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Abstract

The Physics of Non–equilibrium Reliability Phenomena

Continuous downscaling of silicon based technology enabled by Moore’s law is

still the main focus of the international roadmap for devices and systems (IRDS).

The currently implemented 7 nm nodes inside modern smartphones and processors

will be soon replaced by 5 nm nodes which are in production now. While these

nodes do no longer correspond to physical dimensions, as for instance the 5 nm

node has a gate length of 18 nm, this dramatic reduction in size from the original

micrometer–sized regime is indeed impressive. Even more astonishing, the 1 nm

node, based on gate–all–around devices and 3D integration, is expected to be ready

at the end of the decade to satisfy the emerging trend for ultra–low–power devices

with ”always on” features used in upcoming applications such as cloud–based and

mobile computing, sensing and, of course, Internet–of–Things.

However, this ongoing trend drives the involved materials – channel materials

(Si, Ge) and amorphous oxides (SiO2, HfO2) alike – closer towards their physical

limitations. Considering that 1 nm is scarcely the width of five silicon layers implies

that novel device architectures with gate lengths within the nanometer regime

contain a countable number of atoms in the active region. As a consequence,

device reliability and variability is strongly influenced by quantum mechanical

effects caused by the atomistic nature of modern transistor architectures. For

example, individual defects at or near the Si/SiO2 interface, which are known

to be responsible for reliability issues such as bias temperature instability

(BTI) and hot–carrier degradation (HCD), increasingly affect the behavior

of the device. In order to understand these effects, the focus therefore has to be

shifted towards atomistic simulations and approaches, such as ab initio methods,

to investigate and reveal the physics behind these adverse phenomena.

In this sense, this thesis focuses on the interaction of non–equilibrium

charge carriers with hydrogen–related defects and precursors in semi-

conductor devices. A major part of this work focuses on the investigation of

the Si/SiO2 interface and the microscopic nature of Si–H bond break-

age. Various available ab initio methods, including the methods of well–tempered

metadynamics, nudged–elastic–band calculations and the modern theory of polar-

ization based on density functional theory (DFT) have been used to study the

Si–H bond within its realistic 3D environment. In addition, to capture the ex-

citation and breaking dynamics of the Si–H bond due to the coupling with

i
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ii

its surrounding, particularly the interaction with energetic charge carriers,

a quantum kinetic framework has been developed. In addition, the influence of

non–equilibrium carrier distributions onto the charging and discharging

kinetics of defects in the oxide has been investigated. The state–of–the–art

modeling framework based on nonradiative multiphonon theory (NMP) has

been extended to replace the previously used equilibrium carrier distribution by a

realistic non–equilibrium distribution obtained from a solution of the Boltzmann

transport equation which goes far beyond existing approaches.

Ultimately, the individual modeling approaches have been benchmarked and

validated against dedicated measurement sets, revealing interesting new phenom-

ena and insights into the degradation dynamics. Furthermore, a comprehensive

study on the degradation and recovery dynamics in full bias space is a special

challenge and highlight. The full simulation framework, covering the charge tran-

sition kinetics of oxide defects as well as the creation of interface states, provides

a physical understanding of the underlying mechanisms. The supporting analysis

definitely challenges the conceptual limits of independent degradation regimes as

previously assumed.

The presented results and developed methods clearly reveal new degradation

physics and can be seen as a next step towards unraveling device reliability issues.

Particularly the focus on the microscopic picture of the Si/SiO2 interface can

aid future investigations concerning the elusive role of hydrogen in degradation

phenomena. Furthermore, the derived approaches are free of empirical parameters

and can easily be generalized to describe emerging material combinations such as

Ge/GeO2 based devices.
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Kurzfassung

Die Physik von Zuverlässigkeitsphänomenen im Nichtgleichgewicht

Die kontinuierliche Miniaturisierung von Silizium–basierter Technologie,

ermöglicht und getrieben durch das Mooresche Gesetz, ist weiterhin ein wichtiger

Bestandteil der International Roadmap for Devices and Systems (IRDS). Die

aktuell in modernen Smartphones und leistungsstarken Prozessoren verbaute 7 nm

Technologie wird bald durch noch kleinere und leistungsstärkere 5 nm Transistoren

ersetzt werden. Obwohl die aktuellen Technologiebezeichnungen nicht mehr mit

den eigentlichen physikalischen Dimensionen übereinstimmen, 5 nm Transistoren

haben eine Gatelänge von 18 nm, so ist die deutliche Skalierung der Abmessungen

in den letzten Jahre dennoch eindrucksvoll. Noch erstaunlicher ist, dass die

zukünftige 1 nm Technologie, basierend auf Gate–all–Around Bauteilen und 3D

Integration, für das Ende dieses Jahrzehnts erwartet wird um die steigende

Nachfrage an Ultra–Low–Power Elektronik für ”Always–On” Anwendungen zu

befriedigen welche für aufstrebende Bereiche wie Cloud– und Mobile Computing,

Sensorsysteme und natürlich Internet–of–Things benötigt wird.

Dieser anhaltende Trend bringt die dabei verwendeten Materialien – kristalline

Kanal– (Si, Ge) und amorphe Oxidmaterialien (SiO2, HfO2) gleichermaßen – an

ihre physikalischen Grenzen. Angesichts der Tatsache, dass 1 nm annähernd der

Dicke von fünf atomaren Siliziumschichten entspricht, bedeutet dies für neuar-

tige Bauteilarchitekturen, dass die aktive Kanalregion aus einer abzählbaren

Anzahl von Atomen besteht. Daraus resultierend wird die Zuverlässigkeit und

Variabilität von Bauelementen immer stärker von quantenmechanischen Effekten

geprägt aufgrund der atomaren Natur von modernen Technologien. Daher werden

Zuverlässigkeitsphänomene, wie z.B. die Spannungs–Temperaturinstabilität

(engl. bias temperature instability, BTI) und die Degradation durch heiße

Ladungsträger (engl. hot–carrier degradation, HCD), immer stärker von einzel-

nen Defekten, welche sich direkt an oder nahe der Si/SiO2 Grenzschicht befinden,

beeinflusst. Um die beteiligten Prozesse untersuchen zu können, rücken daher

heutzutage atomistische Simulationen immer mehr in den Mittelpunkt, wie z.B.

ab initio Methoden, um die Physik und die Mechanismen hinter diesen nachteiligen

Phänomenen zu beschreiben.

In diesem Sinne konzentriert sich die vorliegende Dissertation auf die Inter-

aktion von Ladungsträgern im Nichtgleichgewicht mit Defekten und

iii
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iv

chemischen Bindungen im Zusammenhang mit Wasserstoff in Halbleiter-

bauteilen. Ein Großteil dieser Arbeit verfolgt das Ziel die Si/SiO2 Grenzschicht,

und in diesem Zusammenhang, die mikroskopische Natur des Aufbrechens

der Si–H Bindung zu untersuchen. Um die Eigenschaften von Si–H Bindungen

innerhalb einer möglichst realistischen dreidimensionalen Umgebung zu simulieren

und zu charakterisieren wurden verschiedene ab initio Methoden verwendet, wie

z.B. well–tempered metadynamics, nudged elastic band Berechnungen und modern

theory of polarization basierend auf Dichtefunktionatheorie (DFT). Parallel dazu

wurde ein quantenmechanisches Modell zur Beschreibung der Anregungsdy-

namik und des Aufbrechens des Si–H Bindung entwickelt welches ver-

sucht alle relevanten Wechselwirkung mit der Umgebung berücksichtigt, speziell

die Interaktion mit energetischen Ladungsträgern im Kanal des Transis-

tors. Darüber hinaus wurde der Einfluss von Ladungsträgern im Nichtgle-

ichgewicht auf das Verhalten von Oxiddefekten und deren Einfang– und

Emissionsprozesse von Ladungsträgern untersucht. Dazu wurde das derzeit-

ige Modell, welches auf der Theorie der Übergange mittels nichtstrahlenden

Multiphononen (engl. nonradiative multiphonon, NMP) basiert, entsprechend

erweitert, sodass eine vollständige Lösung der Boltzmann Transportgleichung

berücksichtigt wird. Diese Beschreibung geht weit über die aktuellen Ansätze,

welche hauptsächlich auf elektrostatischen Überlegungen aufbauen, hinaus.

Die Ergebnisse und Vorhersagen der entwickelten individuellen Modelle wurden

schlussendlich mit einer Vielzahl von verschiedenen Messdaten verglichen und er-

lauben einen Einblick in bisher unentdeckte Phänomene und Verhalten der Degra-

dationsmechanismen. Eine besondere Herausforderung und den Höhepunkt dieser

Arbeit stellte die umfassende Modellierung der Degradation und anschließenden

Ausheilung (engl. recovery) eines Transistors im gesamtem Spannungsraum

dar. Das vollständige Modellsystem, welches sowohl die Dynamik von Oxiddefekten

wie auch Erzeugung von Defekten an der Si/SiO2 Grenzschicht umfasst, erlaubt

hierbei eine detaillierte physikalische Beschreibung der zugrunde liegenden Mech-

anismen. Die Simulationsergebnisse sowie umfassende Auswertungen der Ergeb-

nisse zeigen hier klar die konzeptionellen Schwachstellen in der vorherrschenden

Annahme von unabhängigen Degradationsregimen.

Die hier entwickelten Methoden und Ansätze erlauben neue Erkenntnisse in

die Physik von Degradationsprozessen in elektronischen Bauteilen und können

als weiterer Puzzlestein zu einem vollständigen Verständnis dieser gesehen wer-

den. Im besonderen der vorliegende Schwerpunkt und die neuen Einblicke in

die mikroskopische Struktur der Si/SiO2 Grenzschicht kann als Grundbaustein

für weitere Studien bezüglich der noch immer ungeklärten Rolle von Wasserstoff

gesehen werden. Abschließend sei noch zu erwähnen, dass die abgeleiteten For-

malismen frei von empirischen Parametern sind und somit ebenso auf neue und

aufstrebenden Materialkombinationen, wie z.B. Ge/GeO2 basierte Bauteile, an-

wendbar sind.
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CHAPTER 1
Introduction & Motivation

1
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In modern very large–scale integrated (VLSI) technologies complementary

metal–oxide–semiconductor (CMOS) transistors face a broad range of operating,

and hence, potential degradation regimes. For example, n– and p–channel FETs

in a logic gate experience various VG and VD bias combinations during switching

between logic levels. Assessing the reliability, on the other hand, typically focuses

on idealized degradation modes, such as bias temperature instability (BTI), hot–

carrier degradation (HCD) and time dependent dielectric breakdown (TDDB).

Each of these reliability issues is usually evaluated in a certain bias space regime,

see Fig. 1.1, and is experimentally and theoretically characterized around their

respective worst–case stress condition. The individual degradation modes are,

therefore, reasonably well understood and rather intricate models have been de-

veloped to capture the nature and characteristics of each phenomenon.

VD→ VDD 2 VDD

↑
VG

VDD

2 VDD

Operating regime HCD regime

Mixed-mode regimeNon-Uniform

BTI regime

BTI

regime

Figure 1.1: Schematic representation of the full {VG, VD} bias space together
with the various degradation regimes discussed in this thesis.

On the one hand, bias temperature instability and specifically the theoreti-

cal concepts behind this detrimental phenomenon, has gained much attention over

the last decades [1]. Due to the aggressive downscaling of modern CMOS technolo-

gies together with the introduction of nitrogen into the oxide, the main research

focus has been on the negative bias temperature instability (NBTI) in pMOSFETs.

However, with the adoption of high–κ materials for the gate stack its counterpart,

the positive bias temperature instability (PBTI), in nMOSFET transistors plays

an equally important role nowadays. Despite the numerous research efforts BTI

remains an active and controversial topic which is also reflected in the diversity of

modeling approaches and their fundamentally diverging microscopic description.

In its early stages modeling approaches of BTI were based upon phenomenolog-

ical observations which led to the model of Jeppson and Svensson in 1977 [2].

They assumed two different mechanisms within the low– and high–field regime

to be responsible for the macroscopic shift of the threshold voltage: Breaking of

interfacial Si–H bonds and the formation of mobile hydrogen or hydroxyl species

and tunneling injection and trapping of holes activating surface states. This work

provides the original formulation of the so–called Reaction–Diffusion model [1],

which was able to explain the known power law dependence of the degradation,

and served as a basis for further modifications until today. However, the intro-

duction of new technology nodes using thin oxides together with advanced mea-

https://www.tuwien.at/bibliothek
https://www.tuwien.at/bibliothek


D
ie

 a
pp

ro
bi

er
te

 g
ed

ru
ck

te
 O

rig
in

al
ve

rs
io

n 
di

es
er

 D
is

se
rt

at
io

n 
is

t a
n 

de
r 

T
U

 W
ie

n 
B

ib
lio

th
ek

 v
er

fü
gb

ar
.

T
he

 a
pp

ro
ve

d 
or

ig
in

al
 v

er
si

on
 o

f t
hi

s 
do

ct
or

al
 th

es
is

 is
 a

va
ila

bl
e 

in
 p

rin
t a

t T
U

 W
ie

n 
B

ib
lio

th
ek

.
D

ie
 a

pp
ro

bi
er

te
 g

ed
ru

ck
te

 O
rig

in
al

ve
rs

io
n 

di
es

er
 D

is
se

rt
at

io
n 

is
t a

n 
de

r 
T

U
 W

ie
n 

B
ib

lio
th

ek
 v

er
fü

gb
ar

.
T

he
 a

pp
ro

ve
d 

or
ig

in
al

 v
er

si
on

 o
f t

hi
s 

do
ct

or
al

 th
es

is
 is

 a
va

ila
bl

e 
in

 p
rin

t a
t T

U
 W

ie
n 

B
ib

lio
th

ek
.

3

surement setups such as time–dependent defect spectroscopy (TDDS) [3] revealed

severe inconsistencies between the theoretical and experimental data [4]. Subse-

quently the research focus shifted towards the second mechanism which involves

charge trapping into the oxide. The underlying physical process, however, has

only been vaguely understood until Kirton and Uren in the 1990s described

noise within the context of nonradiative multiphonon (NMP) theory of charge

transitions [5]. Their pioneering work paved the way for further development by a

broader community and was adopted by Grasser et al. to model the characteris-

tics of BTI [6–11]. Within the recently published 4–state NMP model [6, 7, MJJ7]

BTI, in particular its recoverable component, is attributed to charge trapping at

pre–existing oxide defects in the gate stack. Thereby, it provides an accurate phys-

ical framework capturing even peculiar features such as defect metastability and

has been successfully applied across various technologies [12–14, MJC11, MJC12,

15]. Despite the increasing acknowledgement of the NMP theory in the reliability

community, soon after its development criticism was raised related to the role of

the quasi permanent1 component of degradation and also the assumption that the

4–state formulation solely relies on pre–existing defects in the oxide. In response to

these comments pursuing research efforts culminated in an evolution of the 4–state

NMP framework in which the dynamic redistribution of hydrogen provides a link

between the recoverable and quasi permanent component of degradation and fur-

ther implements a possible defect creation mechanism [17–19]. Nevertheless, the

heavily disputed field of bias temperature instability exhibits a continuously grow-

ing number of publications containing partially contradictory conclusions which

renders it almost impossible for single a model to capture its various features and

peculiarities.

On the other hand, hot–carrier degradation is attributed to a more perma-

nent2 damage and is related to a different type of defect. It is widely accepted that

Si–H bond rupture at or near the Si/SiO2 interface results in electrically active

amphoteric traps. Over the past decades the phenomenon of HCD has evolved

towards being the dominant and most troublesome reliability concern in modern

technology nodes [20, 21]. Moreover, due to the continuous downscaling new chal-

lenges have emerged such as device–to–device variability and its implications on

the reliability behavior has become a major issue. Random dopant variability and

the generation of discrete random traps [22–25, MJJ5, 26, MJC7, MJC6] need to

be taken into consideration as well as the effect of self–heating [27–30], which exac-

erbates the phenomenon of hot–carrier induced degradation in three–dimensional

structures. All this serves to demonstrate the increasing complexity of modeling

HCD to cover its broad physical spectrum. In that respect, modeling approaches

have also advanced from phenomenological descriptions [31, 32] to more complex

(semi–empirical) formulations [33–35, MJJ12] to capture the manifold phenomena

contributing to HCD. However, while it is commonly accepted that hot–carrier

1Note that the term quasi permanent components refers to the extremely slowly recovering
contribution which sometimes is assumed to be permanent [16].

2Although, also the damage created due to HCD can be annealed again.
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damage is due to breaking of interfacial Si–H bonds resulting in electrically active

Pb centers, its underlying fundamental physical mechanisms have not been fully

clarified yet.

Hot–carrier degradation started to gain attention in the early 1970s with the

first reports of this phenomenon [36]. Thereby, the term hot describes carriers

in the channel which have been accelerated by the (high) electric field, partic-

ularly in the drain region of the metal–oxide–semiconductor field–effect transis-

tor (MOSFET), and thus have gained a considerable amount of kinetic energy.

Writing the energy as kT shows that the effective carrier temperature is many

orders of magnitude higher than the surrounding lattice temperature. The first

successful, although phenomenological, description of HCD characteristics was pro-

posed by Hu et al. [31, 37]. The so–called Lucky Electron model originates from

the work of Shockley [38] modeling the substrate and gate current and assumes

that an energetic, lucky, electron impinges and surmounts the potential barrier at

the interface thereby triggering the creation of a defect. Due to its simplicity it is

still firmly entrenched in the community and several (semi–) empirical extensions

have been suggested providing the foundations for the field–driven formulation of

HCD [39–42]. Downscaling of transistor geometries below the micrometer regime

together with the reduction of the operating voltages was expected to remedy hot–

carrier related reliability issues. Yet, exactly the opposite has happened and HCD

is highly relevant in scaled device architectures. In a series of experimental studies

the IBM group investigated various stress regimes3 and concluded that the rate

of interface state generation exclusively depends on the deposited energy by the

carriers, independent of the stress mode [43–45]. These findings strongly inspired

the development of the energy–driven paradigm of HCD by Rauch and LaRosa

in which the driving force is the available carrier energy to trigger the creation of

interface defects [33, 46]. The continued downscaling of CMOS technology further

supported the idea that the carrier energy distribution function (EDF) becomes

increasingly important and strongly depends on the bias conditions, which is also

reflected in the change of the worst–case stress conditions from VG ∼ 0.5VD to

VG = VD for devices scaled into the nanometer regime. However, once again a

next step in the evolution of HCD modeling was required for an advanced char-

acterization and description of this phenomenon. The ground–breaking work by

the group of Hess on the defect creation kinetics provides the cornerstone of

modern modeling approaches and still defines the current understanding [47–52].

Acknowledging the crucial role of the EDFs, two individual degradation modes,

known as the single carrier and multiple carrier mechanism, have been introduced

accounting for the sparsely populated high energy tail as well as the part of the

carrier ensemble having moderate energies. Unfortunately, the proposed formalism

has never been applied to model the effect of HCD in an actual device. Never-

theless, the main concepts have been used by two groups, namely the group of

3Often stress regimes such as channel–, drain avalanche–, secondary generated and substrate
hot–carrier stress can be found in the literature. In modern devices only channel hot–carrier
stress is the relevant stress modes, which, however, includes the effects of drain avalanche and
secondary generation of carriers.
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5

Bravaix [34, 53–56] and Tyaginov [35, MJJ12, 57, MJC13, MJJ11, MJC18],

and strongly influenced further developments4. Both modeling frameworks have

successfully proven to capture the various trends of HCD across different technolo-

gies. However, technological innovations such as the introduction of FinFETs and

nanowires in conjunction with new promising materials such as germanium con-

stantly challenge the prevailing assumptions and demand a continuously improved

and in–depth description of hot–carrier degradation [MJC13, MJC8, MJC9].

Motivation & Scope

Reading the Introduction might suggest that the current modeling approaches

already cover the full spectrum related to bias temperature instability and hot–

carrier degradation, which would be a very abrupt end for this thesis. (Un–)

Fortunately, a closer inspection reveals several open questions and missing links

which initially triggered the research within this work and will hopefully be an-

swered by the end.

Non–equilibrium carrier dynamics related reliability issues play the cen-

tral role in this thesis. Charge carriers in the channel of a MOSFET are accel-

erated by the electric field and undergo various scattering mechanisms, thereby

exchanging energy. This evolution results in a complex carrier energy distribution

function (EDF), severely shifted from the equilibrium.

Carriers which have gained sufficient energy can trigger the creation of interface

defects, known as HCD. Although the most recent stage of model developments

relies on the concepts of a single and multiple carrier mechanism, their origin re-

mains dubious and the fundamental excitation processes are not fully established

yet. Furthermore, there is still no consensus on the actual microscopic Si–H bond–

breaking kinetics and the associated potential barrier to form an electrically active

interface trap. A major part of this thesis is devoted to the development of a gen-

eral quantum kinetic formulation describing the dynamics of bond excitation and

breaking mechanisms. All relevant system–bath interactions, such as vibrational

relaxation and dipole scattering as well as resonance–induced excitations have been

extracted using the close analogy to H terminated Si surfaces and the wealth of

available experimental and theoretical studies. Ab initio methods performed on a

realistic Si/SiO2 model have been applied to characterize the contribution of each

individual mechanism and, furthermore, have been used to systematically address

the question on how the H eventually dissociates away from the Si.

On the other hand, energetic carriers can penetrate into the oxide and get

trapped at pre–existing oxide defects. However, the effect of charge trapping is

usually evaluated within the BTI regime and hardly any studies have investigated

the effect of non–equilibrium processes onto the (de–) trapping dynamics of oxide

defects. Interestingly, also the 4–state NMP model is based on the equilibrium

EDFs in order to evaluate the transition rates associated with charge capture and

emission events. Therefore, an appealing and natural extension of the current BTI

4These formulations are sometimes referred to as current–driven formulations
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6

modeling framework towards full bias space explicitly includes non–equilibrium

EDFs calculated as a solution of the Boltzmann transport equation (BTE). Ad-

ditionally, a model variant with reduced complexity will be introduced which is

particularly suited for modern technology computer–aided design (TCAD) appli-

cations.

This work not only aims at developing a better understanding of each individual

degradation mode and the interaction of carriers with interface and oxide defects,

but also gives new insights into the processes in full bias space. Overall, the

presented results constitute a further step towards a Grand Unified Theory5 in the

field of reliability, in which the two standard models for BTI and HCD are merged

into a single framework.

Outline

Chapter 2 reviews the state–of–the–art modeling frameworks for the creation

of interface defects (HCD) and charge trapping at pre–existing oxide de-

fects (BTI). Open questions and shortcomings of the current approaches are

identified and the main ideas and concepts to address these open issues are

introduced. Special attention is paid to the interaction of energetic charge

carriers with individual chemical bonds. Several excitation mechanisms well

known in the field of surface chemistry are highlighted and compared to the

characteristics of HCD, which allows to derive the most important contri-

butions given the conditions in a MOSFET: vibrational relaxation, dipole–

induced as well as excitations due to a resonant scattering mechanism. Oxide

defects, on the other hand, and the influence of non–equilibrium conditions

onto the charging and discharging behaviour are considered as well. Possible

extensions and approximations of the 4–state NMP model to calculate the

phonon assisted transition rates are discussed: an extended model variant as

well as a full non–equilibrium model using the calculated EDFs.

Chapter 3 presents a detailed atomistic characterization of the Si–H bond and

its properties using ab initio methods. First, the Si–H bond breaking tra-

jectory will be revealed by means of different simulation methods using a

classical force–field in conjunction with density functional theory (DFT).

Furthermore, various properties of the Si–H complex and its environment

are analyzed which are the key ingredients required by the theoretical con-

cepts introduced before. Among them is the response to an applied electric

field, the calculation of excited states and the vibrational coupling to its

surrounding. In order to establish a complete picture of hydrogen related

phenomena at the Si/SiO2 interface, H migration pathways along and across

the interface as well as potential passivation reactions are examined at the

end.

5This might sound familiar to a physicist.
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7

Chapter 4 focuses on the theoretical formulations of the individual excitation

and transitions rates. The dynamics of interface defects triggered by ener-

getic charge carriers are described using open–system density–matrix theory.

All relevant system–bath interactions are considered within this approach

and the individual formulas are based on well established formulations in

the literature. However, in contrast to existing theories, the modeling frame-

work described here is coupled to a BTE solver to take the formation of

non–equilibrium EDFs into account. Possible approximations to reduce the

model complexity are discussed as well. Additionally, the theoretical foun-

dations to describe the kinetics of oxide defects in full bias space will be

established. Two variants of the 4–state NMP model with increasing levels

of complexity will be presented. First, an extended model variant consider-

ing the electrostatics and the effect of impact ionization which, however, does

not require information on the EDFs. Second, a full non–equilibrium 4–state

model variant which explicitly relies on the coupled EDFs for electrons and

holes.

Chapter 5 summarizes the simulation results and compares them to experimen-

tal data. At the beginning both simulation approaches are individually tested

in order to verify their capabilities. Comparing hot–carrier induced damage

for an nMOSFET and a pMOSFET having different channel lengths at two

temperatures reveals interesting degradation characteristics. The behaviour

of oxide defects under non–equilibrium conditions, on the other hand, is ex-

amined using the measurements of single traps. Both developed modeling

approaches are thoroughly tested and an in–depth analysis of the results fur-

ther supports the corresponding findings. Subsequently, the presented work

culminates in the modeling of a full {VG, VD} bias map and a dedicated ex-

periment with alternating stress conditions. Both results ultimately stress

the conceptual limits of independent degradation modes.

Chapter 6 briefly summarizes the key achievements of this thesis and highlights

the most important findings. Furthermore, some suggestions and ideas for

future improvements are listed.
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The following Chapter provides an overview of the most advanced modern

modeling approaches developed to capture the nature of bias temperature instabil-

ity (BTI) and hot–carrier degradation (HCD). Shortcomings and open questions

will be discussed and the key ideas to surmount the current limitations will be

introduced.

Due to the in–depth description of both phenomena, the models are already

based on the microscopic concept of potential energy surfaces (PESs). A

PES describes the relation between the energy of a system and its geometry and

is usually parametrized with respect to the position of the atoms. The Born–

Oppenheimer approximation (BOA) is the cornerstone of modern computational

chemistry and simplifies the full Schrödinger equation by separating it into an elec-

tronic and ionic part due to the mass disparity [58, 59]. This allows one to focus

on the solution of the electronic wavefunction V (R) which acts as a potential for

the ionic cores and includes Coulomb interactions as well as the contribution of the

kinetic energy terms. For a system containing N atoms a PES is therefore a 3N–

dimensional object defining the energy as a function of the atomic coordinates.

Modern ab initio codes offer a variety of functional forms with increasing com-

plexity to evaluate the adiabatic potential. However, the large configuration space

often prohibits the consideration of all degrees of freedom, particularly for tran-

sitions between different PESs involved in charge transfer reactions. Reducing a

multi–dimensional PES V (R) to a one–dimensional potential energy curve (PEC)

V (q) by selecting a reaction trajectory R(q) and mapping the collective motion

of atoms onto an effective reaction coordinate (RC) q is, therefore, desired for

all practical applications. The reaction path ideally properly reflects the actual

minimum energy path (MEP) connecting two minimum configurations with the

lowest energy barrier. While for transitions within a single PEC this criterion is

sufficiently fulfilled using a variant of the nudged elastic band (NEB) method, tran-

sitions across different PECs are determined by their crossing point and strongly

depend on the chosen RC q and/or possible approximations schemes of the PEC,

such as the harmonic approximation [8, MJJ7, 60–64]. Finding the minimum en-

ergy crossing point (MECP) of PECs for non–adiabatic charge transfer reactions

is still a non–trivial optimization issue and an active research topic [65, 66]. Note

that, regardless of the type of transition – within or across PEC(s) – the utilized

MEP, hence the transition barrier, obeys classical mechanics.

2.1 Hot–Carrier Degradation

The major breakthrough in modeling and understanding HCD in electronic devices

is due to the work by the group of Hess [47–52]. This work serves as a basis for

subsequent developments by two groups, namely the group of Bravaix [54, 56]

and Tyaginov [35, MJJ12, MJC13, MJC19]. The main concept proposed by

HESS is to link a thorough carrier transport treatment with two different but

interacting regimes for defect creation.

https://www.tuwien.at/bibliothek
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2.1. HOT–CARRIER DEGRADATION 11

Figure 2.1: A solution of the BTE for a 65 nm nMOSFET employing SiON
as the gate dielectric calculated with the deterministic solver ViennaSHE [67].
Left: The distribution of electrons with energies larger than 1 eV. Clearly visible
is the accumulation of hot carriers at the drain end of the channel. Right: The
full EDF along the Si/SiO2 interface. One can see the characteristic increase of
the carrier energy towards the drain end of the channel.

