within the active BC
SCR and hence, the heat source is placed accordingly after the metallurgical
collector junction at the symmetry line of the transistor. Its width can be

estimated by

bheat = bE0 + 27C0, (5.9)

whereas the height directly corresponds to the vertical SCR extension into
the collector region, which can be determined by device simulations (see e.g.
fig. . All other dimensions can be obtained by TEM pictures or process
simulations in case of a fictitious technology. As the impact of thermal spread-
ing is important, it is necessary to run full 3D simulations with the additional
lateral dimensions from the respective transistor layout. For each part of the
transistor, a material and doping dependent — but temperature independent
~ thermal conductivity is specified based on [129] (see table [5.3).

For the correct determination of Ry, the environment of the chip/wafer
needs to be taken into account (heat sink, flip chip, etc.). During the mea-
surements of the transistor characterization, the wafer is placed on a thermo

chuck, which regulates the wafer temperature. Consequently, the heat drain
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Figure 5.6: Cross section of the structure used to conduct thermal simu-
lations. Geometry schematic with (a) lateral and (b) vertical dimensions.
The dashed enclosure illustrates the considered simulation region.
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K/ (W/(mK)) intt(e;lnszagl C int(ei\r/[n\z;; C intgﬁ?)l C oxide
value 118 129 147 14

(W 1) Ve lavr e oy
value 82 146 102

kin/ (W/(mK))  substrate sinker SiGe layer emitter
value 148 75.5 13.6 93.9

Table 5.3: Thermal conductivity based on [129]| used in the heat flow
simulations (process of [76]).

of the simulations must be placed at the bottom of the wafer. The other heat
path through the metalization up to the pads/air interface only adds a small
(parallel) contribution to the thermal resistance because stationary air is a

very bad heat conductor (ks; & 5000K,ir)-
As the wafer thickness (hy, = 775pm) is by far the largest vertical di-

mension in the simulation, the discretization needs to be set up carefully. A
weak exponential increase of the discretization step size is employed for the
wafer part to keep the memory consumption of the simulations low while still
delivering accurate results. Additionally, the wafer width b, must be chosen
sufficiently large to capture the spreading heat flow and hence, the dimen-
sion is repetitively increased until there is no impact on the simulation result

anymore.

Fig. illustrates the temperature distribution for an exemplary tran-
sistor and demonstrates that the DTI confines the heat flow. To assess its
impact on the thermal resistance, the DTI depth is aligned with the collector
substrate junction and the simulations are repeated. While this allows to re-
duce pg, by 20 %, it would also decrease the substrate resistance — leading to
a trade-off.

Running the simulations for different emitter widths and lengths allows
to extract the technology specific thermal resistance according to the scaling
approach of (3.49). The results of the extraction are shown in fig. for the
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Figure 5.7: Simulation example for a transistor with a size of lqrawn =
4.5um and bgrawn = 180nm (process of ) Material boundaries and
temperature distribution within one quarter of the actual device (zoom to
relevant region). Brighter areas correspond to higher temperatures.

three transistor flavors. As can be observed by the summarized technology
specific parameters in table the accuracy is excellent. The different ther-
mal conductivities for the internal collector and buried layer regions allow to
capture the extracted variation of the HS, MV and HV transistor versions.
For modeling the thermal simulation setup accurately, the heat source volume
was adjusted for the respective flavors based on the SCR extensions of device

simulations.
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Figure 5.8: Results for the thermal resistance obtained from ther-
mal simulations for devices with lgrawn = (4.5 and 9) pm and barawn =

(180 to 378) nm (process of [76]). Comparison of simulation data (mark-
ers) and model (lines) for pgn vs. Ago for the HS (a), the MV (b) and
the HV transistor versions (c).

pth/ (Kpm/W) HS MV HV

reference (msmt) 4269 4190 3322
simulation 4807 4530 3485

Table 5.4: Comparison of results for the simulated thermal resistance
and the reference obtained by extraction on measurement data.
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5.2.4 Full transistor results for selected

transistor sizes

Assembling all previous simulation based extraction results allows to pre-
dict the performance of SiGe HBT devices. The technology specific parame-
ters of the modelcard are scaled according to the approaches of chapter [3|and
an individual modelcard for each device is obtained. Subsequently, circuit
simulations can be performed and are then compared with measurements of

the respective device.

The results for the collector current and the transit frequency of the HS
and MV flavors are shown in fig. [5.9]and fig. [5.10] It can be observed that the
accuracy is acceptable and that the geometry trends are captured well. The
difference between the weight factors of the reference and the TCAD approach
was identified to be the cause for the discrepancy of I¢ at high injection.
Consequently, both the HD transport (and the chosen HD parameters), as well
as the extraction uncertainty for the weight factors of the reference (caused
by an extraction uncertainty for the composition of Ry, Rg, Rcx and the
weight factors) attribute to the weight factor inconsistency. Furthermore, the
maximum of f; is underestimated by the model for the HS transistor version,
which was already the case for the 1D comparison in section

Contrary to the adequate HS and MV results, the outcome for the HV
transistors underestimates f; greatly (see fig. . This is because current
spreading is not taken into account correctly with the simulated 2D profiles;
the current spreading angle is far too low in comparison with the reference.
Adjusting d¢ to the reference value decreases the gap to the measurements
significantly — as can be observed on the right hand side of fig. [5.11] The
situation is identical for the collector current, as demonstrated in fig.
A plausible explanation for the deviation of d¢ is that the 2D doping profile
of the periphery for the HV flavor is incorrect. Another additional error
source is the DD transport limitation for the extraction of the 2D model
description. According to (4.14), the model for the low-current transit time
scaling relies on the area (1D) and peripheral minority transit time 7,, and

Tmp- Reformulating the equation for HD transport reads
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Figure 5.9: Comparison of measurements and TCAD-based model for
different emitter widths (barawn = (180 to 378)nm, lgrawn = 9pm) at
Tamb = 25°C (including self-heating) and Vec = 0V (process of [76]).
Results for the collector current I¢ of the HS (a) and MV transistors (b).
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Figure 5.10: Comparison of measurements and TCAD-based model for
different emitter widths (barawn = (180 to 378)nm, l4rawn = 9pm) at

Tamb =

25°C (including self-heating) and Vec = 0V (process of [76]).

Results for the transit frequency fi (5 GHz extrapolation frequency) of

the HS (a) and MV transistors (b).
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~ Tmp,HD

Jrpi,HD ~ (5.10)

Tma,HD .
Additionally, the transit time ratios between DD and HD transport can be

introduced for the area and periphery:

Tma,HD

ftrans,a = Tos. DD
ma,
i (5.11)

ftrans,p = .
Tmp,DD

Combining (5.10) and (5.11]) leads to
pri,HD ~ ftrans,p Tmp,DD (512)

ftrans,a Tma,DD

and illustrates that no HD transport is necessary to extract frpimup if the
transport ratios are identical. As it can be assumed that the capacitances
do not depend on the transport model, basically results in firans =
fe,op/ fe,up — neglecting the difference for the transconductance between DD
and HD transport. Even though the evaluations support that the 2D compact
model parameters are mainly geometry dependent, the assumption of identical
transport ratios involves an inconsistency for the prediction.

Finally, the predicted maximum oscillation frequency is presented in fig-
ures and A meaningful prediction of fi.x strongly depends on the
assumed interface resistances of the base link, for which a lower estimate has
been done during the evaluation of tetrode measurements in section [3.5 Con-

sequently, the prediction tends to result in a somewhat optimistic figure for

fmax-
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Figure 5.11: Comparison of measurements and TCAD-based model for
different emitter widths (barawn = (180 to 378)nm, l4rawn = 9pm) at
Tamb = 25°C (including self-heating) and Vec = 0V (process of [76]).
Results for the transit frequency fi (5 GHz extrapolation frequency) of
the HV transistors using (a) dc extracted from 2D TCAD and (b) the
current spreading angle from measurements for the model evaluations.
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Figure 5.12: Comparison of measurements and TCAD-based model for
different emitter widths (barawn = (180 to 378)nm, lgrawn = 9pm) at
Tamb = 25°C (including self-heating) and Vec = 0V (process of [76]).
Results for the collector current Ic of the HV transistors using (a) dc
extracted from 2D TCAD and (b) the current spreading angle from mea-
surements for the model evaluations.
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Figure 5.13: Comparison of measurements and TCAD-based model for
different emitter widths (barawn = (180 to 378) nm, l4rawn = 9pm) at
Tamb = 25°C (including self-heating) and Vec = 0V (process of [76]).
Results for the maximum oscillation frequency fmax (20 GHz extrapolation
frequency) of the HS (a) and MV transistors (b).
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Figure 5.14: Comparison of measurements and TCAD-based model for
different emitter widths (barawn = (180 to 378)nm, l4rawn = 9pm) at
Tamb = 25°C (including self-heating) and Vec = 0V (process of [76]).
Results for the maximum oscillation frequency fmax (20 GHz extrapolation
frequency) of the HV transistors using (a) dc extracted from 2D TCAD

and (b) the current spreading angle from measurements for the model
evaluations.
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Figure 5.15: 1D doping profile comparison between the HS flavor of 76|
(calibration result) and the process simulation based result for the future
technology [130]. (a) Doping profile D = Ny — N3 and (b) germanium
mole fraction xmeo vs. vertical depth x.

5.3 Prediction of a future technology for a
28 nm lithography node

In [130] a fictitious BiCMOS technology has been designed for which the
performance prediction is performed. The — in comparison to other advanced
BiCMOS processes — very small feature size allows for sophisticated designs.
In comparison to |76], the internal collector doping was increased (see fig.
to delay the onset of the Kirk effect by reducing the internal collector resis-
tance. Conversely, other parts of the profile were only impacted by the slightly
different thermal budget of the future process. A cross section of the process is
shown in fig. [5.16] for an exemplary transistor. To counter self-heating at very
high current densities, the thermal resistance is reduced by replacing the deep
trench with a junction isolation and by decreasing the substrate thickness.
Other core features of the architecture are a selectively grown base and an
oxide-isolated internal collector — minimizing the external BC junction area.
Note that the connection of the internal monosilicon base is realized from

underneath.

All steps of section [5.2] need to be repeated for the new architecture. In

the first step, 1D simulations are performed for determining the area related
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Figure 5.16: Cross section of the technology under investigation (right
hand side of the structure). Exemplary transistor with an emitter width of
bgo = 64 nm and an internal collector width of b;,t = 130 nm. The dashed
and dotted lines illustrate the symmetry line and mono- to polysilicon
interfaces, respectively.

model components. Corresponding results are shown in fig. The peak
value for f; is close to 660 GHz at Vgc = —0.5V — a promising result for
the full transistor structure. In comparison to the TCAD-based roadmap
of , this result is a bit lower than the performance of node 2, which in
turn would forecast a performance slightly below 400 GHz at peak f; for the
full 3D structure — depending on the external architecture. It also indicates
that there is enough room for additional improvement of the 1D profile. By
employing a profile similar to nodes 3 or 4, the 1D performance could be

increased significantly. Moreover, the internal base sheet resistance of R gig =
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Figure 5.17: Comparison of BTE and HD simulation for the transit
frequency using the 1D profile for the technology of [130] at Vcg = 0.9 V.

5650 Q/0 could be reduced by increasing the peak base doping, which in turn
would help to keep the internal base resistance low.

To assess the impact of the chosen transport model on the transit fre-
quency, additional BTE simulations are conducted with DEBOTS for a con-
stant Vg, which saves simulation runtime in comparison to forcing Vgc: As
the calculation of f; is based on a constant Vg, the additional simulation run
for the quasi-static excursion can be waived. The comparison is displayed in
fig. .17 and demonstrates that the chosen HD approach is calibrated suffi-
ciently. As the discrepancy is only slightly above 10 % at peak f; (a difference
of about 60 GHz), further BTE-based investigations are not performed. Other
uncertainties, like contact resistances (see sectionfor a sensitivity study)
or doping profiles have a similar impact.

Next, the temperature parameters are determined by extraction on DD
simulation data of different lattice temperatures. Fig.[5.19]presents the corre-
sponding comparison between compact model and device simulations. After
the 1D model preparations, extraction on 2D DD simulations are performed
and the geometry scalable model of the internal transistor is completed. The
full parameter set is listed in appendix [C.2} The obtained parameters demon-
strate that the external collector junction capacitance has been reduced by
about 60 % in comparison to the process of [76]. On the other hand, nearly
no collector current spreading is observed for the analyzed technology — in-
creasing the internal collector resistance of small devices. Both outcomes are

a result of the isolated collector architecture.
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Figure 5.18: Comparison of HD simulations for the 1D profile with
the corresponding extracted model based on HICUM for the technology
of [130]. Results for (a) It vs. Vg at Ve =0V, (b) ITnorm vs. VaE at
VBC = OV, (C) ft VS. TT fOI‘ VBC = (*0.5,0 and 05) V, (d) 6jEi VS. VBE
and (e) éi(}i VS. VBc.
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Figure 5.19: Comparison of DD simulations for the 1D profile with
the corresponding extracted model based on HICUM for the technology
of [130] at Visc = 0V. Results for (a) f; vs. I, (b) It vs. Vig, (c)
It norm vs. VaE, (d) Ik vs. Var and (e) Ipc vs. Vic for different lattice

temperatures (71, = (300, 350 and 400)

K).
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Figure 5.20: Field line and potential distribution for (a) the BE and
(b) the BC spacer.

5.3.1 External elements

As the spacer structure has been modified in comparison to (see sec-
tion , Laplace simulations for the parasitic capacitances are performed.
The geometry and material information of the process TCAD simulations
are used to set up the simulation input and the capacitances C’]’3E7par =
0.286 fF/pm and Cp

output. Due to the comparably small spacer dimensions, the BC spacer ca-

Cpar = 0.373fF/pm are obtained from the simulation

pacitance increased. However, as all of the field lines end on the polysilicon
side of the poly-to-mono interface of the base (see fig. , most of C’éQPar
connects the internal collector with the base via. That means that fc par is
very small, which is beneficial for fiax.