While carriers move through the channel of a MOSFET, they can undergo var-

ious scattering events. Scattering at ionized impurities, surface scattering as well

as particle–particle, particle–phonon scattering and impact ionization facilitates

energy exchange while particles are accelerated from source to drain by the elec-

tric field. This results in a broad and intricate distribution of energies including

a high energy tail, i.e. heated carriers. The important quantity which, therefore,

needs to be addressed is the carrier energy distribution function (EDF) [33–

35, MJJ12, 48, 56, MJC17, MJJ10, 68], see Fig. 2.1, which provides information on

how carriers are distributed over energy. Consequently, a solution of an appropri-

ate (classical) transport equation, e.g. the Boltzmann transport equation (BTE),

establishes the cornerstone of any microscopic HCD model.

Furthermore, according to Hess, the actual defect creation mechanism is gov-

erned by two modes, namely a single particle (SP) and a multiple particle

(MP) mechanism. The SP process accounts for the high energy fraction of the

carrier ensemble in the channel. Only one heated solitary carrier, with an energy

greater than the threshold of this process, triggers direct desorption of hydrogen

at the Si/SiO2 interface. Within its original formulation this interacting regime is

based on the physical context of an electronic excitation of one of the bonding elec-

trons. On the other hand, the MP mechanism describes a subsequent interaction

of a multitude of carriers provoking a vibrational excitation of the Si–H bond. The

authors of the original multi–carrier model of interface state generation [51] spec-

ulated about a resonance based process [52] as the underlying physical mechanism.

Electrons potentially scatter into an accessible resonance state and thereby excite

phonon modes of the Si–H system. However, this idea has never been implemented

in an actual model. Modern approaches did not further pursue this concept and

instead rely on empirical descriptions using a Keldysh like cross section of the MP

mechanism [34, 35, 54], despite its importance in recent studies.

The most advanced model formulation developed by Tyaginov et al. assumes

a harmonic potential energy profile for the Si–H bond with a dissociation energy

https://www.tuwien.at/bibliothek
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of ED = 2.56 eV and an energy spacing of the eigenlevels of 0.25 eV, which mimics

the Si–H bonds stretching motion [MJJ12, MJC13]. However, no rigorous calcu-

lation of the Si–H bond breaking PES has been conducted so far, rendering the

harmonic oscillator and its parameters an empirical approximation. The individ-

ual excitation rates between the eigenstates (MP) and direct dissociation (SP) are

calculated using a formulation introduced by McMahon, the so–called accelera-

tion integral [50, 51]. Initially derived from Fermi’s Golden Rule (FGR) to capture

the interaction and scattering of an incident electron at the Si–H bond in order

to explain the nonlinear dependence of HCD on the source–drain current using a

multi–carrier process, it was later generalized towards the single carrier mode1.

The acceleration integral represents the rate of excitation as the energy dependent

carrier flux impinging the bond times a cross section

ΓAB/SP =

∫
f(E)g(E)v(E)σ(E − Eth,i)

pdE, (2.1)

with f and g being the EDF and the density of states (DOS), v is carrier velocity

and σ the cross section. Note that the term Eth,i in the cross section considers

already excited phonon modes of the potential which reduces the effective barrier

height and thus the threshold energy to trigger dissociation. Nevertheless, the

energy dependence of the cross section, reflected by the exponent p, is at best

an empirically found relation. Despite its success, the model fails to fully and

accurately describe the fundamental processes responsible for bond excitation.

The following Sections provide an overview of well known excitation mecha-

nisms triggered by energetic carriers in the field of surface– and photochemistry.

The close analogy to hot–carrier related reliability issues in electronic devices al-

lows to establish the key concepts explaining the mechanisms leading to Si–H

bond breakage at the Si/SiO2 interface. While dedicated experimental data sets

are, however, only available within limited energy ranges, e.g. for scanning tunnel-

ing microscope (STM) induced Si–H bond breakage, it can be assumed that the

same fundamental physical mechanisms are responsible for hot–carrier induced

damage at the Si/SiO2 interface. The clear advantage of using deuterium over

hydrogen to passivate a silicon dangling bond (DB), known as the giant isotope

effect, has been found to be qualitatively the same for all studied systems, i.e.

electronic devices [47, 69–73] and passivated surfaces [74–82]. Furthermore, the

corresponding defect configurations, known as silicon dangling bonds (DBs), in-

vestigated on passivated Si surfaces are the same kind of defects also present in

electronic devices, referred to as Pb centers. The technologically relevant (100)

Si/SiO2 interface exhibits two dominant types, the so–called Pb0 and Pb1 cen-

ter. Both defects have been clearly identified using electron spin resonance (ESR)

spectroscopy as a single sp3 hybrid facing a silicon atom vacancy with the (111)

directions being a symmetry axes for Pb0, while the Pb1 defect possesses a lower

1Strictly speaking, the single particle (SP) process is physically prohibited due to the selection
rules of a harmonic oscillator allowing only transitions of ∆n± 1. However, an excited state as
an intermediate step is assumed which effectively enables overtone transitions such as the SP
mechanism.
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2.1. HOT–CARRIER DEGRADATION 13

symmetry [83–96]. This led to the conclusion that the Pb0 center is clearly asso-

ciated with a trivalent interfacial Si back bonded to three Si atoms in the bulk.

The properties of the Pb1 center, on the other hand, are quite controversial and

different groups have suggested contradictory atomistic structures, ranging from

a slightly distorted Pb0 center due to the amorphous Si/SiO2 interface to a silicon

being bonded to two other silicons and an oxygen atom from the SiO2 [83, 84, 89,

91, 92, 97–99]. However, the overall characteristics of the Pb0 and Pb1 defect types

at the Si/SiO2 interface render them compatible to DBs observed at passivated Si

surfaces. This strongly indicates the similarities of the underlying processes, such

as excitation and dissociation mechanisms.

Experimentally Induced Excitations

Silicon and its properties are already well examined due to its extensive use as a

semiconductor in solid–states devices and microelectronic applications. Control-

ling single adsorbates on surfaces has been proven to be a useful tool towards the

understanding of individual reactions involving silicon [100]. Popular methods to

modify surface patterns on the atomic scale, i.e. exciting and/or desorbing a sin-

gle surface–adsorbate complex, include the scanning tunneling microscope (STM)

and lasers, using either infrared or ultraviolet photons. While STM experiments

use electrons to induce excitations, lasers can trigger adsorbate dynamics either

directly or indirectly: In the direct case photons couple to the complex’s transition

dipole moment, whereas the indirect route has been found to be substrate medi-

ated [101]. Short pulses of light are able to excite a large number of electrons in the

substrate which rapidly thermalize (due to the short electron–electron scattering

length). The resulting hot electrons can interact with adsorbate resonances which

eventually leads to dissociation [102, 103].

Reviewing the wealth of information available for Si–H bond breakage on passi-

vated Si surfaces facilitates the separation of various excitation mechanisms and al-

lows to extract the most important contributions. By comparing the requirements

of individual processes to the conditions in a MOSFET, it is possible to link the

well known DIET (desorption induced by electronic transitions) and DIMET (des-

orption induced by multiple electronic transitions) regimes to potential excitations

in electronic devices. Note that, while the energetic situation in a MOSFET is cer-

tainly different compared to dedicated experiments using passivated surfaces, it

can still be assumed that the physical principles of carrier interactions with solids,

to be more specific, Si–H bonds, remain the same in both situations, see Fig. 2.2.

Electronic Excitation

A significant contribution towards the understanding of STM induced Si–H bond

breaking was made by the group of Avouris [78, 104, 105]. A major part of

these studies is devoted to H dissociation triggered by electronic excitations. An

excited electronic state of an adsorbate complex can be formed, for example, when

one of the bonding electrons is excited to an (unoccupied) antibonding orbital. In

https://www.tuwien.at/bibliothek
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STM and Laser
Excitation Mechanisms (1a,2b,2c)

e−
(b)

e−
(c)

S
T

M
ti

p

DFtherm

Electronic Attachment (2)

E
n

er
g

y

DFnon−equ.

e−
(d)

MOSFET current density (3)

E
n

er
g

y e−
(a)

unoccupied MO
(resonance)

occupied MO
DFequ

Electronic Excitation (1)

Figure 2.2: Schematics of possible electronic excitation processes (lower panels)
together with their respective energetics (upper panels). (1a) Electronic excitation
of one of the bonding electrons to an antibonding orbital of the Si–H bond on a
silicon surface. Provided that the nascent excitated state exhibits a repulsive po-
tential, bond breaking can be induced. Such a process can be triggered by either
electrons emitted by an STM tip or photons from a laser light with sufficient en-
ergy. (2b) Substrate–mediated photochemistry on a surface. The incident photon
creates a thermalized carrier distribution (Tcarrier > Tlattice, described by a Fermi–
Dirac (FD) distribution) and sufficiently hot carriers are able to scatter into an
unoccupied state. (2c) STM–induced excitation of a Si–H bond via electron attach-
ment. Carriers can tunnel into an available adsorbate induced resonance and upon
inelastic relaxation produce (multiple) vibrational excitations. (3d) Charge carri-
ers with distributed energies supplied by a current flowing through a MOSFET.
The carriers are accelerated by the electric field and undergo various scattering
events which results in a complex distribution function (note that contrary to (1)
and (2) the superimposed EDF is shown on a logarithmic scale), severely distorted
from equilibrium. If carriers gain enough energy they can as well localize in a res-
onance, similar to (2b) and (2c).

order to cause such an electronic transition, the energy of the tunneling electrons

emitted by the STM needs to exceed the threshold for this process, see Fig. 2.2

(1a). Provided that the newly created state is sufficiently repulsive, breaking of

adsorbate–surface bonds can be induced. In the case of Si–H bonds this excitation

channel is associated with a σ ⇒ σ∗ transition2, leading to a repulsive potential

energy profile. Such a mechanism for Si–H bond breaking has been suggested in a

series of papers [80–82, 106–113] with a threshold of ∼ 6.5 eV and a peak at 8 eV.

Note that on a H terminated Si surface the release of a single atomic hydrogen

2σ: occupied bonding orbital, σ∗: unoccupied antibonding orbital

https://www.tuwien.at/bibliothek
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2.1. HOT–CARRIER DEGRADATION 15

is assumed to proceed via the Si–H stretching mode with a dissociation energy

(into vacuum) of ∼ 3.6 eV [114, 115], see Fig. 2.2. Experimentally it was found

that further increasing the energy of the STM electrons beyond 8.5 eV did not

impact the hydrogen desorption yield. Comparable results have been reported

using laser light (157 nm, 7.9 eV) to provoke direct photodesorption of H from

silicon surfaces with various orientations [116–118]. Both methods show an almost

linear dependence of the dissociation yield Y with respect to the tunneling current

I (or laser fluence F ), Y ∼ I, which corresponds to the classic DIET regime.

However, theoretical studies showed that an important competing effect of motion

on the excited energy profile is the so–called electronic quenching [74, 104], which

will relax the system back to its ground state. Due to the very short lifetime of

the excited state (in the order of femtoseconds), this efficient mechanism results

in hydrogen desorption originating from a rather hot ground state instead of the

excited potential.

Multiple–Vibrational Excitations

Reducing the sample bias of the STM below the threshold of the electronic exci-

tation, results in a lower, but non–zero H desorption yield [106, 114, 119]. Within

the energy range of the incident electrons between 2 and 6 eV the yield Y strongly

depends on the applied voltage and the tunneling current [114, 115, 119–121]. This

corresponds to the characteristics of the DIMET regime, where Y ∼ In, (n > 1)

with n being approximately the number of electrons needed to trigger dissociation.

The underlying mechanism is due to tunneling electrons resonantly scattering at

an adsorbate state, see Fig. 2.2 (2c), thereby exciting vibrational modes of the

ground state potential [104, 114, 119]. Such a resonance state and the correspond-

ing scattering process on solid state systems and surfaces is defined in close analogy

to its gas phase counterpart [112, 122]. Essentially, it is an electron–impact phe-

nomenon where the impinging carrier triggers the formation of a transient atomic

or molecular ion. Thereby, the incident electron (or hole) is temporarily captured

in the vicinity of the molecule in a (quasi–) bound molecular orbital, typically an

antibonding orbital, forming a short–lived negative (positive) ion resonance state.

The trapped electron (hole) will be re–emitted again after 10−10 to 10−15 s, which

is the typical lifetime of a resonance. Such a process is manifest as a character-

istic peak or resonance in the incoming carrier energy as well as the scattering

cross section, hence it is commonly referred to as resonance carrier scattering or

resonance excitation.

In the case of the Si–H bond it is assumed that the anionic resonance (a scatter-

ing state for an electron) is associated with the unoccupied σ∗ orbital, whereas the

cation resonance state for energetic holes is formed by the occupied σ orbital [114,

115, 119]. Qualitatively similar results, albeit on different adsorbate–substrate

combinations, have been obtained using optically excited hot substrate electrons

scattering into an available resonance [101–103, 123, 124]. This, however, shows

the universal applicability and validity of resonance mediated excitations.
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https://www.tuwien.at/bibliothek


D
ie

 a
pp

ro
bi

er
te

 g
ed

ru
ck

te
 O

rig
in

al
ve

rs
io

n 
di

es
er

 D
is

se
rt

at
io

n 
is

t a
n 

de
r 

T
U

 W
ie

n 
B

ib
lio

th
ek

 v
er

fü
gb

ar
.

T
he

 a
pp

ro
ve

d 
or

ig
in

al
 v

er
si

on
 o

f t
hi

s 
do

ct
or

al
 th

es
is

 is
 a

va
ila

bl
e 

in
 p

rin
t a

t T
U

 W
ie

n 
B

ib
lio

th
ek

.
D

ie
 a

pp
ro

bi
er

te
 g

ed
ru

ck
te

 O
rig

in
al

ve
rs

io
n 

di
es

er
 D

is
se

rt
at

io
n 

is
t a

n 
de

r 
T

U
 W

ie
n 

B
ib

lio
th

ek
 v

er
fü

gb
ar

.
T

he
 a

pp
ro

ve
d 

or
ig

in
al

 v
er

si
on

 o
f t

hi
s 

do
ct

or
al

 th
es

is
 is

 a
va

ila
bl

e 
in

 p
rin

t a
t T

U
 W

ie
n 

B
ib

lio
th

ek
.

16

Although the measurement data reported by various groups [104, 106, 114,

119] could be explained quite well by different vibrational heating models, using

either a coherent or an incoherent formulation, the details of the mechanism are

not fully understood yet. Both models assume that an electron attaches to an

unoccupied orbital, thus forming a negative ion resonance. Upon inelastic elec-

tronic relaxation, it transfers a part of its energy to the bond’s vibrations. While

in the incoherent formulation only one quantum of energy can be transferred, the

coherent model allows the electron to excite a larger number of vibrational quanta

within the bonding potential. However, in more recent publications [119, 125] it

was shown that fewer electrons are needed to dissociate hydrogen than assumed in

the incoherent model3. The conclusions drawn by the authors render the coherent

formulation to be more compatible to the observed behaviour.

Dipole–Induced Excitations

Another important excitation mechanism is related to the interaction of the vi-

brational transition dipole of an adsorbate with an electric field. The electric field

caused by the electrons which tunnel from the STM tip to the surface is able to

couple to the bond’s dipole moment and induce transitions between vibrational

states. However, his mechanism usually requires a rather high current density

between the tip and the sample. On the other hand, for a large current of en-

ergetic, hot, carriers, the resonance scattering process described above typically

dominates the excitation dynamics and, thus, renders dipole induced excitations

of only minor importance.

Key Concepts

Based on the detailed picture of the various excitation processes together with

the understanding of how charge carriers can interact with an adsorbate complex,

the fundamental framework to describe hot–carrier related degradation phenom-

ena in MOSFETs can be derived. There is an unambiguous connection between

experimentally observed Si–H bond breaking processes induced by dedicated mea-

surement techniques, Fig. 2.2 (1) and (2), and HCD in electronic devices, see

Fig. 2.2 (3). One possibility is clearly associated with an electronic excitation,

namely the σ ⇒ σ∗ transition. However, rather high energetic carriers of about

6 − 8 eV are needed to trigger such a mechanism, which renders it incompatible

to carrier energies typically observed in MOSFETs. On the other hand, a com-

bination of resonance scattering and vibrational heating seems more likely

to be the driving force for the creation of defect states at the Si/SiO2 interface.

The moderate carrier energies required for this excitation channel together with its

strong current dependence agree well with the characteristic features of hot–carrier

effects in MOSFETs. Dipole–induced vibrational excitations are more complicated

to quantify. Contrary to STM experiments, where tunneling currents are injected

3In which the number of electrons equals the number of bound states in the potential.
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2.2. NON–EQUILIBRIUM BIAS TEMPERATURE INSTABILITY 17

from the tip and the Si–H bond is assumed to be perpendicular to the surface4,

the conditions at the Si/SiO2 interface are not that well defined. Charge carriers

move parallel to the interface in the inversion layer of the MOSFET with addi-

tional spatial varying electric fields being present during operation. Furthermore,

the Si–H bond direction is not necessarily perpendicular to the Si/SiO2 interface

and its dipole moment is not aligned with the field direction.

2.2 Non–Equilibrium Bias Temperature

Instability

The central foundations of the following Section is the current state–of–the–art

understanding of charge trapping at pre–existing defect sites, accurately described

within the framework of the 4–state NMP model by Grasser et. al [6, 7, MJJ7].

Its development is heavily based on the pioneering work of Kirton and Uren [5],

who investigated noise due to single defects in the context of NMP theory and

the subsequent application of Tewksbury to model the threshold voltage drift in

MOSFETs [126]. Furthermore, the original formulation was inspired by irradiation

damage in SiO2, which has been explained by taking the neutral oxygen vacancy

and its two (meta–) stable charged configurations into account, known as E ′
γ and

E ′
δ [127, 128].

Nonradiative Multiphonon Framework

The dynamics of charge exchange between a defect in the gate stack and the

carrier reservoir of a MOSFET is determined by a combination of field – via an

applied bias – accelerated nonradiative multiphonon transitions together with

temperature activated structural reconfigurations. Its universal formulation is

independent of the actual defect structure and relies on the description using

one–dimensional potential energy curves (PECs). Their knowledge reveals the

respective barriers which determine the transition rates and hence the dynamics of

charge trapping. As already outline in the Introduction of this Chapter, transitions

can be split into thermally activated structural relaxations within a PEC and

charge transfer reactions across different PECs, see Fig. 2.3.

Thermal transitions can be accounted for using classical transition state the-

ory (TST) [64, 129–131] which assumes the initial state to be in thermal equilib-

rium with a distribution given by the Boltzmann form. The transitions state (TS)

between the initial and final state represents a bottleneck for the reaction to oc-

cur with a barrier high enough that the time between escape events into the final

configuration is longer than the (vibrational) relaxation time. Furthermore, an es-

sential factor in TST is a negligible back flow once the TS has been crossed which

implies that the system spends an extended time in the final state compared to

4This is true for a H:Si(111) surface and partly fulfilled for a H:Si(100)-(2×1) surface where
the top layer is dimerized due to the surface reconstruction.
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Figure 2.3: Schematic representations of the potential energy curves (PECs)
involved for charge transitions (Left) and thermal transitions (Right). Thermally
activated structural relaxation proceed within a PEC, while (nonradiative) charge
transfer provokes a change of the PEC from the neutral to the charged state.

being in the vicinity of the transition point. According to TST the rate is given by

the probability that the system reaches the TS multiplied with the flux through

the TS, i.e. the rate crossing from the initial state I to the final state F

kTST =

∫
TS

e−V (q)/kBTdq∫
I
e−V (q)/kBTdq

v⊥. (2.2)

The average velocity v⊥ in the direction perpendicular to the TS surface can be

calculated from the Maxwell distribution

v⊥ =

√
kBT

2πµ⊥

, (2.3)

where µ⊥ is the effective mass for the motion across the TS due to the movement

of the involved atoms. The general rate for a multidimensional TST is given as

kTST =

√
kBT

2πµ⊥

ZTS

ZI

, (2.4)

with Z being the integrals of the Boltzmann factors over the specified regions TS

and I in configuration space, often referred to as partition functions or configu-

ration integrals, respectively. Due to the exponential dependence on the barrier

height EB, the escape rates are determined by the path with the lowest possible

barrier, also known as the minimum energy path (MEP). Choosing the MEP for

the reaction coordinate (RC) where the transition state as a first order saddle point

on the energy surface allows one to use harmonic transition state theory [64, 129].

The total energy of the system can be expanded up to second order around the ini-

tial minimum qI and the saddle point qTS which allows for an analytic evaluation
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2.2. NON–EQUILIBRIUM BIAS TEMPERATURE INSTABILITY 19

of ZI and ZTS. The harmonic TST yields [132, 133]

kTST =
1

2π
√
µ⊥

√ ∏3N
i=1 kI,i∏3N−1

i=1 kTS,i

e−EB/kBT , (2.5)

with kI,i and kTS,i are the eigenvalues of the Hessian matrix. Since only vibrational

contributions to the partition functions Z are to be considered, (2.5) can be written

in terms of the angular frequencies ω =
√
k/µ

kTST =
1

2π

∏3N
i=1 ωI,i∏3N−1

i=1 ωTS,i

e−EB/kBT . (2.6)

In the denominator the imaginary frequency corresponding to the unstable vibra-

tional mode at the saddle point is left out from the product. Finally, (2.6) can be

interpreted as a prefactor, the so–called attempt frequency, which is related to the

number of attempts per unit time to overcome the barrier, and an activation term

associated with the barrier height. The multi–dimensional transition rate can be

simplified by assuming a single reaction coordinate q and a one–dimensional PEC

V (q). In this case (2.6) reduces to the well known empirical Arrhenius law

kTST =
ω0

2π
e−EB/kBT . (2.7)

In the context of charge trapping at oxide defects (2.7) is used to describe thermally

activated structural reconfigurations within a single PEC.

Contrary to thermal transitions, nonradiative multiphonon transitions

involve the capture or emission event of a charge which is characterized by a change

of the adiabatic potential energy curve (assuming again a one–dimensional reaction

coordinate) [MJJ7, 134–138]. Such phonon assisted reactions are associated with a

deformation and subsequent relaxation of the defect site [63]. The charge exchange

process can be assumed as instantaneous and preferably occurs at or near the

intersection point of the involved PECs [10, 11, MJJ7, 63].

Using a first order perturbation theory approach the rate kiα,jβ for a NMP

transition from the inital state |Φi ⊗ ηiα〉 to the final state |Φj ⊗ ηjβ〉 is given by

FGR [139]

kiα,jβ =
2π

h̄

∣∣Miα,jβ

∣∣2δ(Eiα − Ejβ),

Miα,jβ = 〈ηiα|〈Φi|Ĥ ′|Φj〉|ηjβ〉 .
(2.8)

Here, Ĥ ′ is the perturbation operator, i and j denote the electronic states and α

and β are the vibrational states. The delta function ensures the conservation of

energy for the transition, where Eiα and Ejβ include the phonon as well as elec-

tronic energies. Invoking the Born Oppenheimer (more precisely the Born Huang)

or adiabatic approximation [58, 59] together with the Franck–Condon principle

(FCP) [140–142] the perturbation Hamiltonian can be split into an electronic Ĥ ′
el

and a phonon Ĥ ′
phon part which allows to rewrite the matrix element Miα,jβ as

Miα,jβ = 〈Φi|Ĥ ′
el|Φj〉 〈ηiα|ηjβ〉 . (2.9)
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qi,eq. qTS qj,eq.

Reaction Coordinate [arb.u.]

T
o

ta
l

E
n

er
g

y
neutral, Vi

charged, Vj

Contribution to f LSF
i,j

exp(−Ei/kBT)Z−1

〈ηiα|ηjβ〉
f LSF
i,j

Figure 2.4: The lineshape function (LSF) of NMP transitions. Left: Potential
energy profiles with the corresponding vibrational eigenmodes of two differently
charged defect configurations schematically representing a typical NMP process.
According to (2.11), the LSF is proportional to the overlap integral of the wave-
functions |ηiα〉 and |ηjβ〉 within the two PECs. The delta function guarantees
the conservation of energy, thus only pairs of energy where Eiα = Ejβ is fulfilled
contribute to fLSF

i,j . For all practical applications the delta peaks are broadened
depending on the temperature. Right: Individual contributions to the total LSF.
While the overlap of the vibrational wavefunctions rapidly increases towards the
classical crossing point and approximately stays constant above, the (temperature
dependent) occupation probability of the eigenmodes decays. The interplay of
both terms yields the lineshape function (LSF) indicated as the blue area.

The BOA decouples the electronic and nuclear wave functions, while the

Franck–Condon principle (FCP) splits vibronic transitions, the simultaneous oc-

currence of electronic and vibrational transitions, into individual products due

to their different timescales. Therefore, (2.9) can be interpreted as the product

Ai,jf
LSF
iα,jβ, where Ai,j describes the instantaneous electronic excitation and is the

electronic matrix element and fLSF
iα,jβ, the so–called lineshape function (LSF), con-

siders the vibrational interactions occurring during the lattice reconfigurations. In

order to capture the effect of charge trapping at oxide defects under elevated tem-

peratures with NMP theory, all vibrational modes of a potential representing one

electronic state have to be taken into account [11, MJJ7, 143]. The total transition

rate ki,j is the thermal average of all individual rates kiα,jβ across the canonical

ensemble. The partial rates must be averaged over all initial states α weighted

with a Boltzmann factor and all final states have to be summed over

ki,j = average
α

(∑

β

kiα,jβ
)
. (2.10)
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Finally, the total NMP transition rate which describes a charge transfer process

can be written as:

fLSF
i,j =̂ave

α

(∑

β

∣∣ 〈ηiα|ηjβ〉
∣∣2δ(Eiα − Ejβ)

)
,

ki,j =Ai,jf
LSF
i,j ,

Ai,j=̂
2π

h̄

∣∣ 〈Φi|Ĥ ′
el|Φj〉

∣∣2.

(2.11)

Regarding physical aspects, the electronic matrix element Ai,j defines the coupling

strength between the involved electronic wavefunctions and the LSF is the overlap

integral of the initial and final vibrational eigenmodes, see Fig. 2.4. In the con-

text of charge trapping in MOSFETs, Ai,j determines the interaction of a band

state in the silicon conduction/valence band and the defect wavefunction in the

gate stack. Due to the strong localization of the defect wavefunction, Ai,j can

be reasonably well approximated using the Wentzel–Kramers–Brillouin (WKB)

approximation [11, MJJ7]. Calculating the LSF requires the quantum mechan-

ical vibrational eigenstates of the PECs. Analytical solutions are only available

for simple potentials, such as the harmonic approximation, and even then their

overlaps need to be calculated using recurrence schemes to obtain the necessary

accuracy [144, 145]. For more generic energy profiles fLSF
i,j solely relies on numeri-

cal results which is unfeasible for TCAD simulations. Therefore, a harmonic PEC

together with the classical limit of the LSF is mostly used in such applications.

In the classical limit the LSF is a Dirac peak at the intersection point of the two

PECs. However, also in the quantum mechanical picture using the overlap inte-

grals of the vibrational wavefunctions, mainly contributions in the direct vicinity

of the classical crossing point determine the total LSF, compare with Fig. 2.4,

which justifies this seemingly crude approximation.

Oxide defects in MOSFETs and the associated charge trapping involves more

than just two isolated states. Charge capture and emission events can occur from

(to) a whole band of states, namely the valence and conduction bands of the

silicon substrate (as well as of the gate material) [8, MJJ7, 146]. The present work

investigates hole traps in a pMOSFET, i.e. a defect which can be in its neutral

or positively charged (meta–) state with the transitions 0 ⇔ +. Such defects

mainly interact with carriers in the valence band (VB), assuming pMOSFETs and

negative bias conditions, and thus the invoked transitions are governed by trapping

a hole from the VB (or emitting an electron, which is equivalent). Therefore, in

the following the energy minimum of the positively charged state is chosen as the

reference energy, V+,min =̂ 0 eV. It is convenient to introduce the electrostatic trap

level ET of the neutral configuration with respect to the VB edge in the absence

of an electric field as ET =̂V0,min−EV
5. Interacting with a continuous spectrum of

carriers in the valence or conduction band, the energy E of the charge in the initial

state is not uniquely defined, which is represented by a shifted charged (positive)

PEC, see Fig. 2.5. This is also reflected in the NMP transition rate, which now

5Conversely, the conduction band (CB) edge is used for electron traps ET =̂EC − V0,min.
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depends on the reservoir energy E and the trap level ET

ki,j = Ai,j(E,ET)f
LSF
i,j (E,ET). (2.12)

Integration of all band states yields the final set of transition rates:

kVB
0,+ =

∫ EV

−∞

gp(E)fp(E)A0,+(E,ET)f
LSF
0,+ (E,ET)dE

kVB
+,0 =

∫ EV

−∞

gp(E)(1− fp(E))A+,0(E,ET)f
LSF
+,0 (E,ET)dE

kCB
0,+ =

∫ ∞

EC

gn(E)(1− fn(E))A0,+(E,ET)f
LSF
0,+ (E,ET)dE

kCB
+,0 =

∫ ∞

EC

gn(E)fn(E)A+,0(E,ET)f
LSF
+,0 (E,ET)dE

(2.13)

Here, gp (gn) is the density of states of the valence band (VB) and conduction

band (CB), respectively, and fp (fn) denotes the EDF, how carriers are distributed

over energy. For the reaction 0 ⇒ + a filled (hole) state in the VB, or an empty

(electron) state in the CB, must be taken into account. The opposite applies for

the reverse transition + ⇒ 0.