The determination of external resistances for the prediction approach is
based on the methods and equations of section Applying and
leads to Rsp1 = 138€Q/0 and psk mono = 0.48 2 pm?, respectively. By
conducting quasi-3D device simulations and including the interface resistance
of manually, the results for the external collector resistance are obtained
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parameter Ry By 1vo Rs Bx.10
(unit) (Q/0O) (©Q/0O)
value 4386 1068

parameter  Rg o Rest”
(unit) (Q/0O) (©/0O)
value 710 15

*
Assumed values based on process information.

Table 5.5: Technology parameters of the base resistance description
based on TCAD simulations.

parameter Cisho zsb  Vbsb
(uit)  (fF/pm*) (1) (V)
value 0.232 0.44 0.72

Table 5.6: Extracted parameters for Cjgy, of the capacitance description
of HICUM based on 1D device simulation data for the future architecture
of [130].

(see appendix .

and lead to the parameters of table The vertical resistance
of the monosilicon does not play a role for the process because the link of
the mono- on polysilicon region to the internal base is realized laterally and
hence, ppx.10,mono = 0 pm?. Nevertheless, the result for the generic interface
property (see (5.8))) was taken into account for the quasi-3D simulation results
of Rpy presented in appendix

Repeating the approach of section [5.2.2] to determine the substrate ca-
pacitance leads to the results of table It is observed that the substrate
capacitance is increased due to the increased substrate doping close to the CS
junction — caused by the different processing. Note that the peripheral por-
tion of the CS junction capacitance could not be taken into account because
no doping profile was available from process TCAD. Likewise, the remain-
ing components of the substrate network (Csy, Rsy and Rgcont) cannot be

determined and are set to zero.

Finally, the thermal resistance model is updated by thermal simulations
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of the full 3D structure using updated dimensions and materials. Due to the
reduced wafer thickness and the CS junction isolation (i.e. the DTT isolation
is waived), the technology specific value for the thermal resistance is reduced
to ptn = 3229 Kpm/W. The technology specific model generation is concluded
by adding the emitter contact resistance to the modelcard. It is assumed that

pE remains at the previously extracted value of 1.64 Q pm? (see section [3.9).
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5.3.2 Full transistor results for selected transistor sizes

By collecting the previous model results, the technology specific model-
card for the architecture of [L30] is created. After scaling the parameters
according to the approaches of chapter [3] for selected device geometries, cir-
cuit simulations are performed and the typical performance of the technology
is evaluated. Fig. presents the corresponding results.

As was expected by the increased collector doping, both f; and fi,.x in-
crease significantly in comparison with the TCAD results of section The
low internal collector resistance delays the onset of the high current transit
time and allows for higher collector current densities at peak f;, which in
turn decreases the impact of the capacitances. The current density at peak
fe 18 J7 peak = 16.5 mA /um?, which is about 2.5 times larger than JT peak
of [76]. The peak values are f; = 362 GHz and f.x = 546 GHz at Vgc =0V
for the smallest transistor width. At Vgc = —0.5V, the performance can be
increased to f; = 375 GHz and fi,ax = 587 GHz. Note though that the peak
value for f.x strongly depends on the assumed interface resistance of the
base link; increasing the interface area by a factor of two increases fmax by
50 GHz. Doing the opposite leads to a drop of nearly 90 GHz.

To identify performance bottlenecks of the transistor architecture, each ex-
ternal component is reduced by 50 % while keeping the remaining parameters
at their initial value and the absolute increase of peak f; and fi,.x is recorded
at Vec = 0V. As can be observed in table the largest restraint is caused
by Rpx, Rcx and Cgc par- Consequently, increasing the respective interface
areas and the internal collector length are suitable options for a performance

improvement,.

To waive the trench isolation in favor of a junction isolation helped to keep
the thermal resistance low. Even though the transistors operate at higher cur-
rent densities, the temperature increase caused by self-heating at peak f; of
the smallest device is only 25K, which is somewhat lower than the predicted
temperature increase of technology [76]: 31 K. The external collector resis-
tance, which is about 2 times larger than in [76], limits /¢ and in turn the

temperature increase caused by self-heating is restricted additionally.
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Figure 5.21: TCAD-based model for different emitter widths (bgo =
(64 to 192) nm, lgo = 9pm) at Tamp = 25 °C (including self-heating) and
Vec = 0V (future technology of [130]). Results for (a) Ic vs. Vi, (b)
fe vs. Ic (20 GHz extrapolation frequency), (¢) fmax vs. Ic (50 GHz
extrapolation frequency) and (d) Is vs. VaE.

An increased collector doping comes at the cost of a decreased breakdown

voltage. For the future architecture under investigation, BVogo = 1.7V has
been determined for a DC current gain of By ~ 1550 at Vg = 0.7V. This
outcome seems to be too optimistic considering that the breakdown voltage of

other advanced SiGe HBTs with lower collector doping is in the same range,

e.g. . The uncertainty of the base current prediction causes a margin
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parameter Rpy Ry Rox

impact on fr.x 85GHz 21GHz 64GHz
impact on f; 0GHz 22GHz 30GHz

parameter CBgpar  CBCpar  Cioxo

impact on fr.x 4GHz 49GHz 19GHz
impact on f; 13GHz 34GHz 13GHz

Table 5.7: Sensitivity study for assessing the impact of external elements
on device performance. The respective parameter values are reduced by
50% and the absolute increase of peak fi and fmax is recorded for a
transistor with a size of bgg = 64nm and lgg = 9pm at Vec =0 V.

for BVego: The base current could turn out to be smaller than predicted,
which would reduce BVggo. To reduce the impact of the base current on the
predicted breakdown voltage, the definition of the DC forward current gain is

written down:

Iy

By = —.
=T

(5.13)

When BVigo is reached, the base current is zero and hence, the avalanche
generated current [, equals Iy, which in turn leads to

By = It . (5.14)

Iavl BVcro

1,1 is determined from device simulations for different Vog at a fixed Vgg.
Subsequently, BVcgo is plotted against By, which was calculated according
to (5.14). The result is illustrated in fig. and shows that the breakdown
voltage varies between 1.51V < BVego < 1.78 V within the relevant range.
In addition to the uncertainty of the base current, an error is involved in
comparison with more reliable avalanche models based on MC simulations
(see [122]). For the prediction, a simplified impact ionization model is used,
which is based on carrier temperature (see (£.6)).

All in all, the analyzed technology brings together all necessary features
for great RF performance. Implementing an even faster 1D profile is possible

for additional performance gains. The technology not only offers good perfor-
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Figure 5.22: Breakdown voltage BVcro vs. forward current gain By
obtained by 1D HD simulations for the future technology of [130]. The
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dotted lines indicate the relevant region for Bs.

mance, but also cost efficiency: The 28 nm lithography and the 300 mm wafer

processing allow for a very small transistor footprint and high volumes.
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CHAPTER O

Conclusion and outlook

This thesis exploited the capabilities of TCAD tools and approaches for the
performance prediction of SiGe HBTs. At the beginning the work, SiGe ma-
terial models were calibrated to literature for the upcoming drift-diffusion
and hydrodynamic simulation tasks. The models include all relevant physical
effects of HD transport — like mobility, energy relaxation times or density of
states. Additionally, the models for the band gap of the SiGe layer and band
gap narrowing were adjusted to the measured reference during the course of
the work. This step was mandatory for a reliable determination of the transfer

current at low injection from TCAD simulations.