The last component is the interaction of a defect with the electric field

present in the oxide. Applying a gate bias imposes an electric potential inside

the oxide which changes the defect’s energy and hence its trap level ET [61, 144].

A simple model, neglecting all trapped charges inside the oxide, predicts a linear

relation between the oxide field Fox and the defect’s depth

∆S = qxTFox. (2.14)

This additional energy shifts the trap level accordingly

ET,eff = ET +∆S, (2.15)

and its effect can be seen in Fig. 2.5.

For the sake of completeness, it is worth noting that the discussed framework

exhibits a few shortcomings due to the approximations used owing to the broad

distribution of defect parameters associated with the amorphous nature of SiO2.

The subsequently discussed advances are performed (mainly) in the context of

crystalline materials where defect structures and their characteristics are well de-

fined. Each of the discussed effects and its extension of the NMP model described

above would make the corresponding DFT calculations prohibitively expensive and

even the TCAD simulations unfeasible.

First, the theory derived above relies on the calculated (and approximated)

PECs and their crossing points. Therefore, the rate of a charge transfer process is

determined by the classical energy barriers and the probability to reach a certain

value of the reaction coordinate characterized a vibrational mode. This classi-

cal approximation is usually referred to as Marcus theory [147]. However, recent
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Figure 2.5: Interactions with an oxide field as well as a whole band of states.
Left: Applying an electric field shifts the defects’ trap level accordingly (gray
parabolas). Additionally, due to the interaction with the carrier reservoir in the
channel, the charged PEC is shifted with respect to the carrier energy E. The
defect can interact with holes in the valence band (red parabolas) and electrons in
the conduction band (blue parabolas). The combination of these two effects leads
to a distribution of configurations and hence crossing points which is reflected
in the LSF fLSF

i,j (E,ET). Right: The valence band lineshape function for the
neutral ⇒ charged transition. With increasing carrier energy E the transition
barrier is reduced, thus the LSF increases. Furthermore, also the shift ∆s induced
by the electric field Fox alters the energetic alignment of the two parabolas and
modifies the LSF.

progress of computational methods for atomistic calculations allows one to calcu-

late the electron–phonon coupling which is beyond the BOA [148–152], see (2.8)

and (2.9). Usually the additional terms are referred to as nonadiabatic terms

and contain derivatives of the electronic wavefunction with respect to the nuclear

coordinates. They describe the coupling of electronic states with respect to the

dynamics of the lattice atoms and are called electron–phonon coupling.

Second, quite recently it has been demonstrated that the electronic matrix el-

ement, the first term in (2.9) and Ai,j in (2.11), respectively, can be calculated

explicitly. Using an atomistic Si/SiO2 model, however, it is not possible to di-

rectly calculate a positively charged defect below the Fermi level (or a negatively

charged defect above EF), and hence the involved wavefunctions. Nevertheless, the

authors in [153, 154] showed that by applying an external perturbation, e.g. an

electric field, the respective band and neutral defect wavefunctions can be shifted

with respect to each other until an avoided crossing is observed. The minimum

energy gap between both states is directly proportional to the electronic coupling

strength. However, this approach relies upon the assumption that the defect wave-

function does not substantially change upon the charge capture process6. A more

6The methodology would break down e.g. for intrinsic electron traps (self–trapped polarons)
in SiO2 [155] which dramatically change its wavefunction upon charge capture.
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rigorous approach is provided by the method of constrained density functional the-

ory (CDFT) which allows one to directly construct the Hamiltonian in a charge

localized diabatic basis, as was shown in [156–158]. However, the studies attempted

to model the coupling of degenerated defects within a bulk material and not across

an interface system.

Furthermore, the effect of an applied electric field is accounted for only via a

linear response upon the electric potential inside the oxide thereby shifting the en-

ergy position of the defect, see (2.15). On the other hand, the interaction with the

defects’ dipole moment, which potentially alters the PECs and, hence, the energy

barriers [159, 160], is neglected. Contrary to recent investigations on symmetric

systems where the migration or dissociation pathway follows a certain direction,

the situation is much more complicated for amorphous systems like SiO2 and which

results in enormous computational efforts.

Last but not least, the utilized methods to calculate the MEP, within a PEC

or across different PECs, obey classical mechanics for the nuclei. Over the past

decade, however, methods have been developed which allowed one to take nuclear

quantum effects into account which opened new insights into chemical processes,

particularly for light atoms such as hydrogen [161]. Practical applications, such as

quantum transition state theories and ring polymer molecular dynamics methods

have shown that they yield accurate rates at low temperatures where the effects

of tunneling dominate [162–165]. Even though defects in SiO2 are associated with

hydrogen where tunneling effects are potentially important, the aforementioned

methods rely on an extensive sampling of the free energy surface which is beyond

computational possibilities due to the variety of defect structures encountered in

amorphous SiO2.

Note that each of these advances and dedicated studies is a very challenging

research field on its own and virtually impossible to be applied within the descrip-

tion of amorphous structures exhibiting a broad distribution of defect parameters

using currently available computational resources.

Equilibrium 4–State Model

Striking evidence for the 4–state NMP formulation has been found using TDDS [3]

and the characteristics of single defects. Based on the defect’s emission behaviour,

two different types of oxide traps can be identified: fixed positive charge traps,

which feature a rather constant emission time τe over VG, and switching traps,

which show a rapid decrease of τe towards low gate voltages [4, 7]. A consistent

and unified approach to explain both defect types is given by the 4–state NMP

model [4, 7, 166], see Fig. 2.6. It accounts for two stable states representing the

neutral and charged defect (1 and 2) as well as two metastable configurations for

both charge states (1′ and 2′). While charging is assumed to always proceed via

the metastable (positive) state 2′ (1 ⇒ 2′ ⇒ 2), the discharging dynamics are

governed by two different pathways. Defect configurations with an unfavourable

energy barrier via state 1′ will possess a constant emission time determined by

the (bias independent) thermal barrier ε2,2′ . On the other hand, if the lowest
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energy path to emit a charge is given by 2 ⇒ 1′ ⇒ 1, discharging is governed

by the bias dependent barrier ε2,1′ . Since the energetic alignment of the PECs,

hence their crossing point, depends on the electric field Fox and the VB (CB) state

energy E, the favourable emission pathway potentially changes from 2 ⇒ 2′ ⇒ 1

to 2 ⇒ 1′ ⇒ 1 and vice versa with applied recovery conditions.

q1 q2′ q2 q1′ q1

T
o

ta
l

E
n

er
g

y

ε1,2′

ε2′,1

∆E1,2′

S1,2′

ε2′,2

ε2,2′ ε2,1′

S1′,2

ε1′,2
ε1′,1

ε1,1′

∆Ei,j Trap Level

εi,j Energy Barrier
Si,j Relaxation Energy

1 2

1′

2′

kNMP
i,j

kNMP
i,j

kNMP
i,j
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Figure 2.6: Schematic reaction coordinate (RC) diagram together with a simple
state diagram. Left: An example of a 4–state NMP defect which is uniquely
defined given the defect energies ∆Ei,j, the relaxation energies Si,j and the energy
barriers εi,j. Right: A state diagram visualizing the NMP transitions between
the state 1 ⇔ 2′ and 1′ ⇔ 2 as well as the thermally activated relaxations 1 ⇔ 1′

and 2 ⇔ 2′.

The proposed four states also impose very stringent limits on the atomistic

defect configuration. In order to be compatible with the 4–state model, the micro-

scopic defect candidate needs to exhibit a stable and a metastable configuration

in each charge state which are connected via structural relaxations. The oxy-

gen vacancy (OV) has been suggested to be the main cause of BTI for the last

decades [167–170]; however, recent publications have shown that its charge transi-

tion levels are too far below the silicon VB which rules the OV out as a BTI active

trapping site [62]. On the other hand, an inevitable connection between hydrogen

and BTI has been demonstrated [17, 18, 171, 172], suggesting hydrogen based

defects such as the hydrogen bridge (HB) and (or) the hydroxyl–E′ center (HE′)

as potential defect structures. Recent studies employing ab initio calculations

have indicated that the respective energy levels of the HB and the HE′ are much

closer to the Si VB which renders them compatible with experimental BTI in-

vestigations [62, 173–175]. Nevertheless, searching for a suitable atomistic defect

structure in SiO2 (SiON) as well as in high–κ materials such as HfO2 is still an

active research field.
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The four states proposed above can be translated into a one dimensional re-

action coordinate (RC) using the parabolic approximation for the PECs which is

shown in Fig. 2.6. The shape of the respective quantum harmonic oscillators to-

gether with their intersection points is uniquely defined by the following relations

∆Ei,j = Ej,min − Ei,min,

Si,j = Si,jh̄ω = ci(qj − qi)
2,

R2
i,j =

ci
cj
,

(2.16)

where Si,j is the relaxation energy, Ri,j describes the ratio of the curvatures and

∆Ei,j is the energy difference. The crossing points of the parabolas determine the

classical energy barriers εi,j which can be calculated as

εi,j =
Si,j

R2
i,j − 1

(
1−Ri,j

√
Si,j +∆Ej,i(R2

i,j − 1)

Si,j

)
for Ri,j 6= 1,

εi,j =
(Si,j +∆Ej,i)

2

4Si,j

for Ri,j = 1.

(2.17)

Both sets of equations, (2.16) and (2.17), in conjunction with the parameters

highlighted in Fig. 2.6, unambiguously define the 4–state model with all its barriers

εi,j. The NMP transition rates 1 ⇔ 2′ and 1′ ⇔ 2 as well as the thermal transitions

2′ ⇔ 2 and 1 ⇔ 1′ can be calculated using (2.13) (NMP) and (2.7) (thermal). The

resulting rates ki,j determine the occupation probability Pi of the system to be in

state i which is given by the master equation

dPi(t)

dt
= kj,iPj(t) + kk,iPk(t)− (ki,j + ki,k)Pi(t), (2.18)

with the initial condition Pi=1(0) = 1 and Pi 6=1(0) = 0. The time to reach the

stable configuration 2, describing a hole capture process, for the first time is called

first passage time (FPT). The transitions between the states 1 and 2, however,

proceed via the metastable states 1′ or 2′. The FPTs in such an effective 3–state

system which describes the transitions 1 ⇔ 2 via the states 1′ or 2′ is given by the

following approximation7

τ ic,FPT =
k1,i + ki,1 + ki,2

k1,i + ki,2
τ ie,FPT =

ki,1 + ki,2 + k2,i
ki,1 + k2,i

, (2.19)

with i being the intermediate state. The final capture and emission times τc and

τe within the 4–state model which can be compared to experimental results are

τc =
(∑

i

1

τ ic,FPT

)−1
τe =

(∑

i

1

τ ie,FPT

)−1
. (2.20)

7This approximation assumes that there is only one active capture or emission path for a
given bias condition, which is typically fulfilled.
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Figure 2.7: The PECs as the cornerstone of the NMPeq. model. Due to the neg-
ligible carrier concentration in the conduction band, assuming normal operating
conditions of a pMOSFET, the transition rates ki,j are determined by the interac-
tion with holes in the valence band (Left). The biggest contribution to the total
rate using the LSF together with the Fermi–Dirac statistics for the carriers is close
to the VB edge and, therefore, validates the so–called band edge approximation
(Right).

The 4–state NMP model is designed to accurately describe the degradation due

to BTI as well as (anomalous) random telegraph noise. It takes the interaction of

the defect with charge carriers in the substrate’s valence and conduction band into

account and assumes their occupation probability to be given by the FD distribu-

tion. During the worst–case conditions for BTI, namely VG ≫ VDD and VD = 0V,

charge carriers are indeed in thermal equilibrium, which validates this assumption.

Within this approach, the total transition rates are mainly dominated by the in-

teraction with the valence band due to the negligible (intrinsic) concentration of

electrons in the CB8, see Fig. 2.7. This model variant will be termed equilibrium

4–state model, NMPeq., in the following. Further simplifications can be made

by considering the set of equations given in (2.13). The integrals are dominated

by the product fp(E)f
LSF
i,j (E,ET) which features the biggest contribution close the

band edges as shown in Fig. 2.7. It can, therefore, be inferred that the rates ki,j
and the individual terms only depend on the respective band edges which can be

factored out from the integral. Using the classical limit of the LSF together with

the fact that the integral over the product gp(E)fp(E) equals the carrier concentra-

tion p, finally yields an analytical expression for the rate ki,j which exponentially

depends on the barrier. This simplification is termed the band edge approximation.

However, the quality of this approximation strongly depends on the curvature and

the corresponding intersection points of the involved parabolas. For example, if

the neutral state does not intersect the parabola which represent the valence band

edge at a certain bias condition, the band edge approximation breaks down and

8This, of course, is only true for hole traps in pMOSFETs, where a negative gate voltage is
applied. For positive bias temperature instability (PBTI) in nMOSFETs electron traps mainly
interact with the Si CB.
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fails to describe the corresponding time constants. Although excited carriers in

the valence band can still interact with the defect, this effect is not included in

the original formulation of the band edge approximation. However, a recently

presented extension overcomes this limitations, see [146, MJJ8, MJC14].

Key Concepts

The NMPeq. model described above is not intended or conceived to simulate the

behaviour of oxide defects in full {VG, VD} bias space. Only an inhomogeneous

oxide field Fox(x) along the Si/SiO2 interface which, according to (2.15), deter-

mines the effective trap level is taken into account. Important non–equilibrium

effects related to the carrier ensemble and the energy distribution functions are not

considered in the aforementioned approach. However, due to its physically sound

description, the interaction of oxide defects with a whole band of charge carriers is

already included via the term fn/p(E)f
LSF
i,j (E,ET), where f is the EDF and fLSF

is the lineshape function, see (2.13). Therefore, the NMPeq. model can naturally

be extended towards additional non–equilibrium effects, such as the formation of

a heated, non–equilibrium carrier ensemble and the generation of secondary car-

riers, by using a full solution of the Boltzmann transport equation. This model

variant will be referred to as full non–equilibrium NMPneq. model. On the other

hand, this procedure is computationally very costly and not practical for modern

TCAD applications. Instead, semi–empirical approximations will be introduced to

consider the interactions with secondary generated carriers. Within this approach,

which will be referred to as extended–equilibrium NMPeq.+II model, the EDFs will

be still assumed to obey a Fermi–Dirac distribution.
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In order to calculate the contributions of each mechanism to HCD described

Chapter 1, the Si–H bond and its characteristics need to be explored and analyzed

by means of ab initio methods. The bond breakage trajectory of how H would

eventually dissociate away from Si at the Si/SiO2 environment is largely unknown

and no consensus has been reached on a microscopic level. Furthermore, the

theoretical treatment of resonance induced excitations requires the knowledge of

the associated excited states. An electron scattering into a resonance forms

a temporary anionic system1, which evolves within its lifetime on the excited

potential energy profile. Therefore, a major ingredient in the above proposed

descriptions are the energetic positions of the resonances, their lifetimes and

the excited potential energy surfaces (PESs). Additionally, the Si-H bonds’

response upon an applied electric field, i.e. its dipole moment, needs to be

investigated. All of the aforementioned interactions trigger vibrational excitations

and eventually dissociation of the Si–H bond. Therefore, the vibrational coupling

with its environment, described as a phonon bath of oscillator, also needs to be

accounted for. The coupling strength determines the vibrational relaxation, and

thus the lifetime of vibrationally excited states, which influences the dynamics of

the bond.

3.1 Calculation Setup & Preliminaries

The following part of this thesis focuses on the theoretical description of Si–H

bonds and Si dangling bonds (DBs) at the Si/SiO2 interface. In order to be confi-

dent that the results are truly representative of the properties of Si/SiO2 structures

and the corresponding defects, the initial atomistic models must be consistent with

experimental perceptions of the atomic configurations and characteristics. This

Section discusses the techniques used to create realistic Si/SiO2 models and the

methods applied to subsequently model the behavior and properties of interfacial

Si–H bonds.

Models of Si/SiO2/Si interfaces were created using classical potentials by adapt-

ing the well known melt–quench technique applied to construct amorphous bulk

models, similar to recent approaches reported in the literature [176–181]. The

obtained models were further optimized using the DFT setup described below.

The electronic structure as well as geometric properties have been extracted and

validated against experimental data from various results reported in the litera-

ture. Additionally, the Si dangling bond defects, which natively formed during

the melt and quench procedure, have been carefully investigated and compared

against the stringent limitations of Pb center characteristics found experimentally.

Their structural properties as well as their behavior upon charge capture agree

well with the measured specifications.

1Conversely, a hole temporarily forms an excited cationic system.
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3.1. CALCULATION SETUP & PRELIMINARIES 31

DFT Setup

All simulations were carried out using the Cp2k package, a DFT code which uses a

mixed Gaussian and plane waves approach to represent the electrons in the system.

3D periodic boundary conditions were used for the Si/SiO2 system throughout

this work. A double–ζ Gaussian basis set optimized for condensed phase systems

for Si, O and H was employed in conjunction with the Goedecker–Teter–Hutter

(GTH) pseudopotentials. The plane wave cutoff used in these calculations was set

to 650Ry2. In order to minimize errors related to energies, i.e. band gaps and

barrier calculations, the non–local, hybrid functional Pbe0 Tc LRC was used for

most of the work. It contains a 20% contribution of Hartree–Fock exchange and

correlation in addition to a truncated Coulomb operator with a cutoff radius set to

2✝A. To mitigate the computational cost of calculating the Hartree–Fock integrals

within the non–local functional, the auxiliary density matrix method (ADMM) was

employed. In addition to the main basis set, a more sparse auxiliary basis set (pFIT

basis set for Si, O and H) was used to calculate the exchange terms, which allows

to further reduce the computational expenses. All geometry and cell optimizations

were performed using the BFGS algorithm to minimize forces on atoms and the

cell to within 1.5× 10−2 eV/✝A (5× 10−3 GPa). Energy barriers between different

atomistic configurations were calculated using the climbing–image nudged elastic

band (CI–NEB) method. The algorithm linearly interpolates between the initial

and final configuration to generate a trajectory which is connected by springs.

Subsequently, the whole band is then simultaneously relaxed with the spring’s

force constant set to 19.5 eV/✝A
2
.

Si/SiO2 Interface Creation

Constructing credible interface structures between amorphous oxides and a crys-

talline substrate has proven to be an extremely challenging problem [176–181],

mainly due to the lack of detailed information regarding the microscopic inter-

facial region which, however, also depends on the exact process conditions. It

is known from measurements performed in thin SiO2 films that thermal oxida-

tion of silicon results in an intrinsic compressive stress within the oxide [182–186].

Depending on the oxide thickness and the processing temperature, the reported

values vary between 0.5 and 2.0GPa3. X–ray reflectivity experiments [187] confirm

this trend and, furthermore, found an increased SiO2 density in an Si/SiO2 sys-

tem compared to bulk amorphous silica together with a compresed Si–O–Si angle

distribution [188, 189]. Moreover, transmission electron microscopy (TEM) im-

ages [190, 191] and atomic–scale electron–energy–loss spectroscopy (EELS) [192,

193] indicate a transition region of approximately 5− 7✝A between crystalline sil-

icon and the amorphous oxide structure. Within this interfacial region the band

2The cutoff was increased to 1200Ry for calculations including an electric field.
3A recent study which investigates low–temperature processing of SiO2 yields comparable

results. A lower processing temperature effectively increases the interfacial strain and hence the
defect density [MJC1].
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gap as well as the dielectric constant continuously change between Si and SiO2, as

was also proposed in recent DFT studies [194, 195]. Together with photoemission

measurements [190, 196], which investigated the chemical structure of ultrathin

interfaces, the data suggest three transition layers with increasing concentration

of partially oxidized silicon. In summary, all experimental investigations provide

a number of constraints an interface model must satisfy to reliably reflect realistic

conditions.

Heat-Up
5000 K

(Melt)

Cool-Down
& Relax
0 K

(Quench)

Figure 3.1: Schematic illustration of the adapted melt and quench procedure
applied to construct Si/SiO2 interface models. In the first phase β–cristobalite
gets randomized by melting it at 5000K while the crystalline Si lattice is kept
fixed. Subsequently the system is slowly cooled down and all atoms are allowed to
equilibrate at 300K to account for the interfacial regions. In a final step possible
defect configuration in the oxide and the interface are passivated by H and the
structure is further optimized using DFT.

The utilized methodology to create a 3D periodic Si/SiO2/Si model with two

interface regions adapts the melt and quench procedure previously used to create

a–SiO2 cells [62, 174] and is schematically shown in Fig. 3.1. Due to the excessive

number of calculation steps required within the molecular dynamics (MD) sim-

ulations, the ReaxFF force field [197] implemented in the Lammps code [198]

was used. ReaxFF is a sophisticated potential, describing covalent interactions

in terms of a bond order which allows for the dynamic formation and annihilation

of bonds. In a recent study the applicability of ReaxFF to model glassy silica

has been investigated [199]. The authors concluded that ReaxFF is a promising

potential for creating and modeling amorphous systems which would even allow to

study the surface reactivity thanks to its dynamical ability. Starting from a 3×3×3

β–cristobalite cell, whose lateral cell dimensions were fixed to that of silicon, the

energy has been minimized by allowing the cell to relax in the c direction. It was

found that this procedure gives an oxide density of ∼ 2.3 g/cm3, in agreement with

measured values [190]4. Subsequently, the cell dimensions were fixed during the

4The density of β–cristobalite is closer to the one of a–SiO2 compared to crystalline α–quartz.
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melt and quench procedure. Crystalline silicon was added at the top and bottom

and the respective atoms on either side were frozen while the remaining atoms

were given random velocities from a Gaussian distribution. Furthermore, reflec-

tive walls have been introduced along both interfaces which prevent the oxygen

atoms to penetrate into the c–Si lattice. In a first step the system was equilibrated

at 300K for 10 ps using a Berendsen thermostat. Afterwards the temperature was

linearly increased to 5000K over 60 ps to melt SiO2 and the system was further

equilibrated for an additional 100 ps5. Finally, the system was quenched to 0K

at a rate of 1.6K/ps and the whole structure, including all atoms, was allowed to

relax at 300K. Selected snapshots of the different phases are shown in Fig. 3.1.

In total over 100 Si/SiO2 models were created, which resulted in various defect

configurations at the interface as well as in the oxide. The three most promis-

ing models, in terms of their geometrical properties such as coordination number,

bond angles and lengths, were chosen and further examined as well as optimized

using the DFT setup. Note that all undercoordinated atoms, at the interface as

well as within the oxide, have been passivated with H for subsequent calculations.

Model Properties & Defects

5 0 -5
E − EF [eV]

ECB EVB

Eg,Si = 0.9 eV

Eg,SiO2
= 8.6 eV 1

2

3

4

5

−505

−505

−505

−505

6 3 0 −3 −6
E − EF [eV]

0.0

0.1

0.2

0.3

0.4

0.5

D
is

p
la

ce
m

en
t
|∆

x
|[

Å
]

Figure 3.2: A density functional theory (DFT) simulation of one of the Si/a-
SiO2/Si interface structures containing 475 atoms. Left: The local density of
states (DOS) across the slab. The obtained results are in good agreement with
well established results. The band gap of Si as well as of SiO2 is underestimated
by ∼10% (compared to Eg,Si = 1.12 eV and Eg,SiO2

= 9.1 eV). Middle: The inter-
face model together with the displacements of the Si atoms from their respective
equilibrium position in c–Si. Blue means a displacement of less than 0.2✝A, while
the highlighted red atoms directly at the interface are strongly distorted. Right:
The DOS at different positions across the slab. One can see a continuous change
of the bandgap, particularly at the interfacial regions 2❖ and 4❖.

5Within the simulations the melting point is at ∼ 4500K and by 5000K the system is in its
liquid phase.
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Simulations of the nonoptimized interfaces, i.e. structures obtained from

ReaxFF, indeed gave rise to a rather high intrinsic compressive stress of ∼
3.5GPa. Thus, in order to obtain a more realistic model structure which is com-

patible with experimental values mentioned above for the subsequent simulations

and investigations, full cell optimizations including the ionic positions of the mod-

els have been performed with an external pressure of 1GPa parallel to the interface.

Since the initial simulations did not show large off diagonal elements of the stress

tensor, i.e. a shear stress, the original tetragonal cell symmetry was kept fixed

during the optimizations. All three structures converged to a very similar cell

size, a = b = 16.203✝A, c = 32.965✝A, with a variance of 0.007✝A in the lateral

dimensions and 0.014✝A in the c direction.

The extracted geometrical properties of the final interface models are in good

agreement with experimental data. The Si–O bond length ranges from 1.46 to

1.84✝A and peaks at around 1.64✝A, which is consistent with infrared absorption

measurements [190]. The Si–O–Si angle averages at 133.5➦, which agrees well

with the conclusions reached in [189], that the angle is reduced to 135➦ compared

to 148➦ in amorphous bulk structures. On the other hand, the O–Si–O angles

remain almost unchanged compared to bulk SiO2, around 109➦. In order to further

quantify the interface quality, the deformation of the c–Si lattice was calculated.

This deformation is defined as the deviation of the atomic positions from their

respective positions in crystalline silicon, see Fig. 3.2 (middle panel). Already

three layers away from the Si/SiO2 interfacial region the crystalline structure is

almost completely restored, with displacements less than 0.2✝A. However, directly
at the transition region, distortions are stronger due to the formation of Si–O

bonds, giving rise to a higher strain directly at the interface between Si and SiO2.

A detailed discussion on the geometrical properties as well as the influence of the

cell size and the oxide thickness is given in Appendix A.
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Figure 3.3: Mulliken charges associated with Si and O atoms within the utilized
interface models. Left: Total distribution of charge states for the different atom
species. Right: Charge states of silicon and oxygen across the interface model.
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In addition to the structural quality, the electronic structure of the interface

systems have also been investigated. Mulliken population analysis was used to

determine the oxidation state of silicon across the Si/SiO2 model, see Fig. 3.3.

The profile clearly shows a gradual change from Si0 in the crystalline Si part to its

fully oxidized form Si+4 (which corresponds to a net charge of ∼ 1.4e in our DFT

setup) in the SiO2 region over a ∼ 5✝A transition region. Such a characteristic is

qualitatively very similar to the measurement results in [196]. Furthermore, this

transition region is also reflected in the calculated DOS across the model. While in

the bulk regions the corresponding band gaps compare well to the known values,

one can see a continuous change within the interfacial regions, see Fig. 3.2 (left and

right panels). However, additional electronic states within the band gap for the

interface as well as in bulk SiO2 are visible. These induced states can be identified

as silicon band wave functions extending into the near oxide region, see Fig. 3.4.

Such features have been also reported in recent experimental studies [192, 193],

where the authors concluded that this actually limits the practical oxide thickness

to 1.2 nm. It may be inferred that within the models used here, having an oxide

thickness of 1.1 nm, even region 3❖ does not exhibit actual full bulk SiO2 properties.

Figure 3.4: Visualization of the highest occupied molecular orbital (HOMO)
for different isovalues, 0.05 (left) and 0.01 (right). One can clearly see that the
wavefunction is a Si band states which, however, does penetrate into the oxide
region.

The preselected (using ReaxFF) and optimized (using DFT) interface mod-

els possess three different silicon dangling bond configurations (which have been

passivated by H) at the interface as shown in Fig. 3.5: a) a Si–DB back–bonded

to two Si’s and one O atom, b) a Si–DB directly at the interface with an hydroxyl

group 1.9✝A away and c) a subinterfacial (one layer away from the interface) Si

trivalently back–bonded to three other Si atoms with no other O or H atoms in

the direct vicinity. All defect structures possess an unpaired electron, as indicated

by the spin density, with no other defect being present in the model. Compared to

ESR studies [83, 88, 91–93], which suggest that a Pb center consists of a Si vacancy

bonded to three Si atoms with an sp3 hybridized dangling bond orbital, configu-

ration (c) fully meets these requirements, and is therefore chosen as a prototypical
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a) b) c)

Figure 3.5: Three examples of silicon dangling bond (DB) interface defects
created within the Si/SiO2 interface models. Configuration a) at a first glance
is consistent with a Pb1 center (back bonded to two Si and one O atom). The
spin density suggests that the defect state is mainly a nonbinding p orbital, which,
however, contradicts experimental results [84–86, 90, 92, 94]. Configurations like
b) have an extra H (or O–H group) next to the passivated defect which might
distort the calculation results. Finally, configuration c), where the unpassivated
Si is trivalently bonded to three other Si’s with an sp3 hybridized dangling bond
orbital, closely resembling the well known Pb0 center.

defect within this study. Subsequently, the different charge states, neutral, nega-

tive and positive, of different defect configurations have also been calculated. The

structural reconfigurations with respect to their neutral configuration are shown

in Fig 3.6. One can see that due to the rigid crystalline silicon structure the

Si–DB does not undergo large atomic relaxations, neither in the negative (blue)

nor positive (red) charge state. However, the flexibility of the a–SiO2 network

allows close–by oxygen atoms to reconfigure according to the Si–DB charge state,

particularly when positively charged. This, however, is to be expected, since oxy-

gen is slightly negatively charged in the SiO2 system. In order to reliably extract

the formation energies and the respective charge transition levels, the electrostatic

correction methodology presented in [200] and implemented in sxdefectalign-

ment2d has been applied to calculate the correction energy. All three defects

exhibit two charge transition levels (+/0 and 0/−) within the Si band gap, see

Fig 3.6, as is also shown in [84–86, 88, 93, MJC3]. Even the defect structure

(c) in Fig. 3.6, although potentially resembling a Pb1 configuration, exhibits two

transition levels within the Si band gap6. A detailed defect analysis can be found

in Appendix B.

6The Pb1 center properties are quite controversial and ongoing discussions about its electrical
activity can be found in [91, 97].
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blue: negative

red: positive

a) b) c)
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Figure 3.6: Investigation of the different charge states and the corresponding
formation energies of interfacial Si–DBs. Two prototypical Pb0 defects (a and b)
and one candidate resembling a Pb1 center (c) have been chosen for the study. Top:
Structural reconfigurations associated with the negatively (blue) and positively
(red) charged defect and its surrounding. Bottom: Plots of the defect formation
energy versus the Fermi level with respect to the Si valence band.

3.2 Si–H Bond Rupture

The search for the detailed kinetics responsible for the creation of silicon dan-

gling bonds at the Si/SiO2 interface has proven to be a challenging task with no

consensus being reached within the past decades. While experimental investiga-

tions for thermal dissociation in conjunction with ESR studies by Brower [73]

and Stesmans [201] converged to an activation energy between 2.5 and 2.8 eV,

the theoretical picture behind this phenomenon is not well understood. Pioneer-

ing theoretical calculations have been conducted by Tuttle et al. [202–206] and

Van de Walle et al. [207–209] investigating the structural and energetic prop-

erties of various configurations of hydrogen in periodic models of crystalline and

amorphous Si. Both authors concluded that H dissociation along the Si–H bond

direction (stretching mode) into SiO2 is not the main dissociation path, due to its

high reaction barrier of 3.6 eV , basically the Si–H binding energy7. The authors

proposed that the Si–Si bond–center (BC) in bulk Si provides a stable configuration

for the hydrogen atom, particularly in its neutral charge state [48, 210, 211], which

is confirmed by experimental data [212–214]. By investigating different configura-

tions it was shown that placing H between strained Si–Si bonds is between 1.7 eV

and 2.5 eV higher in energy than the Si–H equilibrium configuration, depending

on the actual position of the BC site. However, it was argued that the reaction

7Assuming a void above the Si–H bond which renders it compatible to dissociation into free
space.
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barrier would be essentially the same as the difference in energy, indicating that

the H would spontaneously reform the Si–H bond as there is no reverse barrier.

In [203] it was then speculated that by bending the H across the next BC site

into the Si–H antibonding configuration (AB), which is a 180➦ flipped position of

the H, emerging energy levels in the Si band gap may aid the dissociation process

by allowing the Si–H complex to become charged. However, as we have shown

recently [MJJ3], the AB site is actually only a metastable configuration without

active trapping levels in bulk Si and as such a dead–end in the reaction dynamics.

Instead, a new dissociation trajectory was proposed where in an initial step the

hydrogen bends towards an adjacent silicon atom, and subsequently relaxes into

the next but one Si–Si bond on the silicon side of the Si/SiO2 interface. The details

of these calculations and the derived conclusions will be discussed in the following.

Reaction Paths via Metadynamics

Finding the reaction dynamics and the corresponding pathway, i.e. locating a

saddle point on a multidimensional PES V (q), is a highly challenging issue in

modern computational chemistry methods. Among the various methods, the NEB

method [215, 216] is a popular way to find reaction pathways and minimum energy

paths (MEPs) when both, the initial and final states, are known. However, for the

problem at hand, the reaction kinetics for Si–H, only the equilibrium position,

i.e. the initial state, is known, which renders the NEB method inappropriate.

A complimentary method to NEB is the so–called dimer method [217], which

only requires an initial state as input. Without any assumption regarding the

unstable normal mode associated with the transition state, the initial dimer vector

is randomly chosen. Test calculations, however, showed that this approach fails to

converge to any reasonable results for finding the transition state for a single bond

configuration in a solid–state system. A more rigorous approach would require a

reasonable guess for the transition state together with the respective imaginary

phonon mode, which, however, is the great unknown and a major subject of the

current investigations.

A very recently developed enhanced–sampling method is WTMD [218, 219].

This method allows one to efficiently explore the free energy landscape (FES)

by adding an artificial Gaussian potential to the real energy landscape which

continuously expands the sampling of the FES and simultaneously discourages

the system of returning to previously sampled configurations. Biasing certain

collective variables (CVs), therefore, drives the Si–H complex out of its equilibrium

and triggers possible reactions along the stretching and bending mode, while at the

same time the environment can be kept at a constant temperature, e.g. T = 300K.

Thus, reaction barriers can be overcome which are not accessible in conventional

molecular dynamics (MD) simulations. Having obtained the free energy surface,

parametrized in terms of the CVs, the MEP connecting two configurations can be

extracted.

The simulations conducted here are performed using the rather large

Si/SiO2 model system (∼ 500 atoms) described above. Together with the con-
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r

φ

θ

E = 0.8 eV E = 1.8 eV E = 2.4 eV

Figure 3.7: Representation of the free energy landscape V (r, φ, θ) in 3D space ob-
tained from the well–tempered metadynamics (WTMD) simulations parametrized
with respect to the three collective variables. Left: Isosurface for E = 0.8 eV; one
can see the vicinity of the Si–H equilibrium positions and the AB site. Middle:
Isosurface for E = 1.8 eV; the trajectory between the initial and AB configuration
is already explored. Furthermore, the newly found next but one BC site is visible.
Right: Isosurface for E = 2.4 eV; an emerging transition path between the equi-
librium and the next but one BC configuration.

siderable amount of simulation steps necessary to converge such simulations, only

classical force–fields, such as ReaxFF [197], can be applied. All calculations again

use the MD engine Lammps [198] in conjunction with the library Plumed [220].

The starting point is again an equilibration phase for 100 ps at T = 300K by

assigning random, normally distributed velocities to the whole system. Subse-

quently, several WTMD simulations with different bias factors and bias heights

have been conducted for a maximum of 50× 106 timesteps with a stepsize of 0.5 fs.

Detailed informations about the convergence is given in Appendix F. Within the

simulations two CVs were biased and monitored to describe the system. The Si–H

bond distance r as well as the polar angle φ with respect to its equilibrium position.

The additional azimuthal angle, however, was only monitored and not explicitly

biased during the WTMD simulations. The accessible region was limited to within

4✝A to ensure sampling of the free energy landscape only in the direct vicinity of

the Si–H bond’s equilibrium position.

The raw data, V (r, φ, θ), are shown in 3D space as isosurfaces for selected values

of the potential energy, see Fig 3.7. In order to give a more intuitive picture of the

free energy landscape, the potential was mapped into 2D space by only considering

the CV r and the polar angle φ. Three distinct minima can be identified: 1❖ the

intact Si–H bond in its equilibrium configuration, 3❖ corresponds to the H being in

the AB site and 5❖ represents a newly identified minimum formed by the H being

in the next but one BC configuration between Si2 and Si3. The respective atomistic

configurations are schematically illustrated in Fig. 3.8 together with the extracted

FES. The marked minimum energy paths connecting the three configurations have

been verified in separate subsequent simulations using more efficient CVs, such as

r′ = 1/
√
2(rSi3,H − rSi1,H) and simply the angle φ.

The free energy map shows that inverting the H around Si1 into the AB site

3❖, which is 0.8 eV higher in energy, proceeds via the dashed path. The transition

https://www.tuwien.at/bibliothek
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Figure 3.8: The free energy landscape together with a schematic of the different
atomistic configurations in the vicinity of the interfacial Si–H bond obtained from
WTMD with the ReaxFF force field. Three distinct minima are visible: The
equilibrium position 1❖ at r = 1.37✝A and φ = 0➦, the hydrogen atom in the AB
site labeled with 3❖, as well as the BC2,3 configuration 5❖ where the H moved in
between the next but one Si2–Si3 bond. The crosses 2❖ and 4❖ mark the transition
barriers for the extracted minimum energy paths (dashed and solid line) connecting
the different minima.

barrier is 1.75 eV and its configuration corresponds to the H atom in the BC1,2

site 2❖. Interestingly, although the H forms a bond–center configuration between

Si1 and Si2, it is not a preferred metastable configuration for H along the given

path, contrary to it being a stable site for H in bulk c–Si. In addition to the

configuration 3❖ the hydrogen can also be moved into the BC2,3 site 5❖, shown

as the solid black line. The extracted MEP yields a transition state 4❖ where the

H is stretched away from its initial silicon, Si1, and attached to the adjacent Si2.

With a forward barrier of 2.25 eV and a reverse activation energy of 1.05 eV this

trajectory could potentially explain the measurement data by Stesmans [201],

reporting a barrier height of 2.83 eV for the Si–H depassivation process. The re-

verse passivation barrier Si ⇒Si–H, on the other hand, is assumed to be mainly

driven by the cracking of molecular H2, Si +H2 ⇒Si–H+H0, where the additional

(neutral) atomic H potentially is released into the SiO2 side. Therefore, the back-

ward barrier can not be directly compared to the measured values in [221, 222].

Nevertheless, a barrier of around 1 eV prevents the H from directly going back to

the created Si–DB and potentially enables new insight into device degradation due

to interface defects. A further discussion will be given in Section 3.6.

Detailed Dynamics via DFT

Building on top of the results derived above, the Si–H kinetics have been fur-

ther investigated using density functional theory (DFT). The initial 1❖ and final
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3.2. SI–H BOND RUPTURE 41

5❖ configurations obtained from the classical force–field calculations were used to

construct a trajectory with 13 frames in total by using linear interpolation8. Sub-

sequently, CI–NEB simulations optimized the whole band, including its endpoints.

Fig. 3.9 shows the resulting energy along the converged trajectory, i.e. the one–

dimensional PEC for the introduced RC which represents a collective motion of

atoms. The resulting path possesses very similar features as already predicted by

ReaxFF observed in Fig. 3.8. First, the hydrogen moves towards Si2, marking

the transition state, and eventually moves in between the Si2–Si3 bond which was

stretched from 2.34✝A to 3.13✝A, thereby forming a BC configuration. The total

reaction barrier along the trajectory separating the intact Si–H configuration and

the BC2,3 site is 2.77 eV for the forward reaction and 1.30 eV for repassivating

the Si dangling bond. Compared to the calculations with the classical force–field

ReaxFF, the activation energy for creating a Si–DB is even closer to the ex-

perimentally extracted barrier of 2.83 eV [201]. Both, the transition state 4❖ as

well as the final state 5❖, introduce two localized electronic levels in the Si band

gap; a filled state close to the valence band edge and an empty level in the upper

half of the band gap, see Fig. 3.9. Furthermore, the molecular orbitals (MOs)

associated with these states, the highest (lowest) occupied (unoccupied) MO, are

fully localized around the unpassivated Si, see Fig 3.10, indicating the creation of

an electrically active interface defect [88, 93, MJC3]. In contrast the next lower

(higher) MOs clearly show the delocalized characteristics expected for band states.

Compared to the Si–DB characteristics shown above, the spin density, however,

suggests a slightly distorted sp3 hybridized DB orbital with a significant spread

onto the back–bonded Si atoms.

Additionally, the charges associated with the atoms along the bond breakage

path and the various atomic configurations have been analyzed using Mulliken and

Bader charge analysis [223–225]. Both methods show that the hydrogen actually

dissociates in its neutral charge states, leaving one remaining electron on the cre-

ated Si–DB, in accordance with the occupation of the MOs. Details of the Bader

charge analysis can be seen in Fig. 3.11, which shows the change of the electronic

density at the transition and final state. Integrating over the associated Bader vol-

umes of Si1 shows that the respective charge changes by 0.78 e as the H migrates

to Si2, and by 0.95 e for the H being in its final position. This clearly indicates that

one electron remains on the Si–DB. Analyzing the H along the trajectory shows

that its charge changes by −0.18 e, becoming slightly negatively charged in the

final BC configuration. However, in summary one can conclude that the H would

dissociate in its neutral charge state. Another important detail can be extracted

using the Bader charge analysis. Along the path the H first attaches to Si2 until it

relaxes into the final position between Si2 and Si3. Note that such a configuration

was already confirmed in the literature to be a stable position for H0 [210–214].

A closer look reveals that the H would actually be bound to Si3, as suggested by

the electronic density as well as the distance between the H and the respective Si

atoms. While at the transition point the H–Si2 distance is 1.65✝A, it increases to

8Note that this corresponds to a direct connection between the minima in Fig. 3.8.
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Figure 3.9: The results of a climbing–image nudged elastic band (CI–NEB) sim-
ulation investigating the direct MEP connecting the intact Si–H configuration 1❖
and the next but one BC site between Si2 and Si3 5❖ via the transition state 4❖
where the H is attached to the adjacent Si2. Top: Simulation snapshots showing
the atomistic configurations of the initial, final and transition state. Left: The
total energy required for the forward reaction is 2.77 eV, whereas the backward
barrier is 1.30 eV for moving the H back to its initial configuration. Right: Dif-
ference of the projected DOS onto the Si1 atom along the path compared to the
intact Si–H configuration. It is clearly visible that the transition and also the final
state introduce localized electronic states in the Si band gap.

1.68✝A for the final position, compared to 1.55✝A between the H and Si3. Thus, the

Si2 also possesses the character of a Si–DB with one unpaired electron. However,

no additional states in the Si band gap are created due to the interaction with the

nearby H atom which moves its energy levels inside the valence and conduction

band.

Statistical Analysis

The inherent structural disorder at the Si/SiO2 interface gives rise to a distribu-

tion of Si–Si and Si–O bond lengths and angles. Linking theoretical data and

experimental results is, therefore, only possible at the statistical level. To ex-

pand the simulation results, three different Si/a–SiO2 models have been used with

a total number of 13 variations of pristine Si–H bond configurations, consistent

with the perceptions of a Pb center. The different Si–H bonds were created by

breaking and passivating selected Si–Si or Si–O bonds at the interface. Thus, the

statistics include Pb0 (back–bonded to three Si’s) and Pb1 (back–bonded to two

Si’s and one O)–like types as well as configurations with a nearby H atom and

hydroxyl groups, respectively, see Fig. 3.5. In order to facilitate comparison with

experimental results, all initial Si–H configurations were placed within 4✝A of the

subinterfacial Si side. For all 13 starting configurations the three next but one BC
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HOMO-1 LUMO+1 HOMO LUMO

Figure 3.10: Left: The HOMO-1 and LUMO+1 are delocalized Si band states.
However, they partially penetrate into the oxide region as was already discussed
in Sec. 3.1. Right: The HOMO and the lowest unoccupied molecular orbital
(LUMO) are clearly localized around the Si–DB. Comparing the wavefunctions to
the prototypical defect configuration in Fig. 3.5 suggests the dangling bond orbital
to be constituted by a slightly distorted unpaired Si sp3 hybrid.

Si1 Si2

Si3

1) 4)

Charge Density Difference ρ(r)− ρ0(r)

5)

Figure 3.11: The charge density is represented by the blue and red translucent
profiles along the dissociation trajectory (blue: increase of the electron density, red:
decrease of the electron density w.r.t. the initial configuration). Left: The equi-
librium Si–H configuration and the corresponding distribution of charge. Middle:
In the initial step the H attaches to an adjacent Si atom (Si2) with a distance of
1.57✝A. Thereby, one electron remains on the initial Si1 as indicated by the Bader
charge analysis. Right: In the final configuration the H forms a Si–H–Si complex
between the next but one Si–Si bond. Being in this position, the H is slightly neg-
atively charged and almost fully bonded to Si3 as suggested by the charge density
difference as well as the distances to Si2 and Si3.

sites were chosen and the direct trajectories were calculated using the CI–NEB

method. Overall, this procedure gave 38 dissociation paths together with their

respective energetics9.

9One calculation did not converge to the defined criteria and was therefore discarded.
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Owing to computational limitations, the CI–NEB simulations have been per-

formed using the Pbe functional. Subsequently, single point calculations based

on the hybrid Pbe0 functional were carried out on the optimized structures along

the trajectory.
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Figure 3.12: Statistical analysis of 38 calculated dissociation trajectories and
barriers for various initial Si–H configurations using the CI–NEB method. Left:
While the colored bars show the full results using all defect configurations, the gray
bars present a limited statistics where the initial Si–H bonds have been selected
to be at least one layer away from the interface. Right: The extracted potential
energy curves together with the mean PEC. One can clearly see the variation of
the reaction coordinate (RC) due to the amorphous interface region.

The simulation results show a broad distribution of forward (backward) barri-

ers of the investigated reaction, see Fig. 3.12, ranging from 2.07 (0.95) to 2.95 eV

(1.94 eV) with a standard deviation of 0.20 and 0.23 eV, respectively. The mean

value for breaking the bond averages at 2.57 eV and nicely matches the experimen-

tal value of 2.83 eV; however, the extracted standard deviation σ is actually much

larger than the value reported by Stesmans and Brower (σ = 0.06 eV). Two

main factors possibly influence the results leading to the observed discrepancy.

First, the created and utilized atomistic models possibly introduce an artificial lo-

cal strain at the transition region due to their finite dimensions. This would result

in artificially distorted bond angles and lengths, see Appendix A, which broadens

the calculated statistics. However, further increasing the model sizes challenges

the computational limits and prohibits accurate calculations using hybrid func-

tionals. Secondly, the spatial placement of the initial Si–H bond could bias the

resulting statistics. Within the presented statistics the pristine configurations are

also placed directly at the Si/SiO2 interface, where the atoms experience the max-

imum distortion due to the amorphous oxide, see Sec. 3.1 and Fig. 3.2. Limiting

the statistics to initial configurations residing in a subinterfacial Si environment,

at least one layer away from the interface, results in a much narrower distribution,

see Fig 3.12. The concept of interface defects not being directly at the transition

region, was already proposed in recent publications [92, 94], motivated by the small

σ measured for the activation as well as the narrow ESR spectra, and thereby is

consistent this assumption.
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3.3 Impact of an Electric Field

The metal–oxide–semiconductor structure is routinely used in electronic devices

and subjected to external electric fields during normal operation. Previous phe-

nomenological studies [226–228] led to diverging results and ensuing discussions

concerning the Si–H dipole moment and its response upon an applied electric field.

A method particularly designed to account for the effect of an electric field within

DFT calculations of 3D periodic systems is the modern theory of polarization [229–

234]. It explicitly includes a self–consistent response of the electron density to elec-

tric fields, thereby rendering it an ideal approach to study processes in solid state

systems. By minimizing the electric enthalpy functional introduced in [231, 233],

the new field–polarized groundstate of the system is determined:

F [ρ;F ] = EKS[ρ;F ]− ΩPmac[ρ;F ] · F , (3.1)

with EKS being the usual Kohn–Sham energy and Ω is the unit cell volume. The

field coupling term is given by −Pmac[ρ;F ] · F , where Pmac = Pion + Pel is the

macroscopic polarization as defined in [231, 233]. Within this approach the polar-

ization is calculated from the Berry phase of the Bloch wavefunction, as described

and implemented in [235]. However, an important feature of this formulation is

that the polarization is actually a multi–valued quantity, due to its interpretation

as a geometric quantum phase. Thus, it is formally defined within one modulo

of a quantum of polarization, 2πR, where R is the lattice vector, see [232]. To

ensure that the results and extracted dipole moments presented in this work can

be compared to each other (i.e. they belong to the same polarization branch), they

were analyzed and, if necessary, manually corrected by a polarization quantum.

To gain insight into individual processes within the Si/SiO2 model when ap-

plying an electric field, the representation using Wannier centers has been utilized.

Unlike Bloch functions, the localized nature of a Wannier center provides an intu-

itive atomic-like description of a charge density in a solid. This concept allows one

to calculate the polarization by summing over the contributions of point charge

ions, plus the corresponding electronic charges centered at the Wannier center of

each occupied Wannier function [232]

P =
1

Ω

(∑

i

(qiri)
ions +

occ∑

n

(qnrn)
WFs

)
. (3.2)

A detailed comparison of the approach using Wannier centers and the Berry phase

methods is given in Appendix C.

The defect creation process under an electric field is calculated by the following

approach: Using the CI–NEB result at zero field, see Sec. 3.2, static, homoge-

neous electric fields up to 10MV/cm with a 1MV/cm step were applied across

the interface structure in the z direction. The results of these calculations are

summarized in Fig. 3.13. Each data point was obtained employing a single-point

calculation, without including the effect of lattice relaxations. However, as can be

seen in Fig. 3.13, the interaction of the neutral Si–H bond with an electric field
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Figure 3.13: The effect of an electric field up to 10MV/cm across the interface
structure onto the proposed bond breakage trajectory. Left: The extracted change
of the components of the dipole moment vector µ along the given pathway for zero
applied field. These quantities can be further used to obtain an estimate of the
change by defining an effective dipole moment µeff . Right: The results of the self
consistent calculation with an electric field suggest that the interaction is extremely
weak. Applying a field of 10MV/cm lowers the barrier by only 0.023 eV and leaves
the Si–H bond breaking process virtually unaffected.

is extremely weak, rendering errors related to this approximation irrelevant. The

electric enthalpy along the bond breaking pathway is virtually unaffected, even for

fields as high as 10MV/cm. Maximum changes of 0.023 eV for the forward barrier,

defined as the enthalpy difference between the initial and the transition state, can

be extracted, while the enthalpy of the final state changes by ∼ 0.03 eV.

Additionally, the components of the dipole moment vector and the respective

changes have been extracted along the trajectory, see the left panel of Fig. 3.13,

for zero applied field. The largest contribution within this approach results from

the dissociating Si–H bond and also includes accompanying relaxation effects. To-

gether with Fig. 3.14, which shows selected frames along the pathway including

the Wannier centers, this provides some intuitive understanding of this process.

Within the first steps, the trajectory is governed by bending the H in the direction

of the adjacent Si2 atom, see 1 and 1a. Thereby, only the H atom and the asso-

ciated Wannier center change their positions without further lattice relaxations,

which does not significantly change the dipole moment. Moving the H further

away from the initial Si atom (1b) results in a structural and electronic reconfig-

uration and eventually breaks the Si–H bond, marking the top of the transition

barrier, see 4. This is also reflected in the change of dipole moment in Fig. 3.13.

Subsequently, the H and the surrounding Si atoms relax to their final bond–center

positions, 4a and 5, forming a Si–H–Si complex.

Following [160], one can define an effective dipole moment vector µeff = µ2−µ1,

where µ2 is the dipole moment at the transition state and µ1 is associated with the

initial configuration. Both quantities can be extracted at zero field, see Fig. 3.13,

and used within ∆EB = −µeff · F to estimate the change of barrier due to an

applied field. Extracting the z component of µeff for the given trajectory yields

a value of 1.15D which leads to a reduction of the barrier of 0.024 eV. This is
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1)

~F
Si1

Si2

Si3

1a)

~F

1b)

~F

4)

~F

4a)

~F

5)

~F

Figure 3.14: Selected simulation snapshots along the dissociation pathway in-
cluding the atomistic configurations as well as the associated Wannier centers
(pink spheres). The representation using Wannier functions allows to obtain an
intuitive, albeit qualitative, understanding of the change of the dipole moment.
During the first steps (1-1b) the H bends towards the adjacent Si atom without
significant lattice relaxations. Only the Wannier center associated with the Si–H
bond changes its position, thereby leaving the dipole moment virtually unaffected.
However, breaking of the initial Si–H bond (4) is accompanied with structural
and electronic reconfigurations which leads to an increase of the dipole moment.
Frames 4a and 5 show the subsequent relaxation into the final position, which
possesses a higher dipole moment due to the resulting distorted Si–H–Si complex.

in excellent agreement with the self–consistently calculated DFT results using the

Berry phase method.

3.4 Resonances & Energies

The proposed multiple vibrational mechanism, see Section 2.1, where an incident

carrier scatters into an available resonance state and upon inelastic electronic

relaxation triggers the transition between vibrational states in the ground state

potential, requires knowledge about the associated excited states. Unfortunately,

excited state properties and dynamics are rather difficult to calculate and hardly

accessible within standard DFT. A popular method of approximating the an-

ionic or cationic PECs is to apply Koopmans theorem. Within this approach the

negative of the energies of the highest occupied and lowest unoccupied molecular

orbitals (HOMOs and LUMOs) is related to the ionization potentials and electron

affinities. The respective orbital energies can, therefore, be used to approximate

the excited PECs. The utilized cluster model here consists of 10 Si atoms and

23 H atoms, where 22 are needed to passivate the Si atoms and one represents

the Si–H bond of interest. Assuming the same reaction coordinate (RC) as for
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the bond breakage trajectory in the neutral ground state, 150 single point calcu-

lations along the path have been carried out. The resulting 10 highest occupied

and lowest unoccupied α and β–spin states were used to construct adiabatic res-

onance PECs. The constructed PECs for the negatively and positively charged

0 0.9 2 4 6
Reaction Coordinate [a0

√
m]

0

2

4

6

E
n

er
g

y
[e

V
]

V−(q)

V(q)

ǫres

∆x

CDFT

Koopmans theorem

CDFT-opt

0.0 0.4 2.0 4.0 6.0
Reaction Coordinate [a0

√
m]

V+(q)

V(q)

ǫres

∆x CDFT

Koopmans theorem

CDFT-opt

Figure 3.15: Potential energy curves along the reaction coordinate for the neu-
tral bond breakage pathway, see Sec. 3.2 and [MJJ3]. Two approximations were
employed to construct the potential profile for the excited complexes: Koopmans
theorem using the 10 lowest (un–) occupied α and β–spin orbitals, and the method
of constrained density functional theory (CDFT) to directly assess the diabatic
states. Left: The results for the excited anionic complex V −(q) together with the
ground state potential V (q). Right: The constructed adiabatic PECs as well as
the diabatic PEC for the positively charged Si–H bond.

complex show a similar behaviour, see Fig. 3.15. The approximated resonance

energy (at q = 0a0
√
m) of the anionic state is between 2.7 eV and 4.2 eV, whereas

the cationic state is about 0.5 eV higher, which is in good agreement with previous

findings [106, 114, 115, 236, 237]. Furthermore, all excited energy profiles share

that their minimum is shifted with respect to the ground state potential V (q) as

well as a lower transition barrier. While for the anionic PECs the barriers are

lowered by ∼ 0.9 − 1.2 eV, the cationic charged states possess activation energies

of around 2.0 eV. On the other hand, the left well minima of the constructed

V −(q) are shifted by ∆q = 0.74 − 0.96 a0
√
m towards the barrier, whereas the

positive PECs are only shifted by ∼ 0.45 a0
√
m. However, also the transition state

along the trajectory seems to change for V +(q). Nevertheless, these calculations

only provide a qualitative understanding of the excited potential curves. A more

rigorous approach is given by the method of CDFT [238, 239] which allows one

to directly construct diabatic potential energy curves. CDFT as implemented in

the CP2k package [240, 241] has been used where an additional charge (negative

and positive) has been restricted to be localized on the Si–H bond. Single point

calculations along the neutral trajectory with fixed ionic positions have been per-

formed. The effect of lattice relaxations was explicitly neglected due to the short

resonance lifetime, which is on the order of a few femtoseconds [114, 115, 236].
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charge density difference ∆ρ

+1

charge density difference ∆ρ

-1

strcutural relaxations

blue: -1

red: +1

Figure 3.16: Details of the CDFT calculations. Left and Middle: The differ-
ence of charge density ∆ρ = ρDFT − ρCDFT for the negatively (left) and positively
(middle) charged Si–H complex. Blue (red) indicates a higher (lower) electron
density. One can see that for both states the additional charge is mainly localized
on the Si atom. Right: The effect of structural relaxations for the charged Si–H
bond. For the negative charge state the Si–H distance as well as the Si–Si–H an-
gle increase, forcing the H in the direction of the bond breaking trajectory. The
positive charge state does not show such a pronounced reconfiguration where only
the central Si atom slightly moves out of its plane.