A large part of the thesis focused on the calibration of doping profiles and
the assessment of the significance of TCAD simulations for the prediction
approach. The relevant reference data were obtained for an advanced SiGe
HBT technology [76] by extraction of compact model parameters on measure-
ment data. Since the extraction methods assume the largest portion of the
evaluations for the prediction, it was necessary to establish a sophisticated
methodology for parameter determination.

Based on technology specific parameters for the analyzed architecture, 1D

data can be generated that are free from the impact of external elements and



6. Conclusion and outlook

thus, shortcomings of the 1D simulation approach are identified readily. The
comparison between the data and 1D simulations revealed that the internal
collector doping is the most important bottleneck for a reliable prediction.
Overall, the agreement of simulations and measurements is very good if 2D
doping profile information can be acquired. However, this is usually not the
case because secondary ion mass spectrometry only allows to obtain vertical
profile data and electron dispersive X-ray spectroscopy is not sensitive enough
to capture the relevant doping levels (only alloy concentrations may be de-
tected by EDX). In conjunction with the uncertainty on carrier transport
and the assumed contact resistances, an inaccuracy arises for the prediction.
Interface resistances will play an important role for the prediction: in par-
ticular the poly- to monosilicon interface resistances of the base link and the
emitter stack. The former has become the dominant portion of the external
base resistance and decides whether or not the predicted maximum oscillation
frequency can be achieved with the analyzed technology.

Finally, the prediction methodology is applied to a future process architec-
ture [130] in a 28 nm lithography node, which is demonstrated to exhibit excel-
lent RF capabilities: The peak values of f; = 362 GHz and f,.x = 546 GHz at
VBc = 0V exceed typical performances of current SiGe HBTs technologies in
industry. The future architecture comprises several necessary process changes
for the realization of sophisticated RF products: a junction isolation of the
collector substrate area for reducing the thermal resistance, an isolated col-
lector to reduce the external base collector junction capacitance and a lateral
link of the external to internal monosilicon base for a low base resistance.

The prediction results for [130] align well with the high aims of the inter-
national technology roadmap for semiconductors of SiGe HBTs. The future
process is positioned close to node 2 of the TCAD based roadmap of [131],
which is based on a very similar methodology for the prediction. Yet, the
1D doping profiles are far from the ultimate transistor limits (represented by
node 5 of the roadmap), which leaves additional room for improvements of the
architecture; for example by implementing the 1D doping profiles of node 3
or 4 into [130]. Additionally, a different trade-off between external resistances

and capacitances is feasible to improve fiax.
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Supplementary extraction data and results




A. Supplementary extraction data and results

A.1 External collector resistance

The parameter values for Rox obtained by device simulation based on

the buried layer sheet resistance and sinker contact resistance are listed in

table [A.1]

larawn = 4.5 pm larawn = 9}11’11

(HS) Rox/SY msmt | TCAD | msmt | TCAD
bdrawn = 180nm 4.78 | 4.57 2.47] 2.36
bdrawn = 225nm 4.81 | 4.59 2.49 | 2.37
barawn = 270 nm 4.83 | 4.61 2.50 | 2.38
barawn = 315 nm 4.85 | 4.63 2.51 | 2.39
barawn = 378 nm 4.88 | 4.65 2.53 | 2.41

(MV) RCX/Q ldrawn =45 pm ldrawn = 9pm
barawn = 180nm 4.78 | 4.57 2.47 | 2.36
bdarawn = 225nm 4.80 | 4.59 2.49 | 2.37
barawn = 270nm 4.83 | 4.61 2.50 | 2.38
bdarawn = 315nm 4.85 | 4.63 2.51 | 2.39
barawn = 378 nm 4.88 | 4.65 2.53 | 2.41

(HV) Rcx/Q ldrawn = 4.51mM | lgrawn = 9um
barawn = 180 nm 40.3 | 39.0 20.9 ] 20.3
bdrawn = 225 nm 40.5 | 39.3 21.0 | 20.4
barawn = 270nm 40.8 | 39.6 21.2 | 20.6
barawn = 315nm 41.0 | 39.9 21.3 | 20.7
barawn = 378 nm 41.4 | 40.3 21.5 | 21.0

Table A.1: Quasi-3D simulation results for the external collector resis-
tance Rcyx for all three transistor flavors. The as “msmt” and “TCAD”
declared results either use technology specific resistances of measured col-
lector resistance test structures or the TCAD based calculations of sec-

tion @
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A.2 Base resistance

A.2 Base resistance

The parameter values for Rpy and Rgjp obtained by device simulation
based on the base sheet resistances are listed in tables [A.2] and [A73] respec-

tively.

(HS) Rpx/Q

ldrawn =45 pm

ldrawn = gpm

msmt | TCAD | msmt | TCAD
bdrawn = 180 nm 37.2| 25.3 19.0 | 13.0
bdrawn = 225 nm 36.8 | 25.1 18.8 | 12.9
bdrawn = 270 nm 36.5 | 24.9 18.8 | 12.9
bdrawn = 315 nm 36.2 | 24.5 18.7 | 12.7
bdarawn = 378 nm 35.8 | 24.2 18.6 | 12.7

(MV) RBx/Q larawn = 4.5 pm larawn = 9pm
bdrawn = 180nm 31.2]24.5 15.9 | 12.6
bdrawn = 225 nm 30.8 | 24.3 15.8 | 12.5
bdarawn = 270 nm 30.6 | 24.1 15.7 ] 12.5
bdrawn = 315 nm 30.4 | 23.8 15.6 | 12.4
bdrawn = 378 nm 30.1 | 23.5 15.5 | 12.3

(HV) ]%BX/Q larawn = 4.5pm | lgrawn = 9pm
bdarawn = 180nm 31.8]24.8 16.2 | 12.8
Darawn = 225nm | 31.4 | 24.6 16.0 | 12.7
bdrawn = 270 nm 31.1 | 24.4 16.0 | 12.6
bdrawn = 315nm 3091 24.1 15.9 | 12.5
bdrawn = 378 nm 30.6 | 23.8 15.8 | 12.5

Table A.2: Quasi-3D simulation results for the external base resistance
Rpx for all three transistor flavors. The as “msmt” and “TCAD” declared
results either use technology specific resistances of measured tetrode struc-
tures or the TCAD based calculations of section [5.2:1]
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ldrawn =45 pm ldrawn = 911m

(HS) Rpio/SY msmt | TCAD | msmt | TCAD
bdrawn = 180nm 15.8 | 14.5 7.94|7.31
bdrawn = 225 nm 20.3 | 18.9 10.3 ] 9.56
bdrawn = 270 nm 24.8 | 23.3 12.6 | 11.8
bdrawn = 315 nm 29.2 | 27.6 14.9 | 14.1
bdrawn = 378 nm 35.2 | 33.5 18.0 | 17.2

(MV) RBiO/Q ldrawn =45 pm ldrawn = 911111
barawn = 180 nm 14.5 | 12.2 7.28 | 6.16
Derawn = 225nm | 18.7 | 16.0 9.43 | 8.09
bdrawn = 270nm 22.8 | 19.7 11.5 | 10.0
bdrawn = 315nm 26.8 | 23.4 13.6 | 11.9
bdrawn = 378 nm 32.3 | 28.5 16.5 | 14.6

(HV) RBiO/Q ldrawn =4.5 pm ldrawn = 911m
bdrawn = 180nm 14.5 | 11.9 7.31 ] 6.01
bdrawn = 225nm 18.7 | 15.6 9.47 | 7.88
bdrawn = 270nm 229 19.2 11.6 | 9.75
bdrawn = 315nm 26.9 | 22.8 13.7] 11.6
barawn = 378 nm 32.5| 27.7 16.6 | 14.2

Table A.3: Quasi-3D simulation results for the internal zero-bias base
resistance Rgio for all three transistor flavors. The as “msmt” and “TCAD”
declared results either use technology specific resistances of measured
tetrode structures or the TCAD based calculations of section @
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A.3 Substrate network

A.3 Substrate network

The parameter values for Cy,, Rsy and Rg cont Obtained by extraction are
listed in tables [A-4] [A75] and [A16] respectively. Additionally, the behavior of
the peripheral component C’_]-’Sp of the CS junction capacitance is displayed in
fig. As can be observed, the capacitance is nearly constant over bias —

as is expected from the DTI isolation.

(HS) C'su/fF ldrawn =4.5 pm ldrawn = gllm
bdrawn = 180nm 10.8 16.1
bdrawn = 225 nm 9.63 13.9
barawn = 270 nm 10.9 14.7
bdrawn = 3151nm 10.3 13.0
barawn = 378 nm 9.78 13.3

(MV) Csy /tF larawn = 4.51m | lqrawn = 9 pm
barawn = 180 nm 10.9 14.3
bdrawn = 225nm 10.1 13.6
barawn = 270 nm 10.1 15.7
bdrawn = 315 nm 10.7 15.2
barawn = 378 nm 10.1 13.9

(HV) Csu/fF larawn = 4.51m | lgrawn = 9um
barawn = 180 nm 12.4 13.9
bdrawn = 225 nm 12.2 15.3
barawn = 270 nm 124 14.0
barawn = 315 nm 11.5 15.5
barawn = 378 nm 11.4 15.1

Table A.4: Extraction results for the substrate capacitance Cs, for all
three transistor flavors.
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A. Supplementary extraction data and results

(HS) Rsu/kQ | lgrawn = 4.51m | lgrawn = 9pm
Darawn = 180 nm 2.96 2.80
Barawn = 225 nm 3.52 2.71
barawn = 270 nm 2.87 291
barawn = 315nm 3.16 2.70
barawn = 378 nm 3.26 2.96

(MV) Rei/kQ | larawn = 4.51m | lgrawn = 9um
barawn = 1801m 3.01 2.81
barawn = 225 1m 3.08 2.61
barawn = 270nm 3.16 2.77
bdrawn = 315nm 3.44 2.67
bdrawn = 378 nm 3.47 2.55

(HV) Rsu/kQ larawn = 4.5 pm larawn = 9nm
Darawn = 180 nm 2.39 2.37
barawn = 225 nm 2.43 2.22
barawn = 270 nm 1.70 2.43
barawn = 315nm 2.50 2.95
barawn = 378 nm 2.66 2.35

Table A.5: Extraction results for the substrate resistance Rg, for all
three transistor flavors.
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A.3 Substrate network

(HS) ]%S,cont/Q ldrawn =45 pi ldrawn =9pm
barawn = 180 nm 349 265
barawn = 225nm 341 214
barawn = 270 nm 291 222
barawn = 315nm 250 171
barawn = 378 nm 202 121
(MV) RS,cont/Q ldrawn =45 pm ldrawn - 9}1m
barawn = 180 nm 420 300
barawn = 225 nm 418 260
barawn = 270 nm 409 237
bdrawn = 315nm 325 197
barawn = 378 nm 313 169
(HV) RS,con‘c/Q ldrawn =45 pm ldrawn = gllm
barawn = 180 nm 419 292
bdrawn = 225nm 356 252
barawn = 270 nm 412 256
barawn = 315nm 405 235
bdrawn = 378 nm 338 224

Table A.6: Extraction results for the substrate contact resistance Rs, cont
for all three transistor flavors.
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A. Supplementary extraction data and results
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Figure A.1l: Comparison of measurements (markers) and fit (lines) for
the peripheral component Cjg,, of the CS junction capacitance (process
of [76]). Results for (a) the HS, (b) the MV and (c) the HV transistor
flavors.
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A.4 Transit time

A.4 Transit time

The extracted parameters for the transit time are listed in tables
and [A.9] for all three transistor flavors. Using the model, a comparison for

the transit time and maximum oscillation frequency with measurements was

performed, as illustrated in figures and [A4]

parameter (HS) Toa 0o kro Thvl ATon
(unit) (fs) (1/kK) (1/MK?) (fs) (fs)
value 303.7 2.56 4.85 48.8 38.2
parameter (HS) pcio o Vers aces  Vpt
ity @um?) (1) (mV) (KK (V)
value 41.2 0.376 73.4 3.26 100
parameter (HS) Viim Olys
(unit) (V) (1/kK)
value 1.52 2.89
parameter (HS) Thes Ghe TEf0 Jite
(unit) (ps) (1) (ps) (1)
value 49.5 0.128 0 1

Table A.7: Extracted parameters of the transit time description of
HICUM for the HS transistors of .
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A. Supplementary extraction data and results

parameter (MV) Toa aro kro Tovl  ATon
(unit) (fs) (1/kK) (1/MK?) (fs) (fs)
value 525.2 2.64 6.16 9.32 24.5
parameter (MV) PCio Cci Vers OCEs Vot
(unit) (Qum?) (1) (mV)  (1/kK) (V)
value 156 0.116 16.0 33.1 100
parameter (MV) Viim Qys
(unit) (V) (1/kK)
value 1.55 0.944
parameter (MV) Thes Ohe TE£0 Gtfe
(unit) (ps) (1) (fs) (1)
value 40.1 0.0866 23.4 1.25

Table A.8: Extracted parameters of the transit time description of
HICUM for the MV transistors of .

parameter (HV) Toa Qro ko Tovl  ATon
(unit) (fs) (1/kK) (1/MK?) (fs) (fs)
value 946.4 3.91 —10.7 213 440
parameter (HV) pcio Cci Vers acegs  Vpt
(unit) (Qpm?) (1) (mV)  (1/kK) (V)
value 627 —2.37 87.3 142 2.45
parameter (HV) Viim iy
(unit) (V) (1/kK)
value 0.268 2.03
parameter (HV) Thes Ohe TEf0 Gite
(unit) (ps) (1) (ps) (1)
value 498 0.0147 1.16 1.85

Table A.9: Extracted parameters of the transit time description of
HICUM for the HV transistors of .
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A.4 Transit time
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Figure A.2: Comparison of measurements and model for the transit
frequency f; (5 GHz extrapolation frequency) and the maximum oscilla-
tion frequency fmax (20 GHz extrapolation frequency) for different widths
(bdarawn = (180 to 378) nm) at Tump = 25°C and Vec = 0V (HS tran-
sistors of [76]). (a) ft vs. Ic for lagrawn = 4.5pm. (b) fi vs. Ic for

larawn = 9nm. (¢) fmax vs. Ic for larawn = 4.5pm. (d) fmax vs. Ic for
ldrawn =9 pm.
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Figure A.3: Comparison of measurements and model for the transit
frequency f; (5 GHz extrapolation frequency) and the maximum oscilla-
tion frequency fmax (20 GHz extrapolation frequency) for different widths
(barawn = (180 to 378)nm) at Tamp = 25°C and Vec = 0V (MV tran-

sistors of [76]).