Furthermore, the calculations were restricted up to the transition state to ensure

that the charge can indeed be localized on the Si–H complex. Investigations using

the method of Bader charge analysis show that the Si–H bond is indeed negatively

(positively) charged (∆(qSiH − qSiH−) = −0.93 e, ∆(qSiH − qSiH+) = 0.86 e) and the

additional charge is mainly localized around the Si atom, see Fig. 3.16.

The CDFT results for both charge states are shown in Fig. 3.15 (symbols). The

diabatic PECs are in good agreement with the results obtained from Koopmans

theorem and again yield shifted minima configurations as well as altered transi-

tion state. Furthermore, at the equilibrium position of the neutral state V (qeq) the

charge–localized states are 3.64 eV (negative) and 3.96 eV (positive), respectively,

higher in energy. In order to qualitatively understand the new charged equilib-

rium configurations, full geometry optimizations within the CDFT simulations

have been performed, see Fig. 3.16. Interestingly, for the negatively charged Si–H

complex the bonding distance changes from 1.48✝A (V (qequ)) to 1.75✝A (V −(qequ))

and the Si–Si–H angle opens from 109➦ to 141➦. Such a structural reconfigura-

tion forces the H atom in the direction of the dissociation path, which explains the

shifted minimum of V −(q)10. The positive charge state does not undergo such pro-

nounced relaxations. The reconfigurations are mainly determined by the Si atom

slightly moving out of its plane and thereby stretching the Si–Si bonds in the

vicinity. This, however, suggests a potentially different bond breakage trajectory

in the positive charge state.

10Qualitatively, this result can be compared to intrinsic electron traps in SiO2 where wide
O–Si–O bond angles serve as efficient electron trapping sites [242].
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3.5 Vibrational Spectrum

The interplay of the Si–H bond with its environment is one of the fundamental

interactions which strongly influences the bond dynamics by governing its vibra-

tional lifetime. The coupling strength between a phonon bath and the motion of

a bond, i.e. a particular vibrational mode, can be quantified using the phonon

spectrum.

The system studied here is the Si/SiO2 model described in Sec. 3.1 which

contains 472 atoms. A normal–mode analysis based on DFT, which uses a finite–

difference scheme to calculate the dynamical matrix, yields the spectrum shown

in Fig. 3.17. The resulting density of states (DOS) can be divided into collective

vibrations from the Si/SiO2 system (low and intermediate frequencies) and sharp

peaks at higher frequencies related to particular movements of individual atoms,

e.g. Si–H and O–H stretching modes. Furthermore, by projecting the phonons

onto particular atom types and regions one can split the collective modes into

contributions form the c–Si lattice (yellow), the amorphous oxide (red) and the

interfacial regions (blue). One can see that the silicon spectrum nicely resembles

the phonon DOS of its bulk counterpart, while the phonon mode spectrum of SiO2

is slightly distorted due to the interface.

Additionally, the applicability of the classical force–field ReaxFF has been

tested for further calculations, see Chapter 4.
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Figure 3.17: Left: Phonon density of states (DOS) of a Si/SiO2 interface model
together with the fundamental frequency of the Si–H bond breaking potential,
see Sec. 3.2. Right: The projected phonon spectra for the Si and the SiO2 part
compared to their calculated bulk counterparts.

3.6 Hydrogen Migration & Passivation

Dynamics

Building on top of the results of Sec. 3.2, that the Si–H bond breakage dynamics are

determined by hydrogen moving into the next but one BC configuration, further
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migration pathways as well as the passivation kinetics can be investigated. In this

context two important questions arise: What happens with the hydrogen after

being released into the BC site and how exactly can Si–DBs be passivated again?

As was shown in Sec. 3.2, the backward barrier for the H being in the BC2,3 position

to re–passivate the Si–DB is around 1.30 eV. Assuming a thermally activated

reaction following an Arrhenius law11 would, however, be incompatible with the

conclusions by Brower [222] and Stesmans [221, 243–245]. Rather, these studies

suggest that the passivation of Pb centers is inevitably linked to the presence and

cracking of molecular H2. Although dedicated experiments investigated the effects

of atomic H onto the passivation and depassivation kinetics of Pb centers [246,

247], experimental studies conducted on a device level confirmed the prevailing

opinion of H2 passivation [95, 248–250].

Migration Trajectories

First, the hydrogen in a Si–Si BC configuration at the interface and pos-

sible migration trajectories will be discussed. Well–tempered metadynamics

(WTMD) in conjunction with ReaxFF has again been utilized to sample the free

energy surface of interfacial H atoms. Five H atoms have been randomly inserted

between Si–Si bonds at the interface layer. Subsequently, the simulations were run

in parallel with a total number of 1× 109 timesteps, corresponding to a simula-

tion time of 0.5µs. During these simulations only the x and y coordinates of the

respective hydrogen atoms were biased with no additional restrictions regarding

their spatial position, i.e. the H atoms were allowed to move freely within the

structure. The final result is summarized in Fig. 3.18.

Although the motion of the hydrogens was not limited in any way, they re-

mained within the interfacial Si region and did not cross into the SiO2 side, see

Fig. 3.18. Rather, the analysis suggests that once the H was released into a BC

site, it can further diffuse along the interface by hopping to the next BC. The

positions of the potential minima together with extracted minimum energy paths

(MEPs) (right panel of Fig. 3.18) strongly indicate that the released hydrogen is

mobile within the subinterfacial Si side (see upper left panel of Fig. 3.18), possess-

ing a hopping barrier smaller than 1 eV. Furthermore, such an observation implies

that the potential barrier into the oxide region is larger than the lateral hopping

barrier for hydrogen along the interface. In order to be able to also quantify the

barrier across the interface, additional simulations using Lammps and ReaxFF

have been performed. An xz slice with 5✝A thickness has been chosen to sample the

energy landscape, see Fig. 3.19. Placing the hydrogen at 20000 positions within

this slice yields the potential map shown in the right panel of Fig. 3.19. One can

clearly see the highlighted red isoline for E = 1.8 eV at the Si/SiO2 interfaces, rep-

resenting a barrier almost twice as large compared to the BC site hopping along

the transition region.

11assuming an attempt frequency of ν0 ∼ 1× 1012 − 1× 1013 s−1
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Figure 3.18: Simulation results for hydrogen migration along the Si/SiO2 in-
terface using the classical force field ReaxFF and the methods of metadynamics.
Left: Top and side view of the (fully equilibrated) interfacial region in which the
hydrogen remained during the simulations. Additionally, two individual migra-
tion pathways for a hydrogen atom extracted from dedicated simulations using
the methods of steered MD are also shown. Right: The free energy surface ex-
tracted from the WTMD simulations. The yellow crosses mark the equilibrium
positions of the interfacial Si atoms (see the left panels) and indicate that the vari-
ous minima are Si BC sites. The highlighted MEPs are directly extracted from the
potential landscape. Note that regions of higher energy are not properly sampled
and explored within the simulations and therefore left white within the map.

However, due to the large configuration space for the above simulations even

an excessive amount of spatial points or simulations steps does not guarantee a

converged sampling which potentially leads to an overestimation of the involved

transition barriers12. To further access the distribution of barriers, subsequently

individual migration paths have been simulated. A technique particularly suited

for the problem at hand is the so–called moving restraint bias, or steered MD

method, implemented in Plumed [220]. It allows one to drag the system from

an initial to a final state by adding a time–dependent, harmonic restraint on the

CV(s). The simulations start from the equilibrated initial configuration and can

be divided into three phases. First, the force constant for the restraint is slowly

increased over 50000 timesteps to lock the system in its initial state without stress-

ing it. Afterwards, the system is smoothly moved towards the final configuration

using 1× 106 timesteps to allow the system to equilibrate and follow a relaxed

trajectory. Finally, the force constant is released again to end up in a equilibrated

12as well as shifted MEPs
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Figure 3.19: Simulation results for hydrogen motion across the Si/SiO2 interface
structure using the classical force field ReaxFF. Left: Front and side view of the
(fully equilibrated) xz slices used for the sampling of the energy landscape. Fur-
thermore, several individual hydrogen migration trajectories are shown which have
been simulated using the method of steered MD within the full atomistic model.
Right: The energy landscape extracted from sampling the reduced configuration
space, i.e. the xz slice. One can clearly recognize the atomistic structure (see left
panels) as well as potentially advantageous migration paths possessing low energy
barriers. Furthermore, note the highlighted red isoline for E = 1.8 eV at the in-
terfacial transition regions for crossing into the SiO2 side.

and unconstrained final configuration. Various migration trajectories along and

across the Si/SiO2 interface with different, and specifically chosen, initial and fi-

nal configurations have been simulated, see the left panels of Fig. 3.18 and 3.19.

All results and potential profiles are summarized in Fig. 3.20. Note that within

these simulations the change of the systems’ free energy is connected to the work

performed over time. However, the large noise and error bar associated with this

quantity would require large statistics for a quantitative analysis. Nevertheless, the

results shown in Fig. 3.20 allow for a qualitative understanding of the underlying

mechanisms, particularly due to the large differences of the involved barriers.

The resulting hopping barriers along the interface connecting the different BC

configurations are between 0.3−1.3 eV, see Fig. 3.20 (left panels). The rather large

variation of the barriers can be explained by taking into account the deformation

of the silicon lattice due to the residual strain at the Si/SiO2 interface. The

MEPs across the structure, starting in the Si bulk and ending in the SiO2 see

Fig. 3.19, yield a very narrow and consistent distribution of barriers in the bulk

silicon side of around EB,hop = 0.4 eV. The diffusion trajectory of hydrogen in bulk

crystalline silicon also tends to hop from one to the next BC site, which is indeed

a well known stable position reported in the literature [212–214]. On the other

https://www.tuwien.at/bibliothek
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Figure 3.20: Extracted migration paths and energy profiles using the method of
steered MD. Left: Two trajectories, see Fig. 3.18, for H hopping between BC sites
along the interface. Right: Five simulated migration pathways for H across the
Si/SiO2 interface, see Fig. 3.19. The dashed lines indicate the Si/SiO2 transition
region.

hand, approaching the transition region and crossing into the bulk oxide shows

an increase of the barriers on the Si side and ultimately a large potential barrier

between EB,cross = 1.2− 1.9 eV for the H moving into the SiO2 side.

To establish a more accurate picture for the hopping barriers along the interface

which is comparable to the results presented in Sec. 3.2, subsequent DFT simula-

tions have been conducted. Five initial positions, relaxed BC configurations, of the

hydrogen atom have been chosen and the respective barriers to the three closest

BC sites were calculated using the CI–NEB method.

The individual hopping barriers are summarized in Fig. 3.21. The calcu-

lated values range from 0.16 eV to 1.04 eV with two outliers possessing barriers

of ∼ 1.35 eV. The average barrier height is 0.53 eV and, therefore, in very good

agreement with the predicted values using the MEPs in the left panel of Fig. 3.18

and the respective energy paths shown in Fig. 3.20. Additionally, comparing the

lateral H hopping barriers Ehop to the reverse barrier Ebackward for H in the BC2,3

site re–passivating the Si–DB defect, see Fig. 3.12, shows that the hopping barriers

are considerably lower (Ehop ≪ Ebackward).

Furthermore, the stability of H in various configurations within the interfacial

region has been calculated. A hydrogen atom has been placed at different posi-

tions, i.e. a BC site in the Si side of the interface, interstitial within a void in the

SiO2 network as well as close to O and Si atoms in the interfacial oxide region. The

energy of the respective configurations has been determined using geometry opti-

mizations within DFT. All results are summarized in the right panel of Fig. 3.21.

The mean value of H being in a Si BC configuration has been used as the reference

energy. One can see that the energy of such configurations shows a distribution of

around 1.5 eV, which is consistent with the barriers calculated in the left panel of

https://www.tuwien.at/bibliothek
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Figure 3.21: Left: Simulated distribution of barriers for hydrogen hopping
between bond–center sites at the subinterfacial Si side of the Si/SiO2 interface
using the method of CI–NEB in conjunction with the Pbe functional. Paths for
connecting five initial BC configurations with the three next nearest BC sites have
been calculated, yielding in total 30 barriers (forward and backward transition
barriers). Right: Energy of various H configurations obtained from geometry
optimizations. The mean value of hydrogen in a Si BC site serves as a reference
for energy alignment.

Fig. 3.21. On the other hand, the H in an SiO2 interstitial position possesses on

average a 1.8 eV higher energy, as indicated by the green bar. Additionally, it is

worth noting that only around 30% of the hydrogens placed within a void actually

stayed in an interstitial position. The remaining calculations showed that it is more

likely for a neutral H to move back into the Si side (if the H was directly placed

within an interfacial SiO2 void) or to form some defect by breaking Si–O bonds in

the oxide. The third group shows the total energy of defect configurations formed

by the hydrogen atom. Such defects can be either hydroxyl–E′ centers (HE′) or

[SiO4/H]
0 configurations [173–175]13. While the average energy for forming a SiO2

defect is only 0.2 eV higher in energy than the BC configuration, its distribution

is rather broad with 4 eV. A thorough statistical analysis including the calcula-

tion of barriers using the CI–NEB method, is, however, beyond the scope of this

work. Nevertheless, the results clearly suggest that in the majority of investigated

cases the Si BC site provides an energetically favorable position for the H atom,

although – in the most extreme variant – forming a defect in SiO2 can be up to

3 eV lower in energy.

To summarize, one can conclude that once the Si–H bond is broken and the H

is released into the next but one BC site, the hydrogen atom faces a rather small

hopping barrier to a neighbouring BC configuration and is effectively mobile along

13In around 10% of the simulations the H formed a Si–H bond by breaking an Si–O bond with
a remaining oxygen dangling bond. However, these configurations have been discarded. This,
however, could possibly be an artefact due to limited cell size as discussed in Appendix A
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the interface. Similar results have been obtained by the group of Pantelides et.

al and others [251–257]; however, they mainly focused on the migration of charged

hydrogen species. They report a rather small migration barrier for H moving

laterally within the subinterfacial Si region (0.3 − 0.5 eV), while the potential

barrier to cross over into the SiO2 side is at least twice as much. Due to the

negative-U character of H [213, 214, 258, 259], it is indeed likely that the released

hydrogen becomes charged (the BC provides a stable position for H0 and H+,

whereas the negatively charged species prefers the AB configuration).

Additionally, the presented results potentially shed light on peculiarities of re-

liability issues. Once the initial Si–H bond is broken and the hydrogen released

into a BC configuration, it potentially becomes charged. However, the H would be

mobile along the interface and thereby possibly be able to trigger further reactions.

Such a picture nicely fits into recent observations regarding reliability phenomena

in MOSFETs. Occasional reports observe a peculiar feature of microelectronic

devices: After removing the stress from a device, it tends to continue degrading,

referred to as post–stress degradation build–up. Recent theoretical modeling ap-

proaches [17, 18] link this behaviour to the release of H during stress which is

subsequently stored near the interface, assumed to be in a charged configuration.

Such a theoretical description would be fully consistent with the conclusions drawn

here.

Passivation Reactions

The actual passivation mechanism of a Pb center, however, can not be properly

described by only taking into account atomic hydrogen at the interface. Instead

Brower and later also Stesmans converged to the same conclusion by perform-

ing dedicated experiments: The passivation reaction is dominated by the

cracking of molecular H2 [221, 222, 244]. The proposed mechanism reforms

a Si–H bond by breaking a H2 molecule, Si + H2 Si H + H0, having an

activation barrier of EB = 1.51 eV with a Gaussian spread of σB = 0.06 eV. Recent

experimental studies conducted on a device level, where MOSFETs were stressed

under various HCD bias points and subsequently annealed at elevated temper-

atures, confirm the proposed mechanism and activation energy [248–250]. The

detailed atomistic dynamics, on the other hand, remain unclear with only a few ab

initio based studies assessing the theoretical description [204, 206, 260]. The initial

breaking of the extremely stable H2 molecule (Ebind ∼ 4.5 eV) together with the

remaining atomic hydrogen and its final configuration play a decisive role whether

the passivation reaction would occur or not. Within this context interstitial H in

Si and SiO2 has been investigated [204] as well as the interaction of H2 with defect

free and defective SiO2 to identify possible H2 cracking sites [173, 174, 206, 260].

However, due to the multitude of different possible reactions, depending on the

local environment of the amorphous oxide, no rigorous picture could be deduced

so far.

In order to explore possible reactions DFT in conjunction with the NEBmethod

has again been applied. Two different Si/SiO2 models have been used, with in total
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six different interface defect configurations. A H2 molecule has been placed in the

direct vicinity and several final configurations for the remaining H including the

respective barriers were calculated, see Fig. 3.22.

Si•+H2

a)

Si-H + H0

b)

Si-H + O-H

c)

Si-H + [SiO4/H]0

d)

Figure 3.22: Passivation of an interface defect by H2. The cyan translucent
profiles show the spin density of the respective snapshots. As an initial configu-
ration the H2 molecule is placed in the direct vicinity of the SI–DB. Within the
investigated reactions the remaining H can trigger different mechanisms leading
to different final configurations. First, the neutral hydrogen becomes interstitial
within the SiO2 network. Second, the remaining H breaks a Si–O–Si complex and
forms a hydroxyl E ′ defect. Furthermore, the last reaction shows that the H in
its neutral state can also bind to a bridging oxygen and form a variant of the
[SiO4/H]

0 configuration.

For the first reaction the remaining hydrogen moves into a void above the

formed Si–H bond and becomes interstitial neutral H. The CI–NEB calculations

for all different defect configurations properly converged and yield a broad distri-

bution of forward reaction barriers between 0.89 and 2.24 eV. The results show

an apparent strong dependence on the local environment of the Si–DB defect

and/or the final interstitial position. The backward barriers, on the other hand,

for de–passivation reactions is much lower, suggesting that a Pb center can be

effectively recreated in the excess of H atoms. Nevertheless, interstitial hydrogen

can undergo further reaction dynamics in the SiO2 network. Due to its negative U

character [209, 261], H potentially becomes charged and binds within the oxide,

e.g. a proton can attach to a bridging oxygen atom [61, 62, 174, 261, 262]. Further-

more, H+ can effectively move through SiO2 by hopping between bound states, as

was shown in [62, 252, 263–265]. Such a hopping mechanism was recently further

extended and investigated for neutral hydrogen as well [61]. Despite H’s nega-

tive U character, in the same work it was found that H0 indeed exhibits possible

metastable neutral configurations. Furthermore, theoretical studies demonstrate

the possibility of H0 migration between voids [205, 266, 267] as well as interactions

with the defect–free and defective SiO2 matrix [173, 174]. Overall, this suggests an

extremely broad spectrum of possible reactions for the remaining hydrogen moving

into the SiO2 region.
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Si + H2

Pb + H2

0.89− 2.24
0.05− 0.63

Si H + H0

Si H + H0 interstitial in SiO2

Si O

Si

Si
lo
ng

bo
nd

+H2

Pb + O Si O + H2

1.24− 2.09
0.97− 1.91

Si H O

Si

H
Si

Si H + hydroxyl E ′

Si O

Si

Si

+H2

Pb + O Si O + H2

1.43− 2.56
0.85− 1.67

Si H O
+

Si

Si−

H0

Si H + [SiO4/H]
0

CT O

Si

Si

H+

H+ on bridging O

Table 3.1: Possible Pb center passivation reactions with H2. For the first reaction
the remaining neutral hydrogen becomes interstitial in the SiO2 matrix, whereas
reactions 2) and 3) represent defect transformations associated with the H. All
energies are in eV.

In order to further investigate possible reactions of the remaining H atom,

two test cases have been chosen to examine the interaction with the defect–free

oxide. The first one accounts for the transformation of the remaining interstitial

H0 into a hydroxyl–E ′ center, see Fig. 3.22 and Reaction 2 in Table. 3.1. Out

of the 15 configurations introduced into the Si/SiO2 structure only six converged

to a realistic hydroxyl–E ′ center configuration within a geometry optimization

and have been used in subsequent NEB calculations. A common feature of the

converged precursor sites is an elongated Si O bond within the Si O Si unity,

as indicated in Table. 3.1. The total transition barriers to break H2, passivate a

Pb center and create a hydroxyl–E ′ center are between 1.24 and 2.09 eV. Due to

the relatively strong Si–H and O–H bonds, the backward transition barriers are

of similar height, indicating that the induced final configuration would be indeed

stable once the H2 is broken.

The second possibility is schematically illustrated as Reaction 3 in Table 3.1

and shown in Fig. 3.22. Thereby, the hydrogen binds to a bridging oxygen forming

a so–called [SiO4/H]
0 center14. The structural relaxations are mainly associated

with the opening of the O Si O angle resulting in an electron trapping site at an

14Note that in [174, 175] it was shown that the hydroxyl–E′ center is thermodynamically more
stable than the [SiO4/H]0 defect configuration and the transformation barrier is only around
0.1 eV.
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adjacent Si atom [174]. Therefore, the defect actually resembles a proton bound to

the oxygen atom where the additional electron is trapped at an adjacent Si site, see

Table 3.1 and Fig. 3.22. For the simulations twelve initial defect configurations

have been constructed with the H atom placed 0.8✝A away from a bridging O.

Unfortunately, only three of the structures converged to a [SiO4/H]
0 defect within

the geometry optimizations, the remaining ones transformed into either interstitial

H, hydroxyl–E ′ center like configurations or other odd defective formations, e.g.

breaking of Si O bonds, which have been discarded, as mentioned above. The

total energy of the optimized system suggests that the stability of [SiO4/H]
0 is

comparable to interstitial H, whereas a hydroxyl–E ′ defect is usually more stable

being around 0.8 eV lower in energy. The final activation energies for the full

reaction starting with H2 are given in Table 3.1. The forward reaction is slightly

shifted towards higher values compared to the hydroxyl–E ′ center calculations,

indicating a higher barrier to create the defect site, whereas the backward barrier

to reform H2 seems to be lower with values ranging from 0.85 to 1.67 eV. However,

due to the rather small sample size the results can only provide a qualitative

understanding. Additionally, the bound hydrogen, i.e. the [SiO4/H]
0, potentially

becomes positively charged via a charge transfer reaction with a reservoir which

could enhance its stability resulting in a proton sticking to an oxygen [17, 62, 173].

The presented results provide a qualitative understanding and insight of the Pb

center passivation kinetics. The complex and manifold reaction dynamics involving

mechanisms related to charged hydrogen species allow a quantitative analysis and

conclusions only at a much broader statistical level, which is beyond the scope of

this work. However, already the transition barriers derived here clearly suggest

that the efficiency of the H2 passivation process heavily depends on the remaining H

and its final configuration. Interstitial hydrogen for example, would most probably

immediately reform H2, particularly at elevated temperatures, due to the small

backward barrier according to Reaction 1 in Table 3.1. On the other hand, due

to the small migration barrier between voids in SiO2 it could effectively diffuse

away or form H related defects in the oxide which provide a sufficiently large

backward barriers. Thus, the interaction of H with defect–free or defective sites in

the amorphous SiO2 system inevitably plays an important facet in understanding

and describing the passivation mechanism of interface defects.
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Electrochemical reactions triggered by a non–equilibrium carrier ensemble fun-

damentally define the degradation mechanisms discussed in this work. In partic-

ular heated carriers can provoke Si–H bond excitation at the Si/SiO2 interface or

influence the dynamics of defects in the SiO2 via charge trapping. This Chapter

addresses the key concepts introduced in Chapter 2 and establishes the theoret-

ical descriptions relevant for the model applications in the last Chapter 5. The

methods presented here are not limited to the Si/SiO2 material system and have

been used in a much broader field to understand the interactions within emerging

material combinations and related phenomena.

4.1 Hot–Carriers & Interface Defects

This part of the thesis focuses on the theoretical formulation of transition rates Γi,f

between individual vibrational eigenstates of the Si–H ground state potential V (q)

ultimately leading to bond breakage and the creation of interface defects. The

cornerstone is a consistent description of the interaction between a Si–H bond and

its environment, including energetic, hot charge carriers. It will be shown that

two major components determine the kinetics: Dynamics related to vibrational

relaxation and inelastic scattering. The latter one can be split into dipole–induced

transitions and excitations due to a transient population of a resonance electronic

state.

System–Bath Interactions

Ideally, all dissipative and inelastic couplings leading to changes of the states

in both subsystems1 are taken into account. However, due to the macroscopic

nature of the bath (the Si/SiO2 environment), an explicit treatment of the system’s

(the Si–H bond) dynamics is desired, while the bath entity is implicitly described.

Therefore, focussing solely on the dynamics and properties of the system, it is

convenient to separate the total system into a system and bath entity

Ĥ = ĤS + ĤB + V̂SB = Ĥ0 + V̂SB, (4.1)

where V̂SB is the system-bath coupling operator. Open–system–density–matrix the-

ory is a well suited approach for the problem at hand where the evolution of the

system is described by the reduced density operator ρ̂S, satisfying the open-system

Liouville-von Neumann (LvN) equation [268]

ih̄
∂

∂t
ρ̂S = ih̄Lρ̂S(t) =

[
Ĥ0, ρ̂S(t)

]
+

∫ t

0

dτLD(t, τ)ρ̂S(τ). (4.2)

Within this formulation the system–bath interaction is included in the dissipative

Liouvillian (superoperator) LD. However, for all practical applications the dissi-

pative part of (4.2) needs to be approximated. Thereby, the Lindblad semigroup

1The Si–H complex and its environment
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4.1. HOT–CARRIERS & INTERFACE DEFECTS 63

functional formulation [269] provides the most general type of a Markovian and

time–homogeneous master equation preserving the laws of quantum mechanics2.

Within this approach the bath modes have been already traced out resulting in

equations of motion solely for the system part of the problem. The reduced density

operator ρ̂S can be written as

∂

∂t
ρ̂S(t) = LSρ̂S + LDρ̂S = − i

h̄

[
ĤS, ρ̂S

]
+ LDρ̂S, (4.3)

where LS and LD denote the system Hamiltonian and the dissipative superop-

erator. Furthermore, utilizing the eigenstate representation of ρ̂S, such as the

eigenfunctions |φn〉 of the system Hamiltonian, ρnm = 〈φn|ρ̂|φm〉, allows the in-

terpretation of the diagonal elements ρnn as the level populations Pn and the

off–diagonal represents the coherences between two states.

The superoperator LD within the Lindbladian is given by

LDρ̂S =
∑

k

(
Ĉkρ̂SĈ

†
k −

1

2

[
Ĉ†

kĈk, ρ̂S

]
+

)
, (4.4)

with Ĉk being the Lindblad operators, defining the nature of k dissipative channels.