(a) fi vs. Ic for larawn = 4.5um. (b) fy vs. Ic for

larawn = 9nm. (¢) fmax vs. Ic for larawn = 4.51m. (d) fmax vs. Ic for

ldrawn =9 pm.
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A.4 Transit time
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Figure A.4: Comparison of measurements and model for the transit
frequency f; (5 GHz extrapolation frequency) and the maximum oscilla-
tion frequency fmax (20 GHz extrapolation frequency) for different widths
(barawn = (180 to 378)nm) at Tamp = 25°C and Vec = 0V (HV tran-

sistors of [76]).

(a) f¢ vs. Ic for larawn = 4.5nm. (b) f; vs. Ic for

larawn = 9m. (¢) fmax vs. Ic for larawn = 4.5nm. (d) fmax vs. Ic for

ldrawn =9 pm.
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A. Supplementary extraction data and results

A.5 Transfer current

The extracted parameters for the transfer current are listed in tables

[ATT] [A712] and [A.13] for all three transistor flavors. Using the model, a com-
parison for the transfer current and normalized transfer current with mea-

surements was performed, as illustrated in figures and [A77]

parameter oo (HS)  ~vco (MV)  ~co (HV)
(unit) (nm) (nm) (nm)

value 23.3 26.9 30.3

Table A.10: Extracted zero-bias values of ¢ for the HS, MV and HV

transistors of .

parameter (HS) C10 higi higp ahiEi  QhjEp
(uit)  @ARC/Hum?) () () () ()
value 1.089 0.634 0.592 3.09 3.71

parameter (HS) hici ThjEi hio heg hic
(unit) (1) (1) (1) (1 @
value 0.109 2.55 7.6 0 0

parameter (HS) ChjEi AVeee  (veBE  VeB Cer
(unit) (1) (mV) (1) v)y ()
value —1.53 —46.7 —0.360 1.011 3.08

Table A.11: Extracted parameters of the transfer current description of
HICUM for the HS transistors of .
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A.5 Transfer current

parameter (MV) %10 higi hiep AhiEi  OhjEp
(i) @AfCHm?) () () () ()
value 1.117 0.860 1.063 1.86 2.82

parameter (MV) hici ThiEi o heg e
(unit) (1) (1) (1) (1 1)
value 0.159 1.07 5.74 0 2.25

parameter (MV) ChjEi AVgge  Cvgee Vg Cor
(unit) (1) (mV) (1) V) (@
value —1.30 —92.1 —0.206 0.998 3.53

Table A.12: Extracted parameters of the transfer current description of
HICUM for the MV transistors of [76].

parameter (HV) C10 higi hiEp GhjEi  ChjEp
(unit)  AfC/Hm?) () () (1) ()
value 1.123 0.567 0.812 3.87 4.42

parameter (HV) hici ThjEi hio hig hic
(unit) (1) (1) (1) L @
value 0.211 2.65 2.01 7.12 8.80

parameter (HV) ChjEi AVeBe  CvgBE V@B Cer
(unit) (1) (mV) (1) vy @
value —1.97 —98.7 —0.291 0.990 3.94

Table A.13: Extracted parameters of the transfer current description of

HICUM for the HV transistors of .
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A. Supplementary extraction data and results

F \ ;ﬁ 102 F T T g
101 ; < ’/i?}' 7; E ’, %?’: —E
— S %% S (1 , A E
< - 2 A : < B E0 7 ]
E 100 g 43-6;’ = é [ ﬁ;’ ]
S HF ST L 4 E
< | EF I . ]
10 ?gg*' + msmt | 10-1 ’;?,*’ + msmt |
Al ----model a ----model §
10—2 | | | |
0.7 0.8 0.9 1 0.7 0.8 0.9 1
Vie/(V) Vee/(V)
(a) (b)
1+ 1
.f;; T T ;.h,‘ T
0.8 *‘**u*** | 0.8[ "'"‘H:***** .
£ 0.6 4'\ | £ 0.6 k)\ )
g.- \ :.\
L 04 bro 2 L 04 bEO‘\l =
021 * msmt ' B 021 * msmt B
----model ----model
0 ! ! ! ! : 0 ! ! ! !
04 05 06 0.7 0.8 09 1 04 05 06 07 0.8 09 1
Ver/(V) Ver/(V)
(c) (d)

Figure A.5: Comparison of measurements and model for the collector
current /¢ and the normalized collector current /¢ norm for different widths
(bdrawn = (180 to 378) nm) at Tamp = 25 °C and Vec = 0V (HS transistors
of [76]). (a) Ic vs. VBE for larawn = 4.5 pm. (b) Ic vs. Vag for larawn =
9um. (c) Icnorm vS. VBE for larawn = 4.5pm. (d) Ic,norm vs. Vag for
ldrawn = 9 nm.
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Figure A.6: Comparison of measurements and model for the collector
current /¢ and the normalized collector current Ic norm for different widths
(barawn = (180 to 378)nm) at Tamb = 25 °C and Vec = 0V (MV transis-
tors of [76]). (a) Ic vs. Veg for larawn = 4.5pum. (b) Ic vs. Vg for
larawn = 9um. (¢) Icnorm vs. VBE for larawn = 4.5pum. (d) Icnorm VS.
VaE for lgrawn = 9 pm.
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Figure A.7: Comparison of measurements and model for the collector
current /¢ and the normalized collector current /¢ norm for different widths
(bdrawn = (180 to 378) nm) at Tamp = 25°C and Ve = 0V (HV transis-
tors of [76]). (a) Ic vs. Vg for lagrawn = 4.5nm. (b) Ic vs. Vgg for
larawn = 9um. (c) Icnorm vS. VBE for larawn = 4.5pm. (d) Ic norm VvS.
VBE for lgrawn = 9 pm.



APPENDIX B

Supplementary profile calibration information

B.1 1D doping profile calibration

Figures[B.T]and [B.2)illustrate the initial comparison between the extracted
1D reference and device simulation using the process TCAD profiles for the

MYV and HV transistor versions, respectively.



B. Supplementary profile calibration information

1 ‘ ‘ ‘ i 250 HH‘ T T \\HH‘ T \-\\HH
. 1071 4+ 1D-extr. ,/_._"""' I 200 | + lD?extr. L R
NE 10~! | ---- Chief -7 * | ~ -=-=- Chief gA¥h
=, /' + o 150 [ “ s
< 107 12 AL
g s ot = 100 [ Z SRR RE
< 10 A 7 S ’* Vi \‘ '
L+ 4 BC, |1
T AR i 90 [ o4 e e
I~ 10 ++ #44 a—
10_9 | | | 0 I Ll \*‘H&
04 06 08 1 107! 10° 10
Vee/(V) It/(mA/pm?)
(2) (b)
12 ¢ T T 3 T T T T
+ 1D-extr. 4 + 1D-extr. +
oo --=-- Chief + &, 95| ----Chief 4
i 10 [~ + i 1'
~ + S ~_ ,'
&: + * /' EE 2+ Iq.,
< + + + ’«’ < ,/
g 8 ++* ¥ e ) Q o
=} .+t PP 5 Lo e
———————— _ ___——.,,‘70-’;
6 L ! ! ! 1 I e Tk ! ! \
-1 —0.5 0 0.5 -2 —-15 -1 -0.5 0 0.5
Vee/(V) Vie/(V)
(c) (d)

Figure B.1: Initial comparison of the extracted 1D reference with HD
simulations using the 1D profiles of process simulations (MV transistors
of [76]). Results for (a) It vs. Ver at Vec = 0V, (b) fi vs. It for
VBC = (*0.5,0 and 05) V, (C) 6jEi VS. VBE and (d) 6j(ji VS. VBC-
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B.1 1D doping profile calibration
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Figure B.2: Initial comparison of the extracted 1D reference with HD
simulations using the 1D profiles of process simulations (HV transistors
of [76]). Results for (a) It vs. Veg at Vac = 0V, (b) fi vs. It for
VBC = (*0.5,0 and 05) V, (C) 6jEi VS. VBE and (d) 6j01 VS. VBC-
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APPENDIX C

Supplementary TCAD prediction information

C.1 1D simulation and extraction results (B55)

The extracted parameters of the HICUM description for the 1D simu-
lations are listed in tables and for all three transistor flavors.
Electrical and temperature related parameters were determined by HD and
DD simulations, respectively. Using the compact model, a comparison for
relevant characteristics with HD simulations was performed, as illustrated in
figures and for the MV and HV versions. A comparison for different
lattice temperatures is shown in figures and



C. Supplementary TCAD prediction information

parameter TgEis MBEi Ipcis MBCi (BET
(unit)  (A/um?) O Aam) @) (1)
value 4.87-10720 1.019 4.75-1072°  1.011 4.0
parameter Cirio ZEi VaEi GEi VeE
(unit) (fF /pm?) (1) (V) (1) (V)
value 7.72 0.222 0.842 1.66 0.98
parameter 61'010 ZCi Vaci Rs Bio Vec
(unit) (fF /um?) (1) (V) (©/0) (V)
value 2.61 0.288 0.656 5781 0.82
parameter C10 on hiEi anjEi ThjEi
(wnit)  (FAfC/um?) (fC/um?) (1) @
value 1.408 24.0 0.535 5.82 1.38
parameter hici hso hig hic
(unit) (1) (1) (1) (1)
value 0.194 8.55 5.85 224
parameter Toa Thvl ATon pcio VeEs
(unit) (fs) (fs) (fs) (Qpm?)  (mV)
value 378.2 121.8 35.3 50.2 10.0
parameter Vot Viim Jrhe
(unit) (V) (V) (1)
value 100 1.47 0.5
parameter Thes Qhe TEf0 Gtfe
(unit) (ps) (1) (ps) (1)
value 51.2 0.0030 0.45 2.85
parameter Q0 ko Cei QCEs Qiys
(unit) (1/kK) (1/MK?) (1) (1/kK)  (1/kK)
value 1.80 1.38 —2.54 299 3.62
parameter ChiEi AVaBE (VeBE VeB Cer
(unit) (1) (mV) (1) (V) (1)
value —2.45 —48.9 —0.437 0.96 1.23

Table C.1: Extracted parameters of the HICUM description for the 1D
simulations of the HS transistors (process of [76]).
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C.1 1D simulation and extraction results (B55)

parameter Tggss MBE; Iscis MBCi (BET
(wnit)  (A/pm?) 1) Aam) @) (1)
value 5.11-10720 1.019 4.60-1072°  1.009 4.0
parameter CiEio ZEi Vagi aiEi Ver
(unit) (fF /um?) (1) (V) (1) (V)
value 7.72 0.224 0.844 1.58 0.97
parameter 6jCi0 2Ci Vaci R Bio Veo
(unit) (fF /um?) (1) (V) (Q/0) (V)
value 1.41 0.238 0.624 5089 0.79
parameter C10 @DO higi OnjEi ThiEi
(wit)  (FAFC/um?)  (fC/um?) (1) ©
value 1.395 25.6 0.533 5.71 1.42
parameter hjci hio hg hic
(unit) (1) (1) (1) (1)
value 0.197 7.01 0 105
parameter Toa Thvl ATon pCio Vers
(unit) (fs) (fs) (fs) (Qpm?)  (mV)
value 594.0 123.1 68.8 152.2 10.0
parameter Vit Viim Srhe
(unit) (V) (V) (1)
value 100 1.30 0.5
parameter Thes Qhe TEfO Gtfe
(unit) (ps) (1) (ps) (1)
value 40.7 0.0023 0.37 3.00
parameter aro kro Cai QCEs Qys
(unit) (1/kK) (1/MK?) (1) (1/kK)  (1/kK)
value 1.68 —1.49 —3.77 583 0.552
parameter ChjEi AV,BE (VeBE Ve Cer
(unit) (1) (mV) (1) (V) (1)
value —1.54 —223 —0.040 0.96 1.23

Table C.2: Extracted parameters of the HICUM description for the 1D
simulations of the MV transistors (process of [76]).
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parameter TgEis MBEi Tgcis MBCi (BET
(unit) (A/pm?) (1) (A/pm?) (1) (1)
value 5.25- 10720 1.019 2.24-1071%  1.025 4.0
parameter 61'010 2ci Vaci GiEi Ver
(unit) (fF /pm?) (1) (V) (1) (V)
value 0.845 0.501 0.666 1.45 0.97
parameter Cigio 2Ei VaEi R Bio Vec
(unit) (fF /um?) (1) (V) (@/0) (V)
value 7.71 0.226 0.851 5034 0.94
parameter C10 Qo hiE: GhjEi ThiEi
(wnit)  (FAfC/um?) (fC/um?) (1) SR
value 1.359 25.9 0.485 6.10 3.5
parameter hici hso hig hic
(unit) (1) (1) (1) (1)
value 0.522 6.70 0 178
parameter Toa Thyl ATon pCio Vers
(unit) (ps) (ps) (ps) (Qpm?)  (mV)
value 1.633 1.153 0.802 1127 10.0
parameter Vot Viim Jrhe
(unit) (V) (V) (1)
value 100 0.927 0.5
parameter Thes Qhe TEf0 Gtfe
(unit) (ps) (1) (ps) (1)
value 241 0.0025 2.09 2.90
parameter Q0 ko Cei QCEs Qiys
(unit) (1/kK) (1/MK?) (1) (1/kK)  (1/kK)
value 3.50 5.08 —2.89 148 7.03
parameter ChiEi AVgBE (VeBE VeB Cor
(unit) (1) (mV) (1) (V) (1)
value —1.26 —140 —0.034 0.96 1.22