They account for population transfer between eigenstates of the ground state PEC

V (q) of the system due to vibrational relaxation and inelastic scattering. The

Lindblad operators can be expressed as

Ĉk =
√

Γi,f |φf〉 〈φi| , (4.5)

which is the projection of an initial state onto a final state weighted with a rate

Γi,f . The individual transition rate depends on the type of perturbation as well as

on the bond complex and its properties. A general formulation is given by FGR

Γi,f =
2π

h̄

∑

I,F

fI(T ) [1− fF (T )] · |〈φfΦF |V̂ |φiΦF 〉|2δ(Ei,I − Ef,F ). (4.6)

The summations run over all collective initial I and final states F , weighted with

the energy distribution function f of carriers. Furthermore, the coupling operator

V̂ specifies the nature of the perturbation, and thus the interaction strength of

|φi〉 and |φf〉.
In the following (4.6) is used to calculate transfer rates of localized Si–H eigen-

states due to various mechanisms. Contributions originating from bond vibration-

phonon coupling as well as from inelastic electron tunneling are included. The

latter can either arise due to dipole scattering or resonance scattering. Eventually,

the total rate Γi,f is the sum of all individual contributions:

Γtot
i,f = Γvib

i,f + Γdip,inel
i,f + Γres,inel

i,f (4.7)

2i.e. it is trace preserving and completely positive by mathematical construction
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Model Potential

As was shown in Section 3.2 and in [MJJ3], Si–H bond breakage at the Si/SiO2

interface follows a trajectory which is a combination of the bond’s bending and

stretching mode. The one–dimensional PEC, where the collective ionic motion

has been mapped onto a single reaction coordinate, can be assessed directly from

the DFT results. For all practical applications3, however, an analytic fit of the

following form has been used:

Vg(q) = v0q
4 − v2q

2 + σ

√
v0
2v2

q, (4.8)

which represents an asymmetric double–well potential, see Fig. 4.1. The parame-

ters v0, v2 and σ are given in Table 4.1a. Overall the (reference) potential supports

two minima at q = −3.2 a0
√
m and q = 3.0 a0

√
m with a barrier of 2.7 eV at q = 0

and exhibits 32 bound states (below the barrier), localized either in the left or

right well. Selected eigenstates of the ground state potential V (q) are summarized

in Table 4.1b. Furthermore, also the characteristics of the excited PECs are cap-

−5.0 −2.5 0.0 2.5 5.0
Reaction Coordinate [a0

√
m]

0

1

2

3

4

5

6

E
n

er
g

y
[e

V
]

V0
DFT/V−

CDFT

V0
model/V−

model

−5.0 −2.5 0.0 2.5 5.0
Reaction Coordinate [a0

√
m]

V0
DFT/V+

CDFT

V0
model/V+

model

Figure 4.1: Model potentials for the ground and excited state potential energy
curves (PECs). The left well of V (q) corresponds to the initial equilibrium position
of the Si–H bond, whereas the right well describes the final position of the H in
the next but one bond–center site. Left: The ground state PEC together with the
negatively charged energy profile V −(q). Right: The ground state potential and
the corresponding PEC V +(q) when the Si–H is temporarily positively charged.

tured by the same functional form as the ground state potential, see Sec. 3.4. The

negatively (positively) charged profile possesses a substantially lowered transition

barrier of ∼ 1.7 eV (∼ 2.1 eV) and a shifted equilibrium position by ∼ 0.9 a0
√
m

(∼ 0.4 a0
√
m), see Fig. 4.1 and Tab. 4.1a. Note that the positive potential V +(q)

additionally exhibits a shifted transition point.

3In order to account for a distribution of paramaters, see Sec. 3.2.
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v0 v2 σ

V 0(q) 0.023 0.442 1.062
V −(q) 0.046 0.459 0.955
V +(q) 0.072 0.640 1.241

(a) The corresponding parameters for the ground and excited potential energy curves,
see (4.8). The mean DFT data, see Sec. 3.2 and Fig. 3.12 have been used as a reference
for the ground state PEC.

n En (meV) En,min (meV) En,max (meV)

φ0,L 84.44 73.22 113.54
φ1,L 251.98 219.34 309.56
φ2,L 417.25 386.72 491.47
...

...
...

...
φ6,L 1054.09 597.78 (φ4,L) 1724.06 (φ10,L)
φ7,R 1138.60 693.31 (φ5,R) 1788.93 (φ11,R)
...

...
...

...
φ30,L 2627.90 2131.35 (φ26,L) 3154.57 (φ34,L)
φ31,R 2675.69 2127.86 (φ25,R) 3266.36 (φ35,L)

(b) Selected eigenstates for the ground state potential V 0(q) together with the respective
energies and their localization (L/R). The minimum and maximum values for the selected
states indicate the intrinsic distribution of V 0(q) due to the amorphous character of the
interface, see Sec. 3.2.

Table 4.1: Upper: Model potential parameters. Lower: Calculated eigen-
states and their localization.

The analytic fits presented here do not aim to provide the most accurate de-

scription of the DFT results, but to give a qualitatively correct description of the

ground and excited state potential energy surfaces. Due to the amorphous nature

of the Si/SiO2 system and the interface itself, an intrinsic distribution of the pa-

rameters such as the transition barrier and the minimum position as well as the

resonance energy is to be expected, see Table 4.1b.

Dissipative Relaxation

The basic interaction between the Si–H bond and its environment can be described

by the coupling of the bond potential to a bath of oscillators. The resulting vi-

brational relaxation rates Γvib
i,f , and thus the lifetimes τi, strongly influence the

bond dynamics. As already mentioned above, the reaction coordinate of Si–H

breakage at a Si/SiO2 interface is a combination of the Si–H bending and Si–H

stretching modes. Experimental and theoretical studies, however, have focused

on the vibrational relaxation of various Si–H modes on a silicon surface. These

studies revealed lifetimes on the order of ns and ps for the stretching and bending
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mode [270–273], respectively. However, for the problem at hand – a mixture of

various Si–H modes and a substantially different phonon spectrum – these values

can only be used to derive an educated guess for the vibrational relaxation.

Investigating the detailed coupling between the fundamental frequency of the

ground state PEC V (q) and the substrate is, therefore, an essential component

in the presented framework4. Following a perturbation theory approach allows to

calculate the system–bath coupling elements and ultimately the transition rates

using Fermi’s Golden Rule, see [271, 272, 274]. By introducing a new set of

coordinates one can separate the 3N–dimensional coordinates r of the total system

into system and bath degrees of freedom (DOF). The new DOF q and Q can be

constructed using an orthogonal transformation

Ri =
3N∑

j=1

Oi,jrj, with
3N∑

i=1

Oi,kOi,l = δk,l, (4.9)

where qi = Ri(i = 1 . . .M) describes the system coordinates and Qi = Ri+M(i =

1 . . . 3N − M) corresponds to the bath modes. The total Hamiltonian can be

decomposed in the usual system–bath form:

Ĥ = ĤS + ĤSB + ĤB, (4.10)

with the individual contributions of the system, bath and the system–bath coupling

given by:

ĤS = − h̄
2

2

M∑

i=1

∂2

∂q2i
+ V (q,Q = 0),

ĤSB =
3N−M∑

i=1

λi(q)Qi +
1

2

3N−M∑

i,j=1

Λi,j(q)QiQj,

ĤB =
3N−M∑

i=1

(
− h̄2

2

∂2

∂Q2
i

+
1

2
ω2
iQ

2
i

)
.

(4.11)

The one– and two–phonon coupling functions λi(q) and Λi,j(q) (corresponding to

one– and two–phonon relaxations) can be obtained by calculating the derivative

of V (q,Q) as

λi(q) =
∂V

∂Qi

∣∣∣
q,Q=0

=
3N∑

k=1

OM+i,k
∂V

∂rk

∣∣∣
q,Q=0

,

Λi,j(q) =
∂2V

∂Qi∂Qj

∣∣∣
q,Q=0

=
3N∑

k,l

OM+i,kOM+j,l
∂2V

∂rk∂rl

∣∣∣
q,Q=0

.

(4.12)

4Note that in a fully rigorous approach the 2D potential energy surface (PES V (q)) of the Si–
H bond would be considered, which effectively enables coupling between the low–energy bending
and the high–energy stretching modes, see [270]. However, this requires a well–parametrized 2D
PES which is outside of the scope of this work.
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These couplings are used within Fermi’s Golden Rule (FGR) to compute the

phonon–induced transition rates between system eigenstates φi and φf as

Γi,f =
2π

h̄
|〈Φf |ĤSB|Φi〉|2δ(Ei − Ef ), (4.13)

where one can choose the initial and final states Φi and Φf as product states of

system and bath states which can be integrated out. Thermal averaging over the

initial states and summing over the final bath states allows to account for the

thermal population of bath oscillator at finite temperature (T 6= 0K) and the

respective upward rates.

Following [270, 272, 273, 275], and in particular the derivation in [274], the

one–phonon coupling term in (4.11) and (4.12) yields the following rate expres-

sions

Γ
(1),↓
i,f = π

∑

k

|〈φi|λk(q)|φf〉|2
〈nk〉+ 1

ωk

δ(εi − εf − h̄ωk)

Γ
(1),↑
i,f = π

∑

k

|〈φi|λk(q)|φf〉|2
〈nk〉
ωk

δ(εi − εf + h̄ωk),

(4.14)

where 〈nk〉 =
∑

n npn,k(T ) is the thermally averaged quantum number of the kth

bath mode with pn,k(T ) being the thermal population of its nth level. However, if

the energy of the system mode is above ωmax, the highest phonon frequency, two–

phonon terms become important. The corresponding rates for the simultaneous

(de–) excitation of two different bath modes are given by

Γ
(2a),↓
i,f =

πh̄

8

∑

k 6=l

|〈φi|Λk,l(q)|φf〉|2
〈nk〉+ 1

ωk

〈nl〉+ 1

ωl

δ(εi − εf − h̄ωk − h̄ωl),

Γ
(2a),↑
i,f =

πh̄

8

∑

k 6=l

|〈φi|Λk,l(q)|φf〉|2
〈nk〉
ωk

〈nl〉
ωl

δ(εi − εf + h̄ωk + h̄ωl)

(4.15)

whereas the expression for two identical bath modes is

Γ
(2b),↓
i,f =

πh̄

8

∑

k

|〈φi|Λk,k(q)|φf〉|2
〈n2

k〉+ 3 〈n2
k〉+ 2

ω2
k

δ(εi − εf − 2h̄ωk)

Γ
(2b),↑
i,f =

πh̄

8

∑

k

|〈φi|Λk,k(q)|φf〉|2
〈n2

k〉 − 〈n2
k〉

ω2
k

δ(εi − εf + 2h̄ωk)

(4.16)

For the sake of completeness two–phonon processes also give rise to the simul-

taneous creation and annihilation of phonons, however, this contribution can be

neglected [274]. For all practical applications at finite temperatures, the delta–

functions in (4.14), (4.15) and (4.16) need to be replaced by functions with a finite

broadening, e.g. Lorentzians

δ(E) → 1

π

γ

γ2 + E2
, (4.17)

with the broadening parameter γ.

https://www.tuwien.at/bibliothek
https://www.tuwien.at/bibliothek


D
ie

 a
pp

ro
bi

er
te

 g
ed

ru
ck

te
 O

rig
in

al
ve

rs
io

n 
di

es
er

 D
is

se
rt

at
io

n 
is

t a
n 

de
r 

T
U

 W
ie

n 
B

ib
lio

th
ek

 v
er

fü
gb

ar
.

T
he

 a
pp

ro
ve

d 
or

ig
in

al
 v

er
si

on
 o

f t
hi

s 
do

ct
or

al
 th

es
is

 is
 a

va
ila

bl
e 

in
 p

rin
t a

t T
U

 W
ie

n 
B

ib
lio

th
ek

.
D

ie
 a

pp
ro

bi
er

te
 g

ed
ru

ck
te

 O
rig

in
al

ve
rs

io
n 

di
es

er
 D

is
se

rt
at

io
n 

is
t a

n 
de

r 
T

U
 W

ie
n 

B
ib

lio
th

ek
 v

er
fü

gb
ar

.
T

he
 a

pp
ro

ve
d 

or
ig

in
al

 v
er

si
on

 o
f t

hi
s 

do
ct

or
al

 th
es

is
 is

 a
va

ila
bl

e 
in

 p
rin

t a
t T

U
 W

ie
n 

B
ib

lio
th

ek
.

68

The studied system is again the Si(100)/a–SiO2 interface system containing 472

atoms for which the Si–H system mode has been identified in Chap. 3 and in [MJJ3]

using DFT. However, using DFT to calculate the coupling terms (4.12) would

have made the calculations prohibitively expensive since these couplings need to be

calculated at various system coordinates q. Thus, all linear and quadratic coupling

terms (4.14), (4.15) and (4.16) have been calculated using the classical ReaxFF

force–field [197] implemented in the LAMMPS code [198]. A comparison of the

phonon spectrum calculated with DFT and the classical force–field for the Si/SiO2

interface system, as well as for bulk crystalline Si and bulk SiO2 is given in Fig. 4.2.

One can see that ReaxFF is able to qualitatively reproduce the spectra calculated

with DFT, albeit the individual spectra seem to extend towards higher energies.

Surprisingly, the agreement between both methods is best for the most complex

Si/SiO2 model.

0.0 0.1 0.2 0.3
Energy [eV]

0

10

20

30

40

D
O

S
[a

rb
.

u
.]

System–mode

DFT

ReaxFF Si/SiO2

0 0.05 0.1 0.15 0.2

ReaxFF SiO2

0 0.02 0.04 0.06 0.08
Energy [eV]

ReaxFF Silicon

Figure 4.2: Phonon density of states for various systems calculated with DFT
and the classical ReaxFF force–field to validate its applicability. Left: The
vibrational spectrum of a Si/SiO2 model together with the initial Si–H system
motion and the respective eigenmode. Right: Further benchmarks against bulk
models of silicon and SiO2. Note that five different a–SiO2 realizations have been
calculated using ReaxFF and two models with DFT to also capture possible
distributions of the spectra. While the DFT results yield a rather unique result,
the classical potential shows a slightly broader distribution of phonon spectra.

The vector eq, which serves as the degree of freedom for the system mode q

and defines its fundamental frequency, see Fig. 4.2, has been identified using the

results presented in Sec. 3.2. Furthermore, for all subsequent calculations its 3N

components representing the system motion have been restricted to atoms with

displacements of at least 5% of the maximum displacement, all the other entries

were set to zero. This was done to avoid an artificially large coupling due to

the finite cluster size. In order to ensure orthogonality between the system mode

vector eq and the environment modes eQ, 3N -1 random 3N dimensional vectors

ui have been selected. Subsequently, the system (eq,ui) was orthogonalized and a
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(3N −1)×3N transformation matrix U was constructed using the orthogonalized

vectors ui. The matrix U has been further used to transform the 3N×3N Hessian

H = (∂2V/∂x∂x)|0 into a constrained (a subspace orthogonal to the system mode)

(3N − 1)× (3N − 1) Hessian given by

H′ = UHUT , (4.18)

which upon diagonalization yields 3N−1 constrained bath normal modes e′Q, each

of length 3N − 1. Using the inverse transformation

eQ = UTe′Q, (4.19)

finally gives 3N − 1 bath mode vectors with a length of 3N . This approach

guarantees one anharmonic system mode, represented by eq, and 3N−1 harmonic

bath modes, eQ, all being orthogonal to each other, eQi
eQj

= δi,j and eQi
eq = 0,

see [274].

The calculations for all individual one– (Γ(1)) and two–phonon transition (Γ(2))

rates have been conducted along the anharmonic system DOF eq at 31 displace-

ments q = qeq within the interval [−0.75,+0.75]a0
√
m. Such a variation of eq is

sufficient to cover at least the lowest eigenstates. Ultimately, the described pro-

cedure yields the vibrational lifetime of the fundamental transition which is given

by:

τ−1
1 =

(
Γ
(1),↓
1,0 + Γ

(2),↓
1,0

)
−

(
Γ
(1),↑
0,1 + Γ

(2),↑
0,1

)
. (4.20)

The final result together with the individual contributions is summarized in Ta-

ble 4.2. One can clearly see that the total lifetime τ total1 is dominated by a two–

phonon relaxation process. One–phonon transition rates are around one order of

magnitude smaller, however, their origin is questionable. Such relaxations are ac-

tually energy–forbidden and only arise as a direct consequence of the finite broad-

ening used to replace the delta–functions in (4.17). Therefore, these contributions

should be completely discarded. Furthermore, the dependence of the rates on

the broadening parameter γ has been investigated as well. While Γ
(1)
1,0 exhibits a

strong dependence between γ ∈ [1, 10]cm−1 (τ
(1)
1 = 18.3 ns− 1.89 ns), Γ

(2)
1,0 is stable

against changes in γ (τ
(2)
1 = 152.9 ps − 97.5 ps). Since the latter is the dominant

contributor, the overall solution is not very sensitive to the precise choice of the

fitting parameter γ, provided γ is chosen in a physically reasonable range.

Further insight into the dissipation mechanism can be gained by analyzing the

two–phonon process in detail. Fig. 4.3 shows the individual contribution of phonon

pairs {ωk, ωl} within a 2D–histogram with a bin size of 5 cm−1 × 5 cm−1. One can

see a pronounced dissipation pathway via two similar phonons (ωk ∼ ωl). However,

as an alternative route, two phonons which in total fit ∆E1,0 can be seen as well

in Fig. 4.3. Additionally, the lifetime τ1 and its temperature dependence is shown

in the right panel of Fig. 4.3. The decreasing lifetime with increasing temperature

is a consequence of temperature–dependent weight factors in the rate expressions

based on Fermi’s Golden Rule and also temperature–dependent upwards rates

Γ↑
0,1. For the sake of completeness, Fig. 4.3 also illustrates the influence of the
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Mode T [K] τ total1 Γ
(1)
1,0 τ

(1)
1 Γ

(2a)
1,0 Γ

(2b)
1,0 τ

(2)
1

0 0.1237 0.1930 5.1801 7.3745 0.5101 0.1268

Si–H1→0
break 300 (↓) 0.1180 0.2116 4.9531 7.7452 0.5244 0.1209

300 (↑) 0.0098 0.0009 0.0001

Si–H2→1
break 0 46.344 0.4238 2.359 19.9757 1.1779 47.273

Table 4.2: Calculated vibrational lifetimes (τ total1 , τ
(1)
1 and τ

(2)
1 ) together with

the corresponding rates (Γ
(1)
1,0, Γ

(2a)
1,0 and Γ

(2b)
1,0 ) for the first excited system–mode

and two different temperatures. The units for the lifetimes and rates are ns and
ns−1, respectively. The last line shows the one– and two–phonon rates and lifetime
calculated for the Si–Hbreak mode for the 2 → 1 transition.

only free parameter within the above framework, γ, (4.13), as described above.

Based on the results γ = 5 cm−1 has been chosen as the reference here5, which

yields τ0K = 0.126 ns (τ300K = 0.120 ns).

In practice, the model potential possesses overall 32 bound states for both

wells, see Section 4.1, for which it would be necessary to calculate all individual

relaxation rates Γi,f , ideally using the approach described here. However, for the

problem at hand, the next vibrational state already yields an energy difference to

the vibrational ground state ∆E2,0 > 2h̄ωmax, which is beyond the two–phonon

coupling included6. Therefore, for all practical applications an idealized harmonic

model [101, 105, 270, 276] can be employed where the selection rule ∆n = ±1

applies. Such a harmonic model possesses a linear scaling law Γ↓
i,i−1 = iΓ↓

1,0 and has

been demonstrated to show reasonable agreement with accurate calculations even

for anharmonic system–modes [105, 270, 276]. In order to estimate the introduced

error and further motivate this approximation, the one– and two–phonon rates as

well as the lifetimes for the 2 → 1 transition have been calculated, see Table 4.2.

Since the energy difference ∆E2,1 is still outside the Si/SiO2 phonon band, Γ
(2)
2,1

again dominates the resulting lifetime. Furthermore, it is very likely that the direct

transition 2 → 0 is less important, due to the fact that at least three bath modes

are necessary to dissipate the energy7. Finally, one can see in Tab. 4.2 that the

resulting lifetime of τ2 = 46 ps agrees well with the simple model prediction of

τ2 = τ1/2 = 61.5 ps.

Mapping the harmonic scaling law onto the double well model potential in-

troduced above splits V (q) into two harmonic oscillators where only neighbouring

transitions within one well are allowed, whereas transitions between the oscillator

5The calculations show an approximated deviation of ±25% compared to γ =
1 cm−1/10 cm−1.

6Or by including excited vibrational states of the 2D potential surface, see 3.2.
7The inclusion of a three phonon term in the system–bath Hamiltonian is proportional to

QiQjQk which would render the calculation of the coupling element κi,j,k computationally ex-
tremely challenging.
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are prohibited. The corresponding single–phonon scaling law for the vibrational

lifetime of an eigenstate |φn〉 is then given by

τn =
τ1
n
, (4.21)

with τ1 being the lifetime of the first eigenstate as calculated above.

A detailed comparison of the utilized methods including theReaxFF potential

to well established results associated with the Si–H bending mode is given in

Appendix D.
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Figure 4.3: Detailed insight into the vibrational dissipation mechanisms. Left:
The composition of the two–phonon transition rate Γ

(2),↓
1,0 for pairs of phonons

{ωk, ωl} with a bin size of 5 cm−1× 5 cm−1. Right: The lifetime of the first vibra-
tional eigenstate over a wide range of temperatures and for different broadening
parameters γ.

Dipole Scattering

Next, one can consider the rate expressions for inelastic excitation channels which

are usually induced due to external perturbations. As already mentioned in the

experimental Section 2.1, one inelastic process is related to the electric field caused

by moving electrons. The resulting field can interact with the dipole created by

the vibration of the adsorbate complex and induce transitions between vibrational

eigenstates. The dipole scattering rate can be described due to an electrostatic

coupling to the transition dipole moment µ and can be calculated by a formula

derived by Persson et al. [277–279]

Γdip
i,f =

I

e

∣∣∣∣
〈φf |µ|φi〉
ea0

∣∣∣∣
2

, (4.22)

where e is the elementary charge, a0 the Bohr radius, µ̂ the dipole moment and I

the current. Using the dipole moment vector extracted in Sec. 3.3, in particular the
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x and y component due to the current density in the channel of a MOSFET being

parallel to the (100) surface, one can estimate the importance of this component.

The dipole–induced transition rates Γdip
i,f for i ⇒ i + 1 and i ⇒ i + 2 transitions

have been calculated for different currents and compared to the vibrational upward

rates Γvib
i,f

8 at T = 300K, see Fig. 4.4. Current densities in scaled MOSFETs

already exceed 100 nA/nm2, which is of similar order as tunneling currents in Si–

H related STM experiments (1 − 10 nA), assuming that the STM electron beam

is of atomic dimensions. One can see that only at higher currents the respective

upward rates for ∆n = +1 are mainly determined by dipole induced scattering,

whereas transitions to higher excited states (∆n = +2) are already orders of

magnitude lower. Although Fig. 4.4 actually shows a non–negligible contribution of

Γdip
i,f , the importance of dipole–induced excitations is limited in hot–carrier related

device reliability issues. Only at the source side, where carriers are still close to

equilibrium, but a high current density is present, they potentially play a (minor)

role. Nevertheless, starting from the channel region, carriers have already gained

enough energy to (potentially) scatter into an available resonance which clearly

dominates the upward transitions.
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Figure 4.4: Comparison of dipole–induced upward rates Γdip
i,f (red and blue bars)

and vibrational upward rates Γvib
i,f (black bars) at T = 300K for different currents.

Left: Neighbouring transitions ∆n,n+1. Right: ∆n,n+2 transitions induced by
dipole scattering are already lower by two orders of magnitude.

Resonance Scattering

As already mentioned in Section 2.1 another possible excitation channel is related

to adsorbate resonances. A resonance scattering model accounts for carriers

tunneling into available molecular orbitals (MOs) of the adsorbate. In the case

of the Si–H bond the resonance states are associated with the LUMO (HOMO),

8Γvib
i,f are only available for ∆n± 1 transitions, see Sec. 4.1.
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forming a temporal negative (positive) ion resonance. The modified internuclear

potential thereby induces a nuclear relaxation of the system. When the electron

returns to the substrate an inelastic relaxation process transfers energy to the

system, leaving the neutral ground state PEC V (q) in a vibrationally excited

state. Two formulations of a vibrational heating model for this mechanism have

been developed: an incoherent multiple single-step process [280] and a theory of

coherent multiple vibrational excitations [281]. Both variants are schematically

illustrated in Fig. 4.5.
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Reaction Coordinate [a0

√
m]

0

1
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E
n

er
g

y
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V
]

∆nincoh=1

Incoherent Formulation V0
model

Vres
model

−4 −2 0
Reaction Coordinate [a0

√
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∆ncoh=1, 2, 3, . . .

Coherent Formulation V0
model

Vres
model

Figure 4.5: Schematics showing the two different vibrational heating models
describing a resonant scattering interaction of tunneling carriers. In a first step an
incident carrier creates a negatively or positively charged complex by temporarily
occupying a resonance state. Left: Incoherent multiple single–step process. Each
carrier is only able to transfer one quantum of energy during the inelastic relax-
ation process. Such a subsequent ladder–climbing mechanism requires n scattering
carriers, where n is the number of eigenstates in the potential. Right: The co-
herent multiple vibrational excitation formulation allows for overtone transitions.
Hence it facilitates a shorter excitation path and fewer interacting carriers.

Whereas the incoherent model requires a rather high current density (scattering

electrons) compared to the vibrational lifetime, the coherent formulation accounts

for overtone transitions which results in an excitation path with a smaller num-

ber of intermediate states [282, 283]. Recent results [119] have shown that indeed

fewer electrons are needed to dissociate H than expected from the incoherent for-

mulation and support the coherent formulation proposed by Persson et al. [284]

and Salam et al. [281]. The utilized expression within this work for the transi-

tion rates is therefore based on the above descriptions and was already applied to

similar problems [285] as discussed here.
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In this formulation it is assumed that an electron with incident energy ǫ can

induce an excitation from state |φi〉 to |φf〉 via the vibrational eigenstate |ψj〉 of
the resonance with

Γres
i,f =

4∆2
res

πh̄

∫
dǫf(ǫ) [1− f(ǫ)] · |

∑

j

〈φf |ψj〉 〈ψj|φi〉
ǫres − ǫ+ ǫi − ǫj + i∆res

|2. (4.23)

This expression includes the energetic position of the resonance with respect to the

Fermi level, ǫres, its width as the inverse of the resonance lifetime, ∆res = h̄/τres,

as well as the energies of the eigenstates |φi〉 and |ψj〉. Furthermore, it accounts

for the energy distribution function f(ǫ) of charge carriers at the interface, which

is a crucial ingredient as pointed out in the Outline, see the Chapters 1 and 2,

of this thesis. All parameters entering the above formula can be extracted (or at

least reasonably approximated) from DFT results, see Chap. 3.

Model Formulation

Based on the theoretical treatment introduced above, a model for describing hot-

carrier induced damage at the Si/SiO2 interface can be developed. The approach

includes all the aforementioned processes, namely the vibrational relaxation mech-

anism, (4.13) and (4.21), as well as the inelastic channels, dipole, (4.22), and reso-

nance scattering, (4.23). The total transition rate from the vibrational eigenstate

|φi〉 to |φf〉 of the Si–H system is given by (4.7).

Experimental quantification of HCD is done on a macroscopic timescale. The

device is stressed above operating conditions between seconds and hours to ex-

tract a gradual change of the device characteristic to ultimately evaluate its life-

time. On the other hand, the Si–H system interacting with the environment will

tend towards a steady state on a much faster timescale, within femto– to nanosec-

onds. Thus, the time scales can be separated and only a quasi-equilibrium solution

of (4.3) is required
∂ρS
∂t

= LSρS + LDρS = 0, (4.24)

to calculate the population Pi of each individual vibrational state of the system.

Once the new equilibrium of the ground state potential V (q) is known, one can

calculate the bond breaking rate, defined as the transition from the left to the

right well in the ground state potential, see Fig. 4.1, as tunneling rates through a

potential barrier, employing the WKB–aproximation:

Γbreak =
∑

i

Γi,WKB Pi =
∑

i

exp
(
− 2

h̄

x2,i∫

x1,i

√
2(V − Ei)dx

)
Pi, (4.25)

with Pi being the population of the eigenstate i and Γi,WKB the tunneling rate

which takes the classical turning points x1 and x2 for the respective energy levels

Ei into account. Within this approach only eigenstates localized in the left well are

considered by implicitly projecting out all |φR〉 in the above calculation. A more

detailed description of how to calculate the final rate Γbreak is given in Appendix E.

https://www.tuwien.at/bibliothek
https://www.tuwien.at/bibliothek


D
ie

 a
pp

ro
bi

er
te

 g
ed

ru
ck

te
 O

rig
in

al
ve

rs
io

n 
di

es
er

 D
is

se
rt

at
io

n 
is

t a
n 

de
r 

T
U

 W
ie

n 
B

ib
lio

th
ek

 v
er

fü
gb

ar
.

T
he

 a
pp

ro
ve

d 
or

ig
in

al
 v

er
si

on
 o

f t
hi

s 
do

ct
or

al
 th

es
is

 is
 a

va
ila

bl
e 

in
 p

rin
t a

t T
U

 W
ie

n 
B

ib
lio

th
ek

.
D

ie
 a

pp
ro

bi
er

te
 g

ed
ru

ck
te

 O
rig

in
al

ve
rs

io
n 

di
es

er
 D

is
se

rt
at

io
n 

is
t a

n 
de

r 
T

U
 W

ie
n 

B
ib

lio
th

ek
 v

er
fü

gb
ar

.
T

he
 a

pp
ro

ve
d 

or
ig

in
al

 v
er

si
on

 o
f t

hi
s 

do
ct

or
al

 th
es

is
 is

 a
va

ila
bl

e 
in

 p
rin

t a
t T

U
 W

ie
n 

B
ib

lio
th

ek
.

4.1. HOT–CARRIERS & INTERFACE DEFECTS 75

Knowing the bond–breaking rate Γbreak allows to formulate a reaction equation

for the evolution of the concentration of broken and intact Si–H bonds with stress

time. Two states for the forward reaction can be assumed, see Secs. 3.2 and [MJJ3],

which is in analogy to previous observations [35, 201, 244], an intact Si–H bond

(left well) and a broken state (right well) described as a Pb center and the released

H atom. Once the hydrogen is in the next but one bond–center site, it is likely that

it is mobile along the interface, see Sec. 3.6 and [251, 253, 254], facing a rather

small barrier for hopping laterally within the subinterfacial Si region. Thus, once

the H is released, it potentially triggers an additional reaction, e.g. the formation

of defects or H2. The backward reaction, on the other hand, passivating the defect

with one hydrogen, is assumed to proceed via a different reaction pathway, namely

by breaking an H2 modelcule, see 3.6 and [201, 221, 248].

The reaction equation including the aforementioned chemical reactions is there-

fore
d [SiH]

dt
= −Γbreak [SiH] + Γpass [H2] [Pb] , (4.26)

where Γpass describes cracking of H2 and the subsequent passivation of Pb centers.

According to [221, 222, 244, 248] this process is purely thermally activated and the

rate constant is given by an Arrhenius equation Γpass = Γpass
0 exp(−Epass/kBT ) su-

perimposed with a Gaussian distribution of the passivation energy Epass
9. The in-

ferred parameters are Ep ∼ 1.51 eV, σEp
∼ 0.12 eV and Γpass

0 ∼ 5× 10−6 cm3/s10,

which were also used in a recent study to model the recovery of HCD induced

damage in an actual MOSFET [248, 249]. In addition, one equation describing

the maximum number of pristine Si–H bonds is introduced as

[SiH] + [H] = [H]tot , (4.27)

while the value for [H2] was set to a constant concentration of 5× 1017 cm−3, given

by the physical solubility of H2 in vitreous silica [286]. Introducing the quantity

N0 =̂ [SiH]max and solving for fPb =̂ [Pb] /N0 = 1− [SiH] /N0, the probability that

a bond is broken is then given by

∂fPb
∂t

= (1− fPb) Γ
desorb − fPbΓ

pass[H2]. (4.28)

In order to represent the density of bonds at the Si/SiO2 interface, it is necessary

to randomly sample the normally distributed quantities of the Si–H bond and

scale them according to the technology dependent pristine density N0, which is,

virtually, the only fitting parameter in our model.

Relation & Connection to Previous Models

The framework introduced above is computationally challenging compared to pre-

viously used TCAD models describing degradation phenomena, in particular due
9Recent studies show that also an applied gate bias substantially influences the recovery

dynamics [249, 250]. It is assumed that the Fermi level affects the defects charge state and hence
the passivation barrier.

10Note that while the reported passivation barrier Epass is consistent throughout the literature,
the reaction rate constant Γpass

0 varies between 10−4 and 10−9 cm3/s.
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to the need to randomly sample the rather large parameter space together with

the numerical solution for the energy profiles. In order to decrease its complexity

and simultaneously increase the usability of the model within TCAD tools, further

approximations can be applied. The ground and resonance potential profiles V (q)

and V −(q)/V +(q) can be approximated using harmonic potentials, see the right

panel of Fig. 4.6. Within this simplification the proposed resonance scattering

formalism, see Sec. 4.1, is still valid. A charged carrier with an incident energy ǫ

triggers a vibrational excitation from state |φi〉 to |φf〉 in the ground state V (q)

via the eigenstate |ψj〉 of the resonance. Comparing the resonance based descrip-

tion using harmonic potentials to previous modeling attempts by Hess [47, 49,

50, 52], Bravaix [34, 53, 56] and Tyaginov [MJJ5, 35, MJJ12, MJC13, MJC16,

MJC4] reveals an unambiguous connection. Obviously, the coherent formulation

of the inelastic resonance scattering mechanism, see Sec. 4.1, naturally maps the

single particle (SP) and multiple particle (MP) mechanisms discussed in Chapter 2

onto a single fundamental excitation channel. Furthermore, the analogy allows to

reinterpret previous formulations in a physically meaningful context. For instance

the model developed by Tyaginov et al. uses the so–called Acceleration Integral

to calculate the corresponding SP and MP transition rates

ΓMP/SP =

∫

ǫth

f(ǫ)g(ǫ)v(ǫ)σMP/SP(ǫ)dǫ, (4.29)

where f(ǫ) is the EDF, g(ǫ) the DOS, v(ǫ) corresponds to the carrier velocity and

σ(ǫ) is a phenomenologically derived capture cross section. The threshold energy,

i.e. the minimum carrier energy needed to trigger the respective mechanism, is

denoted as ǫth. The energy dependent cross section is assumed to follow an em-

pirical Keldysh–like expression σ(E) = σ0(ǫ − ǫth)
p with pMP = 1 and pSP = 11.

Various exponents have been extracted in the literature, depending on the ac-

tual implementation of the utilized model, and have been initially used to capture

the multiple dependencies of HCD [33–35, MJJ12, 53, 57]. Using the quantum–

chemistry formulation described within this work allows to reformulate (4.29) in

terms of a single physical mechanisms

Γi,f =
4∆2

res

π

∫

ǫ

f(ǫ)g(ǫ)v(ǫ)σeff(ǫ)dǫ, (4.30)

with the effective cross section

σeff(ǫ) = σ0
∣∣∑

j

〈φf |ψj〉 〈ψj|φi〉
ǫres − ǫ+ ǫi − ǫj + i∆res

∣∣2. (4.31)

In analogy to (4.23) it is the probability of the vibrational transition from |φi〉
to |φf〉 in the ground state potential via the resonance eigenstate |ψj〉, given by

the overlap of the wavefunctions, weighted by the resonance position represented

by a Lorentzian. Thus, this formulation simultaneously accounts for neighbouring

transitions ∆n,n+1 (ladder climbing, MP mechanism), overtone transitions ∆n,m as

well as transitions directly causing dissociation ∆n,f+1 where f denotes the last
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Figure 4.6: Relation to the model proposed by Tyaginov et al. Left: The
previously used approach considers a subsequent excitation of vibrational modes
(multiple particle (MP)) as well as direct dissociation triggered by hot carriers
(SP) based on an empirical description. Right: The presented resonance medi-
ated mechanism naturally maps the MP and SP process onto a single meaningful
physical interpretation. Additionally, the possibility of overtone transitions facil-
itates a bond breakage path with fewer number of intermediate excitations and
eventually couples the full system of eigenstates in the ground state potential.

bound state in the potential (SP process). Note that such a resonance based de-

scription was already proposed by the group of Hess [52], albeit not rigorously

included in their calculations. A detailed comparison of the cross section’s en-

ergy dependence is given in Fig. 4.7. While the empirical Keldysh–like expression

does not depend on the current eigenstate, i.e. the level of bond excitation, such

subtleties are included in (4.31) via ǫres + ǫi − ǫj. Note that within the proposed

effective cross section overtone transitions can potentially have a higher excitation

probability due to the wavefunction overlaps.

Additionally, due to the small effective dipole moment µeff of the Si–H bond, see

Sec. 3.3, and the the marginal relevance of dipole scattering rates, resulting there-

from Sec. 4.1, this component can be neglected. On the other hand, the harmonic

scaling law for the vibrational lifetime (4.21), see Sec. 4.1, is now strictly fulfilled

and can be applied. Therefore, a total transition rate can again be calculated,

using the individual contributions of the resonance scattering mechanism (4.30)

and (4.31) and the vibrational dissipation (4.21) and (4.13)

Γtot
i,f = Γres

i,f + Γvib
i,f . (4.32)

Subsequently, again the new quasi–equilibrium solution of the Pauli Master equa-

tion, see (4.24), can be calculated which yields the individual state populations

Pi of the ground state harmonic oscillator. Including the first continuum state

(the first state above the Si–H bond breakage energy), the final bond breakage

rate Γbreak can be classically defined as the vibrational eigenstate population Pi
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Figure 4.7: Comparison of the Keldysh–like cross section and the effective cross
section, see (4.31). Regardless of the current vibrational mode of the Si–H bond,
the Keldysh cross section is exclusively a function of the incident carrier energy.
In contrast, the derived quantum–dynamical formulation depends on the initial
state and its energy, the final state and the corresponding wavefunction overlap
as well as the energetic position of the resonance. Left and Middle: Various
MP and SP excitations mechanisms. Note that the formulation in (4.31) results in
considerably different effective cross sections, while the empirical description does
not distinguish between the different cases. Right: Possible overtone transitions
within the presented description, see (4.31).

times the total transition rate from i to the continuum state f +1. The evolution

of broken and intact Si–H bonds with stress time is again given by the reaction

equation (4.26) and (4.28), respectively.

The major advantage of harmonic approximations is the availability of analytic

solutions for the eigenvalues and eigenvectors. Furthermore, due to the simpler

potential energy profile it effectively reduces the parameter set and allows to effi-

ciently sample the distribution on a 3D grid.

4.2 Non-Equilibrium Processes & Oxide

Defects

The fundamentals of bias temperature instability and charge trapping in the oxide

based on nonradiative multiphonon theory is already explained in Chapter 2.2.

However, capturing the charging and discharging kinetics of oxide defects un-

der non–equilibrium conditions is beyond the applicability of the current 4–state

framework. Nevertheless, the NMPeq. model already provides a physically com-

plete description as well as a native extension towards the integration of such

processes. In the following the implications of a heated carrier ensemble in the

valence and conduction band of a MOSFET will be discussed and two model ex-

tensions will be derived.
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Extended 4–State Model

The described NMPeq. model does not account for non–equilibrium carrier dynam-

ics in full {VG, VD} bias space. Only an inhomogeneous shift of the effective trap

level along the Si/SiO2 interface is taken into account using the relation to the

oxide field Fox(x) given in (2.15). However, this is a purely electrostatic effect.

Emerging changes of the energy distribution functions (EDFs) due to the applica-

tion of a drain bias VD, such as the formation of a heated, non–equilibrium carrier

ensemble and the generation of secondary carriers, are not included in the afore-

mentioned approach. On the other hand, a thorough and consistent description

requires a full solution of the coupled BTE for holes and electrons for each bias

point which is computationally very costly. Moreover, using the EDFs in conjunc-

tion with the (classical) lineshape function (LSF) for a large ensemble of defects is

again a very computation intensive task. In order to capture the charging dynam-

ics of oxide traps also at higher VD stress conditions in a more practical TCAD

model, a simplified approach is highly desired.

Reaction Coordinate [arb.u.]
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E
n

er
g

y
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kCB
i,j

Intersection Point VIP
i,j (ET, EVB)

Intersection Point VIP
i,j (ET, ECB)

E
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er
g

y
E

C
B

f LSF
2′,1
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kCB
2′,1

Contributions to Rates

E
n

er
g

y
E

V
B

f LSF
1,2′

fVB

kVB
1,2′

Figure 4.8: The extended 4–state model includes the effect of impact ioniza-
tion (II) using semi–empirical approaches within the drift–diffusion (DD) simu-
lations. Thus, interactions with electrons in the conduction band yield a non–
vanishing contribution to the NMP transitions (Left). In particular, the hole
emission processes (which are equivalent to capturing an electron), i.e. 2′ ⇒ 1 and
2 ⇒ 1′, are expected to be affected by an increasing concentration of carriers in
the conduction band. On the other hand, the reverse hole capture processes are
still dominated by the interactions with the VB. The NMPeq.+II model assumes
the carriers to be in thermal equilibrium (Right).

A possible approximation is given by including the effect of II within the DD

simulations using semi–empirical II models. This simplified picture neglects the

interplay of defects with a heated carrier ensemble, but includes the interaction

with secondary created carriers in the conduction band (CB) of a pMOS, see

Fig. 4.8. Particularly for the charge transitions 1 ⇔ 2′ and 1′ ⇔ 2 this can have

a large impact. While charging is associated with the capture event of a hole (or

the emission of an electron), discharging is linked to the defect emitting a hole
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into the VB (or to capture an electron from the CB). Therefore, the emission

processes 2′ ⇒ 1 and 2 ⇒ 1′ are expected to be affected by an increasing carrier

concentration n in the conduction band, see Fig. 4.8. This variant of the 4–state

model is termed extended equilibrium model, NMPeq.+II.. Due to the (crude)

approximation that carriers remain in thermal equilibrium, thus properly described

by a FD distribution, the computationally effective band edge approximation is

still applicable.

Non–Equilibrium 4–State Model

Despite the appealing model introduced above, it certainly lacks a detailed descrip-

tion of the interaction between oxide defects and energetic carriers described by a

non–equilibrium energy distribution function (EDF). Their interaction, however,

is given by the lineshape function (LSF), see (2.11) (or the classical limit) which

is already a substantial part of the NMPeq. model variant. The LSF is the sum

of a multitude of contributions due to the various vibrational modes involved, see

Fig. 2.4 in Chap. 2, for a specific configuration of the two parabolas. Furthermore,

Fig. 2.5 and the set of equations, (2.13) in Sec. 2.2, show that the LSF addition-

ally depends on the energy E of the reservoir state due to the interaction with

a continuous band, which is represented by a shifted (charged) parabola. This

shifted alignment translates into a changing intersection point of the parabolas

and, thus, an energy dependent LSF. For a decreasing (increasing) barrier εi,j
with the reservoir energy E the LSF is therefore (usually) an increasing (decreas-

ing) function over E. As already mentioned in Sec. 2.2, the rate ki,j is determined

by the product fp(E)f
LSF
i,j (E,ET).

0123
Valence Band Energy EVB

C
o

n
tr

ib
u

ti
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n
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Figure 4.9: The impact of non–equilibrium energy distribution functions (EDFs)
onto the NMP rates ki,j. Heated carrier ensembles in the valence (Left) as well as
conduction bands (Right) potentially increase the corresponding transition rates
and therefore alter the defects’ charging and discharging dynamics.

Fig. 4.9 shows that in the case of non–equilibrium EDFs, e.g. hole EDFs at

the drain end of the channel or electron EDFs at the source end, the integral
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4.2. NON-EQUILIBRIUM PROCESSES & OXIDE DEFECTS 81

can be substantially different compared to a FD distribution. This not only im-

plies considerably modified transition rates ki,j with increasing VD conditions, but

also that the (energetically) accessible defects change within {VG, VD} bias space.

The full consideration of this effect is termed non–equilibrium 4–state model,

NMPneq., and is based on a self consistent calculation of the coupled BTE for

holes and electrons. Consequently, heated carrier ensembles for holes and elec-

trons – which are created at the drain side and accelerated by the electric field

towards the source – are taken into account. This variant of the 4–state model

yields the most accurate description and reveals interesting phenomena as will be

shown below.
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In this Chapter the model approaches introduced in Chapter 4 will be applied

to investigate the individual effects of HCD and non–equilibrium BTI. Together

with an in–depth analysis the modeling frameworks and the respective results

will be thoroughly tested and validated against a wide class of measurement sets.

Subsequently, the first rigorous simulation study of a MOSFET in full {VG, VG}
bias space will be presented and analyzed. Furthermore, a particular experiment

based on alternating stress sequences reveals the implications of different stress

regimes onto the various types of defects. The presented studies will clearly reveal

the conceptual limits of the assumption of independent descriptions of degradation

regimes.

5.1 Hot–Carrier Regime

First, the modeling framework introduced in Sec. 4.1 will be challenged using

two different types and technologies of devices, an nMOSFET and a pMOSFET

with different gate lengths. This direct comparison was chosen due to occasional

reports which show that the damage caused by HCD for nMOS devices is larger

than for the pMOS counterparts [55, 56, 287, 288]. Note that the concept of

resonance–induced excitations provides a physically meaningful explanation for

this observation: If the accessible resonance state for holes is higher in energy

than for electrons, ǫres,n = 3.64 eV and ǫres,p = 3.96 eV – as suggested by the ab

initio results in Chapter 3 – it is less likely for holes to trigger bond excitation

followed by the creation of interface defects.

Energy Distribution Functions

For the calculation of the carrier energy distribution functions (EDFs), which yield

the information on how carriers are distributed over energy, the higher order spher-

ical harmonics expansion simulator SPRING1 has been used. The bipolar Boltz-

mann transport equation (BTE) was solved self–consistently on the calibrated 2D

structures obtained from process simulations. The scattering mechanisms consid-

ered are acoustical and optical phonon scattering, impurity scattering as well as

impact ionization with secondary carrier generation.

The results for two devices – a 65 nm nMOSFET and a 100 nm pMOSFET –

and selected stress conditions are shown in Fig. 5.1. Clearly visible is the charac-

teristic accumulation of highly energetic minority carriers at the drain end of the

channel for both devices. As expected, increasing the stress conditions results in a

more pronounced high energy fraction of the EDFs for holes (pMOS) and electrons

(nMOS). However, while the EDFs of the secondary generated holes in the nMOS

remain almost unchanged for the given stress conditions (VG = VD), the electron

EDFs in the pMOS significantly change for higher stress bias. Thus, particularly

for the highest drain bias conditions, VD = −2.8V, electrons can be expected to

1developed by the group of Prof. Jungemann at RWTH Aachen
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Figure 5.1: Energy distribution functions EDFs for the pMOSFET (Left) and
the nMOSFET (Right) for various stress regimes obtained from a solution of the
bipolar BTE coupled via II. While the pMOS shows a substantial contribution
of secondary generated electrons for increasing stress bias, the hole EDFs for the
nMOS remain almost unchanged with varying stress conditions.

contribute to the total degradation in pFETs, since their EDFs are populated for

energies up to 3 eV along the channel region.

Influence of Temperature

In order to assess the reliability behaviour at elevated temperatures, the EDFs have

been calculated at various temperatures, see Fig. 5.2, because the corresponding

scattering rates are influenced by the lattice temperature, see [289]. Phonon and

impurity scattering rates increase with T , via the occupation number for phonons

given by the Bose–Einstein distribution and the screening length within the Debye

formulation respectively, whereas the electron and hole II rates are assumed to

be temperature independent and exclusively energy dependent. However, since

phonon and impurity scattering at elevated T modify the EDF, the II rates are

also, therefore, indirectly affected. Thus, low and medium energy carriers which

are determined by phonon and impurity scattering are suppressed at increasing

temperatures, while the high energy tail, represented by the tail of a thermalized

Maxwell–Boltzmann distribution, is enhanced. These characteristic features are

well represented by the EDFs for both devices and two different temperatures

(T = 298K and T = 398K for the pMOSFET and T = 348K for the nMOSFET,

respectively) shown in Fig. 5.2.

pMOSFET versus nMOSFET

Measurements for the modeling benchmark have been performed on two different

devices. A pMOSFET with a gate length of 100 nm and an nMOSFET with

https://www.tuwien.at/bibliothek
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Figure 5.2: The effect of lattice temperature onto the EDFs for the pMOS-
FET (Left) and the nMOSFET (Right). The results show the EDFs for
VG = −1.5V, VD = −2.8V (pMOS) and VG = VD = 2.2V (nMOS) at the source
and drain end as well as in the middle of the channel.

a gate length of 65 nm, both technologies employing a 2.2 nm SiON thick gate

oxide and have an operating voltage of |VDD| = 1.5V. The devices have been

stressed at two temperatures, T = 298K as well as T = 398K for the pFET and

T = 348K for the nFET, and were subjected to their respective nominal worst–

case stress conditions, namely VG = −1.5V and VD = −1.8,−2.3 and −2.8V for

the pMOS and VG = VD = 1.8, 2.0 and 2.2V for the nMOS device. To monitor

the degradation trend ∆ID,lin(t) traces up to 10 ks of stress were recorded.

The calculated energy distribution functions are shown in Fig. 5.1 and ex-

plained in detail in the corresponding Section 5.1. Interface state profiles

Nit(x) along the Si/SiON interface have been calculated using the model intro-

duced in Sec. 4.1, and subsequently the degradation characteristics has been cal-

culated using TCAD tools. In order to give detailed insights into the calculations

and shed light into the degradation processes, Fig. 5.3 shows the rate matrix of one

Si–H bond potential with 20 eigenstates localized in the left well along the channel

for both devices. At the source side minority carriers – holes in the pFET and elec-

trons in the nFET – are close to equilibrium, compare with Fig. 5.1 and Fig. 5.4,

and thus are not able to scatter into an available resonance. The upper triangle of

the matrix is, therefore, mainly determined by dipole induced excitations and the

detailed balance condition at the given temperature. However, along the inter-

face carriers are accelerated by the electric field and exchange energy via various

scattering mechanisms, resulting in a non–equilibrium EDF with a substantial hot

energy tail at the drain side. This enables the formation and transient occupation

of an ionic resonance, allowing for multiple excitations shown as large off diagonal

elements in the rate matrix. Furthermore, as already discussed above, the effect

of impact ionization potentially aids the excitation and dissociation mechanisms

via energetic secondary generated carriers. Whereas for the nMOS this compo-
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Figure 5.3: The density matrix projected onto the left well of a full model poten-
tial containing 20 eigenstates φL evaluated. The matrix is split into contributions
from electrons and holes and evaluated at different positions along the Si/SiO2

interface within the n– and pMOSFET. Clearly visible are the small upward rates
due to the minority carriers at the source side and in the channel region. On
the other hand, the accumulation of energetic (minority) carriers at the drain end
results in the formation of a temporary excited state due to the resonance scat-
tering process. Secondary generated carriers which have been accelerated towards
the source seem to dominate the Si–H dynamics in the respective regions in the
pMOS, whereas their contribution is negligible in the nMOS device. The lower
panels show the populations of the Si–H bond eigenstates.

nent seems to be negligible, see the right panels of Fig. 5.3, secondary generated

electrons in the pMOS seem to account for a major contribution to the overall ex-

citations. Particularly in the channel region and towards the source side electrons

up to 3 eV and more are present, see Fig. 5.4, which are able to scatter into the

available anionic resonance state.

The calculated Nit(x) profiles reflect the analysis regarding the rate matrix and

excitation processes, see Fig. 5.5. Clearly visible are the characteristic peaks at

the drain end of the channel for both, the n– and pMOS device, for all stress con-

ditions. This particular feature of HCD can evidently be explained quite well by

the hot carrier ensemble at the drain end, see Figs. 5.5 and 5.4. However, while for

the nMOSFET and the given stress conditions the damaged region continuously

extends from the drain towards the channel region, the buildup of a second peak

in the channel area is visible for increasing VD bias in the pMOS device. Together

with the individual bond breaking rates Γbreak for electrons and holes shown in

https://www.tuwien.at/bibliothek
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Figure 5.4: A comparison of the electron (EDFe) and hole (EDFp) energy distri-
bution functions for both devices. One can see that the minority EDFs at the three
evaluated positions are very similar. However, the effect of II and the amount of
heated secondary carriers is much more pronounced in the pMOSFET.

the lower panels of Fig. 5.5, the EDFs in Fig. 5.4, and the rate matrix for the

corresponding carriers in Fig. 5.3, a more detailed understanding of this behaviour

can be established. Apparently, the degradation in the nMOS is exclusively de-

termined by minority carriers, whereas in the pMOS a significant contribution is

due to secondary generated electrons created by II.

There are two main reasons for this difference. First, the devices have been

subjected to different stress conditions. The stress conditions VG ∼ 0.5VD for the

pMOS have been chosen to represent the nominal worst–case conditions for long–

channel devices which correspond to the maximum substrate current2. Contrary,

the nMOS device has been subjected to VG = VD stress conditions correlating to

the well known worst–case stress for short–channel devices. Second, and more

important due to being a key ingredient in the modeling framework introduced

in Sec.4.1 is the impact of different resonance states accessible for electrons and

holes. The available scattering state for electrons is about ∼ 0.4 eV lower in energy

compared to the hole resonance. Moreover, the minimum of the potential energy

curve for the excited anionic complex is shifted twice as much with respect to the

ground state minimum compared to the cationic equilibrium position. Due to the

overlap integral of the wavefunctions within the resonance mediated formulation,

see (4.23), larger shifts enhance the probability of overtone transitions, see Fig. 5.3.

Hence, electrons are more efficient in exciting and breaking the Si–H bond. This

is particularly visible at the drain end of both devices. Although the energy

distribution functions are comparable within this region, see Fig. 5.4 EDFe (nMOS)

and EDFp (pMOS), the electron rates Γbreak are almost two orders of magnitude

larger, see Fig. 5.5. Furthermore, secondary generated holes in the channel region

of the nMOS do not contribute to the creation of damage at all, while electrons

2as well as the maximum impact ionization rate
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generated by II rather dominate the degradation in the respective region within the

pMOS. Resonance based excitations not only provide a fundamental understanding
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Figure 5.5: Upper: Interface state profiles, Nit(x), for the nMOS and the
pMOS after 10 ks of stress. Note the increasing damage in the channel region due
to electrons created via impact ionization, see Figs. 5.3 and 5.2, in the pMOSFET.
The nMOS degradation characteristic on the other hand are solely determined by
heated electrons. Lower: The individual bond breaking rates of electrons and
holes along the interface provides a detailed picture of the excitation and bond
breakage dynamics. Note that, although similar EDFs are obtained in the vicinity
of the drain region, see Fig. 5.2, electrons posses higher bond breaking rates due
to the lower resonance level compared to holes.

of how carriers interact and eventually break Si–H bonds, but also allow for an

accurate microscopic description which properly captures the degradation trends,

see Fig 5.6.

A unique, albeit slightly optimized, parameter set has been used to describe

HCD in both devices, see Fig. 5.7 and Table 5.1. All parameters are within a

reasonable range and close to reported values in the literature and the DFT results

presented in Chap. 3. Only two parameters are associated with a higher degree

of uncertainty where solely the results presented within this thesis are available

or literature values. First, the resonance width ∆ǫres, which was calculated by

Stokbro et al. to be 1 eV for the anionic and 0.6 eV for the cationic resonance

state respectively [114, 115]. However, for a typical resonance lifetime of τres =

h̄/∆ǫres ∼ 1 − 2 fs, the width is about 0.2 − 0.7 eV [236, 237, 276]. Second,

the shift of the equilibrium position of the excited potential energy curves with

respect to the ground state minimum. The calculations in Sec. 3.4 show a shift

of ∼ 0.4 a0
√
m for the positively charged PEC and ∼ 0.9 a0

√
m for the negative

PEC which served as an input for the model. Due to the amorphous interface an

intrinsic variation of this quantity is, however, to be expected. Note that, in total

https://www.tuwien.at/bibliothek
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Figure 5.6: Measurements (symbols) and simulations (lines) for the model
benchmark. The full simulation framework, see Sec. 4.1, was validated against
experimental data of a 100 nm pMOSFET (Left) as well as a 65 nm nMOSFET
(Right) subjected to each three different hot–carrier stress conditions. The model
shows very good agreement with the measured characteristics.

750 unique configurations with individual PECs and resonances have been used by

randomly selecting uniformly distributed parameters of the model potentials, see

Sec. 4.1. The resulting important values for the modeling framework are shown in

Fig. 5.7 and listed in Tab. 5.1, termed as Full Model.

Furthermore, Table 5.1 also shows the parameter used with the Harmonic

Model introduced in Sec. 4.1. In order to reduce the complexity and the com-

putational requirements of the calculations, the simplified model focuses on the

decisive parameters which control the reaction dynamics, namely EB,f together

with the angular frequency of the oscillator as well as the shift of the respective

PECs, ∆qe/p. Such approximations allow to place the Si–H bond configurations on

a grid spanned by the three distributed parameters and effectively enables deter-

ministic simulations. Nevertheless, the harmonic model matches the experimental

data very well while maintaining a physically reasonable parameter set. Further

information is given in [MJC5].

Elevated Temperatures

The impact of temperature onto the degradation due to hot–carriers is still not

fully understood. Traditionally, in long–channel devices with the worst–case stress

conditions being VG ∼ 0.5VD, previous studies have shown that HCD is suppressed

at elevated temperatures [290–292]. Quite to the contrary, an increasing tempera-

ture in short–channel devices, subjected to VG = VD stress biases, typically results

in an aggravation of HCD [55, 293, 294]. However, in a recent publication also the

opposite trend has been reported [MJJ12].

Such, seemingly, ambiguous temperature trends stem from a complex inter-
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Figure 5.7: Model potentials used for V (q), V −(q) (Left)and V +(q) (Right)
to represent the measurement trends together with the respective parameters, see
Sec. 4.1. Due to the amorphous nature of the Si/SiO2 interface, quantities such
as the barriers are assumed to be normally distributed.

play of various effects and processes together with a partly opposing influence of

temperature. First, the implications on the transport properties itself. As shown

above, see Fig. 5.2, the individual scattering rates are enhanced with tempera-

ture which decreases the population of low and medium energies. On the other

hand, the high energy tail, which represents the thermalized carrier ensemble, is

enhanced. Furthermore, the EDFs and the importance of low/medium and high

energy carriers strongly depend on the device architecture and the applied bias

conditions, which needs to be considered for the temperature behaviour of HCD.