Table C.3: Extracted parameters of the HICUM description for the 1D
simulations of the HV transistors (process of [76]).
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Figure C.1: Comparison of HD simulations for the 1D profile with the
extracted model based on HICUM for the MV transistors of [76]. Results
for (a),IT vs. Vg at Vec =0V, (b) IT,normXS Ve at Ve =0V, (C)

ft VS. IT fOI" VBC = (*0.5,0 and 05) V, (d) CJ’Ei VS. VBE and (e) 6jCi
VS. VBC.
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Figure C.2: Comparison of HD simulations for the 1D profile with the
extracted model based on HICUM for the HV transistors of |76]. Results
for (a) It vs. Vg at Ve =0V, (b) Itnorm vs. VBe at Vec =0V, (c)
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Figure C.3: Comparison of DD simulations for the 1D profile with the
corresponding extracted model based on HICUM for the MV transistors
of [76]. Results for (a) fi vs. It, (b) It vs. ViE, (€) ITnorm vs. VBE,
(d) Ik vs. Vg and (e) Ipc vs. Vic for different lattice temperatures
(Tr. = (300,350 and 400) K).

215



C. Supplementary TCAD prediction information

216

(nA /pm?)

Ipg/

50 T T T 1 \\H‘ T L
+ DEVICE ,,/"".'
— 40 | ----model ,,{:,_z*'i-‘ |
N ¢, il
= 30| FEANEAY
@) A 1
~— }all-’ (BN
~ 20 ot e
“ Pad Y
10 ;‘f TL'\ n |
0 Lol L1
102 10~1!
Tr/(mA /pm?)
(2)
o T T T T 1 R T T
& 1071+ DE;/IC*E-)O-:M 0.8 +'H*|...|_+ N
E oqomz| TTIMONME v
3 T *’:"’ﬁ‘ é 0.6 |- f l“| 8
4| N A =8 Tovh
£ 10 ! +*’+,+’*’* £ 04 ‘_Ll‘;_'\". 7
\H 10-6 ;,""+/"‘ N 02l + DEVICE \‘4‘-',. |
I~ ;,g"' ¥ | ----model 5
10—8“" \,"{ \ \ \ oL \ \
0.3 0.5 0.7 0.9 0.3 0.5 0.7 0.9
Vee/(V) Vee/(V)
(b) (c)
104 T T T + 102 T T -
,| + DEVICE Z PN + DEVICE (4%
10 | ----model #e | g 100 | - --- model ;*4’4'4?
0 A = 4
10 [ ,f}‘f | —~ )KI'. & F
s L0 g
1072 [~ /"'Il',# - ~ + * /'F
T, 4 - . ol
e 2 104 " A 8
10—4 [ ,+ +/ ’f B ‘,\C? * ,+, ,+
1076 * '+,\/* | | 1076 i & u.’+ |
02 04 06 0.8 1 0.2 0.4 0.6 0.8
Vee/(V) Vec/(V)
(d) (e)

Figure C.4: Comparison of DD simulations for the 1D profile with the
corresponding extracted model based on HICUM for the HV transistors
of [76]. Results for (a) f; vs. It, (b) It vs. Vig, (€) ITnorm vs. VaE,
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C.2 Model parameters and additional infor-

mation of the prediction approach (B28)

The extracted parameters of the HICUM description for the 1D simula-
tions are listed in table Electrical and temperature related parameters
were determined by HD and DD simulations, respectively. The 2D model
results are presented in table [C.4]

The parameter values for Rcoy, Rpx and Rpjo obtained by device simula-

tion based on technology-specific sheet and contact resistances are listed in

tables [C.6} [C.7] and [C.8] respectively.

parameter YCo dc Ipps Ihoxs
(unit) (nm) (*) (A/pm) (A/pm)
value (sim.) 19.8 1.6 1.36-10720  4.74.1072°
parameter Clepo fox0 frpi
(unit)  (fF/pm) (F/um) (1)
value (sim.)  0.064 0.140 1.28

Table C.4: Results for important 2D parameters obtained by extraction
on DD simulations for the future process technology of [130].
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parameter TgEis MBEi Ipcis MBCi (BET
(it)  (A/pm?) O @Aamd) 1) (1)
value 4.94-10720 1.013 5.49-1072°  1.009 4.0
parameter Cirio ZEi VaEi GEi VeE
(unit) (fF /pm?) (1) (V) (1) (V)
value 7.97 0.180 0.825 1.85 0.96
parameter 61'010 ZCi Vaci Rs Bio Vec
(unit) (fF /um?) (1) (V) (©/0) (V)
value 4.43 0.218 0.710 5650 1.00
parameter C10 Qo higi @hjEi ThiEi
(unit)  (FATC/um?) (fC/pm2) (1) SR
value 1.582 26.8 0.617 5.61 1.26
parameter hici hso hig hic
(unit) (1) (1) (1) (1)
value 0.241 14.7 120 664
parameter Toa Thvl ATon pcio VeEs
(unit) (fs) (fs) (fs) (Qpm?)  (mV)
value 193.1 73.1 16.1 9.45 10.0
parameter Vot Viim Jrhe
(unit) (V) (V) (1)
value 100 1.37 0.5
parameter Thes Qhe TEf0 Gtfe
(unit) (ps) (1) (ps) (1)
value 25.8 0.0032 0.63 2.14
parameter Q0 ko Cei QCEs Qiys
(mit)  (/KK) (/MK (1) (1/K)  (1/KK)
value 1.14 6.49 3.50 —1.53 —0.28
parameter ChiEi AVaBE (VeBE VeB Cer
(unit) (1) (mV) (1) (V) (1)
value —2.37 —82.1 —0.192 0.95 1.30

Table C.5: Extracted parameters of the HICUM description for the 1D
simulations of the future process technology [130].
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Rex /0 lgo =4.5pm | lgg = 9um
bgo = 64 nm 9.79 4.98
bgo = 96 nm 9.87 5.02
bro = 160 nm 10.0 5.10
bro = 192nm 10.1 5.14

Table C.6: Simulation results for the external collector resistance Rcx
for the future process technology of [130].
specific resistances of the TCAD based calculations of section @

The results use technology

Rpx/Q lgo =4.5pm | lgg = 9pum
bEO = 64 nm 20.8 10.6
on = 96 nm 20.6 10.6
bro = 128 nm 20.5 10.5
bro = 160 nm 20.4 10.5
bro = 192nm 20.2 10.4

Table C.7: Quasi-3D simulation results for the external base resistance
Rgx for the future process technology of [130]. The results use technology
specific resistances of the TCAD based calculations of section m

Rgio/Q Igo = 4.5um | Igo = 9pm
on = 64nm 8.92 4.47
brp = 96 nm 12.0 6.02
bpo = 128 nm 15.1 7.59
bro = 160 nm 18.2 9.17
bro = 192nm 21.2 10.7

Table C.8: Quasi-3D simulation results for the internal zero-bias base
resistance Rpio for the future process technology of [130]. The results
use technology specific resistances of the TCAD based calculations of sec-

tion @
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