Second, the vibrational lifetime τ1,0 is a decreasing function with temperature,

see Sec. 4.1, and therefore, represents a competing effect at elevated T . Third,

a possible contribution of BTI and oxide defects, which is known to be strongly

temperature accelerated. Due to the available defect bands this would particularly

apply for negative bias temperature instability (NBTI) in SiO2 based pMOSFETs

and PBTI in scaled nMOS transistors employing high–κ gate stacks [MJJ7, MJJ8].

Both devices, the pMOSFET and the nMOSFET, have been stressed at ele-

vated temperatures, T = 398K (pMOS) and T = 348K (nMOS), respectively. In

order to exclude the third point, a concurrent contribution of BTI, the devices

have been switched to recovery conditions after the stress sequence. Neither the

n– nor the pMOS devices showed a noteable recovery of the measured parameters.

The experimental data together with the simulation results are shown in Fig 5.8,

where the data for T = 298K are marked as gray curves for comparison. One

can clearly see an opposite temperature trend which is properly captured by the

model. While for the pMOS an increasing T results in a more pronounced damage

due to hot–carriers, the degradation in the nMOS is suppressed. However, note

that for the highest stress condition the effect of temperature almost vanishes in

both devices.
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Parameter Full Model Harmonic Model DFT Results References

EB,f 2.70 eV 2.75 eV 2.57 eV 2.83 eV ⋆

σEB,f
0.12 eV 0.1 eV 0.22 eV 0.08 eV ⋆

ǫres,n 3.24 eV 3.46 eV 3.64 eV 4.10 eV †

∆res,n 0.17 eV 1.12 eV - 1.00 eV †

∆qn 0.58
√
ma0 0.72

√
ma0 0.9

√
ma0 -

σ∆qn 0.08
√
ma0 0.10

√
ma0 - -

ǫres,p 3.74 eV 4.45 eV 3.96 eV 4.8 eV ◦

∆res,p 0.12 eV 0.53 eV - 0.60 eV ◦

∆qp 0.23
√
ma0 0.43

√
ma0 0.40

√
ma0 -

σ∆qp 0.09
√
ma0 0.10

√
ma0 - -

τ1,0 0.39 ns 0.78 ns 0.12 ns 1.0 ps− 1.5 ns ‡

Table 5.1: The model parameters utilized within the simulations. The results
compare well to the values extracted from the DFT calculations, see Chapter 3,
and also to literature results. For a detailed explanation of the parameters see
Chap. 4. ∗ [201, 222],† [115], ◦ [114], ‡ [270, 271, 274, 275]

The lower stress regimes chosen for the pMOSFET, VG = −1.5V, VD = −1.8V

and VG = −1.5V, VD = −2.3V, are actually dominated by the degradation due to

holes within the drain region, see Fig. 5.5. At elevated temperatures the high en-

ergy ensemble is enhanced, aiding the overtone transitions and direct bond break-

ing process. Due to their small number of excitation steps, these processes depend

only very weakly on the (decreasing) vibrational lifetime, resulting in an aggra-

vation of HCD, particularly at short stress times. The most severe stress bias,

VG = −1.5V, VD = −2.8V, on the other hand, is strongly affected by the pres-

ence of energetic electrons. The electron EDFs towards the drain end are slightly

shifted towards higher energies at T = 398K, see Fig. 5.2. However, this trend is

compensates by the decreasing vibrational life τ1,0, resulting in virtually the same

degradation behaviour as for T = 298K.

The nMOSFET has been stressed at T = 348K which yields only minor differ-

ences in the calculated EDFs, see Fig. 5.2. Therefore, the overall degradation trend

at the measured temperature is dominated by the reduction of the vibrational life-

time, resulting in a reduction of hot–carrier related degradation. Nevertheless,

also for the nMOS a decreasing difference between the two temperatures is visible

with increasing bias conditions. This is again due to the increasing importance

and influence of the high energy tail at VG = VD = 2.2V where carriers are able
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5.2. NON–EQUILIBRIUM DYNAMICS OF INDIVIDUAL OXIDE DEFECTS93

to trigger, the almost lifetime independent, overtone excitations.

For all simulations the optimized parameter set presented in Table 5.1 has been

used with a vibrational lifetime of τ1,0 = 0.35 ns at T = 348K and τ1,0 = 0.28 ns

at T = 398K, respectively.

101 102 103 104

Stress Time [s]

10−3

10−2

10−1

100

N
o

rm
al

iz
ed

∆
I D

,l
in

[1
]

pMOSFET, T = 398 K

VD = −1.8 V, VG = −1.5 V

VD = −2.3 V, VG = −1.5 V

VD = −2.8 V, VG = −1.5 V

101 102 103 104

Stress Time [s]

10−1

100

nMOSFET, T = 348 K

VD = VG = 1.8 V

VD = VG = 2.0 V

VD = VG = 2.2 V

Figure 5.8: Measurements versus simulations at elevated temperatures for both
devices. The pMOSFET was stressed at T = 398K (Left) and the nMOS at
T = 348K (Right). The simulation results for T = 298K are superimposed in
gray for a better comparison.

5.2 Non–Equilibrium Dynamics of Individual

Oxide Defects

In a number of publications [295, MJC15, MJJ6] conducted on small–area SiON

pMOSFETs, it has been shown that the charging and discharging characteristics

of individual oxide defects can substantially change upon applying a drain bias.

While in [MJC15, MJJ6] only defects with a decreasing occupancy, i.e. a reduced

likelihood for the defect to trap a charge, have been found for increasing VD, the

authors in [295] concluded that oxide defects could actually be affected in both

ways, i.e. an increasing occupancy with increasing drain voltage was also measured.

Furthermore, in a recent study [296] the authors claim that the fingerprints of

single defects in the oxide, such as their step height and emission time τe, change

with intermediate hot–carrier stress cycles, but their initial characteristics can be

restored after an extended rest period.

The following Section presents simulations applying different variants of the

4–state NMP model to explain the behaviour of single oxide defects. Individual

defects have been explicitly chosen for this benchmark study due to the direct

measurement of fundamental parameters such as their capture and emission time.

These quantities are not accessible when measuring large–area devices and, hence,

the influence of a heated carrier ensemble would be blurred by a collective response

https://www.tuwien.at/bibliothek
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of a large number of traps. A detailed analysis provides insight into the charging

and discharging dynamics to finally unravel the experimentally recorded charac-

teristics. The non–equilibrium EDFs have been obtained using the higher order

spherical harmonics expansion simulator Spring [289, 297–299], see Sec. 5.1 for

details.

The measurement results used to validate the model approaches described here

are performed on 2.2 nm plasma nitrided SiON pMOSFETs of a 130 nm commercial

technology with an operating voltage of VDD = −1.5V [MJJ6, 300, MJJ4], the

same pMOSFET as has been used for the HCD study above. Individual oxide

defects have been studied on nano–scale devices (W = 160 nm) applying the time–

dependent defect spectroscopy (TDDS) technique [MJC15, MJJ6, MJJ4]. The

devices have been subjected to a stress phase to induce the capture of holes by

oxide traps. Subsequently VG and VD have been switched to recovery conditions

to allow the trapped holes to be emitted again. This sequence has been repeated

100 times in order to collect statistics on active defects [MJC15, MJJ6].

Defect Characteristics

Two defects have been chosen for studying the behaviour of single oxide

traps [MJJ6, MJJ4]. Both defects and their respective capture and emission times

have been characterized over a broad range of stress and recovery conditions ren-

dering them ideal candidates for a simulation study. Furthermore, both traps

possess a rather unexpected and intriguing trend with increasing drain bias VD
which is beyond explanations solely based on electrostatic considerations.

The basis for subsequent simulations provides their behaviour for pure BTI

(VD ∼ 0V) conditions. Applying the NMPeq. model described in Sec. 2.2 is legiti-

mate for such bias conditions and is able to represent the experimentally recorded

characteristic capture and emission times for both defects, B1 and B2, see Fig. 5.9

(left panels). Defect B1 shows a switching trap behaviour: Its emission time below

VG ∼ −0.5V is strongly bias dependent and determined by the discharging path

2 ⇒ 1′ ⇒ 1 given by the first passage time (FPT) τ 1
′,1

e,FPT, see (2.19). Increasing

VG shifts the trap level accordingly and the preferred emission path changes to

2 ⇒ 2′ ⇒ 1 at high VG. On the other hand, B2 is a fixed trap with an (almost)

constant emission time over VG which is dominated by 2 ⇒ 2′ ⇒ 1.

Interestingly, the behaviour of both defects changes in a complex way when the

device is stressed at VG = −2.8V and an increasing drain bias VD = [0.0V,−2.8V]

is applied, see Fig 5.9 (middle and right panels). Defect B1, which has been deter-

mined to be in the middle of the channel (0.6LG− 0.7LG) [MJC15, MJJ6], reveals

a rather constants capture time. However, at the same time the defects’ occupancy

dramatically decreases. These observations have two implications. First, defects

which are not located in the vicinity of the drain end of the channel can be af-

fected by a drain bias. Second, a feasible explanation for the decreasing occupancy,

despite the constant τc, would be an even faster reduction of the emission time

τe. Thus, the defect would have already partially emitted its charge before the

measurement switched to recovery conditions. Separate measurements at different

https://www.tuwien.at/bibliothek
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5.2. NON–EQUILIBRIUM DYNAMICS OF INDIVIDUAL OXIDE DEFECTS95

VG conditions actually support this idea, see [MJJ6]. The lateral defect position

of B2, on the other hand, was extracted to be in the drain region of the MOSFET

(0.8LG−0.9LG) [MJC15, MJJ6]. Although defects on the drain end of the channel

should be heavily affected (due to the reduction of Fox), its capture time is almost

unperturbed and actually slightly decreasing. Even more remarkably, the occu-

pancy of B2 is still 0.4 at VG = VD = −2.8V. This means that in 40% of the TDDS

traces the defect was active and captured a charge during stress. Both observations

clearly reveal the conceptual limits of simple electrostatic considerations to explain

the charging dynamics of oxide defects for |VD| ≫ 0.0V. Naturally, a unique pa-

rameter set for each defect, extracted by representing their characteristics for pure

BTI conditions, has been used in all subsequent simulations.
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Figure 5.9: Experimental characterization of defects B1 and B2 versus sim-
ulations obtained with the NMPeq. model. Left: Trap behaviour for pure BTI
conditions to extract their characteristic capture and emission times. Middle:
τe and τc trends for increasing drain bias stress. The simulations fail to predict the
measured data for the capture time. Right: The occupancy at ts = 2 s for various
VD conditions obtained from simulations compared to the experimental ones. The
NMPeq. model reveals a different behaviour for both defects and is not able to
represent the experimental data set. Symbols: Measurements, Lines: Simulations

Applying the NMPeq. model yields the results shown in Fig. 5.9. While for

B1 both characteristic trap parameters, τc and τe, increase due to the changed

electrostatics, the emission time of B2 changes its trend at VD ∼ −0.5V. This

can be explained due to the formation of the pinch–off region and the associated

reduction of the hole concentration. The extracted occupancies of the defects for

a stress time of ts = 2 s show a decreasing trend for both traps, see Fig. 5.9 (right

panels). However, the measurement data are not properly captured. While the

experimental occupancy of B1 shows a plateau up to VD ∼ −2.0V followed by

a rapid decrease, the simulations predict a continuous reduction which saturates

at ∼ 0.4. In contrast, the simulations for B2 yield a prompt reduction starting

https://www.tuwien.at/bibliothek
https://www.tuwien.at/bibliothek


D
ie

 a
pp

ro
bi

er
te

 g
ed

ru
ck

te
 O

rig
in

al
ve

rs
io

n 
di

es
er

 D
is

se
rt

at
io

n 
is

t a
n 

de
r 

T
U

 W
ie

n 
B

ib
lio

th
ek

 v
er

fü
gb

ar
.

T
he

 a
pp

ro
ve

d 
or

ig
in

al
 v

er
si

on
 o

f t
hi

s 
do

ct
or

al
 th

es
is

 is
 a

va
ila

bl
e 

in
 p

rin
t a

t T
U

 W
ie

n 
B

ib
lio

th
ek

.
D

ie
 a

pp
ro

bi
er

te
 g

ed
ru

ck
te

 O
rig

in
al

ve
rs

io
n 

di
es

er
 D

is
se

rt
at

io
n 

is
t a

n 
de

r 
T

U
 W

ie
n 

B
ib

lio
th

ek
 v

er
fü

gb
ar

.
T

he
 a

pp
ro

ve
d 

or
ig

in
al

 v
er

si
on

 o
f t

hi
s 

do
ct

or
al

 th
es

is
 is

 a
va

ila
bl

e 
in

 p
rin

t a
t T

U
 W

ie
n 

B
ib

lio
th

ek
.

96

from VD = −1.0V and an inactive defect at high VD, whereas the experimental

data show an occupancy of 40%. Even worse, τc actually shows an opposite trend

compared to the measurements. As expected, only taking electrostatic consider-

ations into account in the NMPeq. model is not enough to explain the measured

observations.
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Figure 5.10: Experimental characterization of defects B1 and B2 versus sim-
ulations obtained with the NMPneq. model. Left: Trap behaviour for pure BTI,
the same as in Fig. 5.9. Middle: τe and τc trends for increasing drain bias stress.
The simulations properly represent the rather constant capture time for increasing
VD. Furthermore, for B1 the simulations result in a rapidly decreasing τe. Right:
The occupancy at ts = 2 s for various VD conditions obtained from simulations
compared to the experimental ones. The NMPneq. model is able to capture the
intricate and puzzling experimental trends and adequately describes all character-
istic quantities of B1 and B2. Symbols: Measurements, Lines: Simulations

In order to improve the quality of the simulations, non–equilibrium effects can

explicitly be included within the simulation framework NMPneq.. A thorough

description of the interaction with energetic carriers in the valence as well as the

conduction band can dramatically increase the corresponding NMP transition rates

ki,j, see Sec. 4.2 and Fig. 4.9. As shown in Fig. 5.10, this refinement of the 4–

state NMP framework yields an accurate description of the defect parameters. All

relevant characteristics are well represented by the model. The capture times τc for

both defects stay approximately constant while the emission times decrease with

VD. This translates into a very good agreement with the measured occupancies

of B1 and B2. Specific features, such as the constant occupancy for B1 between

VD = −0.5V and −2.0V as well as the remaining active defect B2 at VD = −2.8V ,

are properly captured by the model approach.

A detailed analysis of the respective capture and emission pathways reveals the

nature of these interesting phenomena, see Fig 5.11. While the path for charging

the defect stays the same over the whole VD bias range for both defects (1 ⇒

https://www.tuwien.at/bibliothek
https://www.tuwien.at/bibliothek


D
ie

 a
pp

ro
bi

er
te

 g
ed

ru
ck

te
 O

rig
in

al
ve

rs
io

n 
di

es
er

 D
is

se
rt

at
io

n 
is

t a
n 

de
r 

T
U

 W
ie

n 
B

ib
lio

th
ek

 v
er

fü
gb

ar
.

T
he

 a
pp

ro
ve

d 
or

ig
in

al
 v

er
si

on
 o

f t
hi

s 
do

ct
or

al
 th

es
is

 is
 a

va
ila

bl
e 

in
 p

rin
t a

t T
U

 W
ie

n 
B

ib
lio

th
ek

.
D

ie
 a

pp
ro

bi
er

te
 g

ed
ru

ck
te

 O
rig

in
al

ve
rs

io
n 

di
es

er
 D

is
se

rt
at

io
n 

is
t a

n 
de

r 
T

U
 W

ie
n 

B
ib

lio
th

ek
 v

er
fü

gb
ar

.
T

he
 a

pp
ro

ve
d 

or
ig

in
al

 v
er

si
on

 o
f t

hi
s 

do
ct

or
al

 th
es

is
 is

 a
va

ila
bl

e 
in

 p
rin

t a
t T

U
 W

ie
n 

B
ib

lio
th

ek
.

5.2. NON–EQUILIBRIUM DYNAMICS OF INDIVIDUAL OXIDE DEFECTS97

2′ ⇒ 2), the discharging path changes for B1, similar to its switching behaviour

for pure BTI conditions. At low VD, B1 emits its charge via 2 ⇒ 2′ ⇒ 1, while at

elevated VD the emission time τe is determined by the faster pathway 2 ⇒ 1′ ⇒ 1.

In order to understand the interactions with the valence and conduction band as

well as the resulting characteristic times, all relevant NMP rates ki,j are given

in Fig. 5.11. The relationship between the rates ki,j and the first passage times

are given in (2.19). Two important implications can be seen in Fig. 5.11. First,

the valence band rates are rather constant (or even slightly increasing) for all

stress conditions. This is quite surprising, since the electric field Fox, and thus the

effective trap level, typically determines the transition rates. An increasing drain

bias, therefore, results in an inhomogeneous field which decreases towards the drain

end of the channel. However, the non–equilibrium EDFs exhibit a pronounced high

energy fraction of particles in the VB which compensate this effect, see Fig. 5.1.

This phenomenon is particularly important for defects located in the vicinity of

the drain end, e.g. B2. Second, it is clear that interactions with the conduction

band potentially play a major role, specifically for B1. Starting from VD < −1.5V

impact ionization (II) leads to an increasing concentration of (energetic) carriers

in the CB. The interaction of the defect with electrons in the CB dominates the

respective transition rate k2,1′ and thus determines the new and faster emission

pathway via 1′ ⇒ 1.
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Figure 5.11: A detailed analysis of the various stress regimes for increasing
VD bias. Left: The simulated capture and emission time together with the first
passage times (FPTs) for the two emission pathways using the NMPneq. model
variant. At around VD =∼ −2.0V the emission pathway of B1 switches to the
faster one via 1′. Right: The corresponding NMP transition rates ki,j which
determine the FPTs split into their VB and CB contributions. While the capture
process for both defects is dominated by the interaction with (energetic) carriers
in the VB, B1 exhibits a pronounced interaction with carriers in the CB at higher
VD stress conditions which leads to a change of its emission pathway.
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Although the measurement data have been rather puzzling, the non–

equilibrium 4–state model NMPneq., which takes the full spectrum of effects into

account, is able to fully explain the peculiar measurement trends. The presented

analysis helps to understand how (energetic) holes in the VB and secondary gen-

erated (energetic) electrons in the CB interact with defects in the gate stack and

thereby validates the modeling approach.

However, accessing the EDFs and including them within the NMP model is

typically computationally very demanding and, therefore, not practical for TCAD

simulations. The extended variant NMPeq.+II provides a considerably simplified

implementation which does not require an additional solution of the Boltzmann

transport equation (BTE) and where further approximations are applicable, such

as the band edge approximations. To establish a full picture of the various model

variants, Fig. 5.12 shows the simulation results using the NMPeq.+II model for the

two individual defects B1 and B2. For defect B1 the simplified extended model
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Figure 5.12: Simulation results obtained with the NMPeq.+II model variant for
the two defects, B1 and B2, investigated in Section 5.2. While the overall char-
acteristics of B1 are well captured by the NMPeq.+II model variant by including
the effect of II, it fails to properly reflect the trend of B2, which is due to the
interaction with energetic carriers in the VB.

approach is still able to capture the qualitative features of the full non–equilibrium

model NMPneq., in particular the rapidly decreasing emission time with increasing

drain bias VD. This is a direct consequence of the interaction with carriers in the

CB, as described in detail in Sec. 4.2. On the other hand, for the second defect,

B2, the results are almost the same as for the NMPeq. model variant. However, this

was to be expected due to the driving force of the defects’ behaviour at increasing

VD bias being the interaction with hot holes in the VB. Such a peculiar feature

can not be properly described by the NMPeq.+II model.

Nevertheless, the accelerated decrease of the recoverable component R of degra-

dation with increasing VD bias [MJJ6, 300–303] is assumed to be well captured by
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the NMPeq.+II model. On the contrary, a potential increase of the defects’ occu-

pancy, see [295], due to the interaction with energetic carriers, in contrast, can

not be reproduced with this approach. Due to the rather large physical parame-

ter set of a 4–state defect as well as their broad distribution, a general behaviour

can hardly be deduced from two single oxide defects. Furthermore, note that

the two defects, B1 and B2, have been particularly chosen for this study due to

their abnormal behaviour. Nevertheless, out of the nine single traps character-

ized in [MJC15], six defects exhibited expected trends with respect to their lateral

position.

5.3 Full {VG, VD} Bias Maps

So far, only a very limited number of mainly experimentally driven studies have

focused on several aspects of the manifold mutual influences and reactions of the

various defect types in full {VG, VD} bias space. In addition to the above men-

tioned investigations using single oxde traps, studies conducted on large–area de-

vices [MJJ6, 300, MJJ4, 301–306, MJJ2, 307] further support the derived conclu-

sions. They highlight two distinct features in the degradation and recovery char-

acteristics for mixed–mode stress conditions. First, a drift minimum for increasing

VD and fixed VG is observed, which depends on the applied gate voltage [MJJ6,

300, 302, MJJ2, 307]. Such a minimum was found to be at VD ≪ VDD, which

is often referred to as inhomogeneous BTI in the literature, and attributed to an

inhomogeneous, decreasing, oxide field Fox across the interface [301]. Second, it

was shown that the recoverable component R of degradation reduces dispropor-

tionately with increasing VD [MJJ6, 300–303, MJJ2], where R is almost completely

absent for severe drain bias (VD ≫ VDD, HCD regime), and that the recovery rate

after pure BTI stress (VD = 0V) is greater compared to mixed–mode conditions

(VD 6= 0V), i.e. the defects’ emission times are shifted to longer times [300–302].

However, such rather intricate details can not be captured with simple electro-

static reasoning, where only the lateral dependence of Fox is taken into account.

On the other hand, the aforementioned results suggest that the source side of the

channel is also affected by severe mixed–mode/HCD stress conditions. Further-

more, the distribution of accessible defects in the oxide, which actively participate

in the degradation and recovery characteristics of the device, also changes with

an applied drain bias. A series of recent publication reported by imec [308, 309,

MJJ9, 310, 311] complements the above findings. Extended studies on n– and

p–FETs employing high–κ gate stacks in full {VG, VD} bias space show that non–

equilibrium dynamics such as II are a crucial component for the understanding

of the damage caused in certain bias space regions, particularly in the off–state

stress regime where opposite polarity trapping dominates the degradation due to

the available defect bands in SiO2 and HfO2. In addition, the degradation and re-

covery maps in full bias space clearly show that the two main degradation modes –

charging of oxide defects due to BTI and the activation of interface traps caused by

HCD – concurrently occur and indicate a possible interplay between the different

defect types.
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The incredible variety of experimental results showing peculiarities of mixed–

mode BTI/HCD effects and the implications on the different types of defects

facilitate a broad spectrum of explanations which range from macroscopic to

microscopic considerations. A unified modeling approach which takes into ac-

count the multitude of effects associated with the various stress conditions in full

{VG, VD} bias space – from electrostatic changes in the device to an appropriate

description of carrier transport to atomistic reactions – is therefore beyond the

scope of this work.

The present Section aims at a physical description of the phenomena in full

{VG, VD} bias space as was shown in [MJJ2]. This ultimately involves the su-

perposition of two reliability models due to the simultaneous occurrence of two

phenomena: Charging of oxide defects due to BTI and the creation of interface de-

fects triggered by energetic carriers, known as HCD. The developed methodologies

are applied to capture the degradation and recovery characteristics of large–area

pMOSFETs over a wide range {VG, VD} stress conditions.

Preliminaries & Calibration

Large–area variants (W = 10 ➭m) of the pMOSFET devices already used above,

see Sec. 5.2, have been investigated to elucidate the behaviour of a collective

ensemble of defects in the oxide. To obtain complete degradation maps, the devices

were characterized over a broad range of {VG, VD} bias space, larger than the

operating condition VDD. The experiments are based on an extended Measure–

Stress–Measure (eMSM) [312] technique where the threshold voltage has been

extracted using an ultra–fast setup with a delay after stress of 10−6s. Additionally,

after 10 ks of stress time, an individual bias point corresponding to ID,lin has been

evaluated to quantify its degradation. All measurements have been performed at a

temperature of T = 398K, unless explicitly stated otherwise. Further experimental

details can be found in [MJC15, MJJ6, 300].

A first and essential step towards understanding and modeling the processes

responsible for the created damage in each region of the bias map, the models

involved need to be calibrated. In order to ensure well calibrated model param-

eters possessing predictive quality, the respective worst–case conditions for each

degradation mode have been chosen, namely |VG| > VDD, VD = 0V for BTI and

VG ∼ 0.5VD for HCD.

The effect of BTI and the mechanisms responsible for charge (de–) trapping

in oxide defects has been modeled using the equilibrium 4–state NMP model

described in Sec. 2.2. As shown in Fig. 5.13 (left panels) the model is able to

accurately describe the experimental data sets for a broad range of gate stress

conditions VG and stress times ts. The extracted NMP parameter set, see Sec. 2.2,

is in full agreement with previous reports, particularly the frequently reported

defect band in SiON of about 0.8 eV below the silicon valence band (VB), and

summarized in Table 5.2.

On the other hand, describing HCD and the creation of interface defects

due to the interaction of energetic carriers with interfacial Si–H bonds is based
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Figure 5.13: Calibration of the models used to describe BTI and HCD. Left:
The NMPeq. model has been used to represent various pure BTI stress conditions
in order to extract the NMP parameter set which describes the large ensemble
of defects. Right: The framework introduced in Chapter 4 to model hot–carrier
induced degradation has been applied to understand the characteristics of the
HCD regime.

Parameter µ σ

E1 trap level in (stable) state 1 −0.83 eV 0.33 eV
E1′ trap level in (metastable) state 1′ −0.52 eV 0.42 eV
E2′ trap level in (metastable) state 2′ 0.43 eV 0.37 eV
R12′ squared curvature ratio of 1 and 2′ 1.1 0.48
R1′2 squared curvature ratio of 1′ and 2 0.84 0.48
S12′ relaxation energy from 2′ → 1 2.74 eV 0.81 eV
S1′2 relaxation energy from 2→ 1′ 1.68 eV 0.79 eV
ǫ11′ activation energy from 1→ 1′ 0.43 eV 0.32 eV
ǫ22′ activation energy from 2→ 2′ 1.16 eV 0.36 eV

Table 5.2: Parameters of the 4–state NMP model used within this work. The
positively charged stable configuration 2 is aligned with the valence band and used
as a reference.

on the physical framework of resonance scattering developed in Chapter 4.1.

Due to the large number of bias points included within the following study, the

harmonic model for HCD, see 4.1, has been used here. The calibrated parameter

set is already given in Sec. 5.1. 5.13 (right panel) shows good agreement between

simulation and experimental degradation traces which demonstrates the quality

of the model. Note that calculated interface defect density has been considered in

the simulations using a donor state 0.21 eV above the silicon valence band with a

Gaussian distribution of 0.18 eV3.

3Although interface defects possess an amphoteric character, their acceptor state in the upper
half of the band gap can be neglected within the simulations.
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Characterization in Complete Bias Space

The experimentally obtained degradation and recovery maps in full {VG, VD} bias

space are shown in Fig. 5.14. The maximum threshold voltage drift V deg
th,max is ex-

tracted as the first measurement point in the recovery traces with respect to the

pristine threshold voltage of the device, whereas the amount of recovery V rec
th,max is

defined as the change of the drift after a subsequent 10 ks recovery phase. The

degradation map shows a strong degradation in the mixed–mode as well as in the

HCD regime with V deg
th,max values (∼ 150mV) that are three times larger than for

the BTI mode (∼ 50mV). Additionally, the data reveal that the transition region,

from the HCD mode to the mixed–mode regime, is very sensitive to the applied

gate bias VG, which is particularly pronounced for VD = −2.8V, see Fig. 5.14. The

recovery behaviour on the other hand, shows that almost 70% of the degradation

within the BTI stress regime recovers within 10 ks. Towards mixed–mode stress

conditions one can observe a strong decreasing trend with finally less than 10% of

the created damage being recovered. In the case of pure HCD, which is attributed

to a more permanent degradation showing annealing effects only at elevated tem-

peratures, see [221, 248], the recoverable component is almost completely absent.

Only 2% of the ∆Vth drift recovers within 10 ks which can be considered negligible.
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Figure 5.14: Experimentally extracted degradation (Left) and recovery (Right)
maps in full bias space above the operating regime VDD after 10 ks of stress and
recovery time, respectively. In total 55 bias combinations have been measured
as indicated by the crosses. The maximum degradation is strongly localized in
the vicinity of the HCD regime, whereas the damage in the mixed–mode region
is much broader and extends towards the non–uniform BTI area. The recovery
map only shows a noteworthy contribution in the BTI regime with a decreasing
trend towards the mixed–mode and HCD mode. The isolines of ∆V

deg/rec
th provide

a better comparability with the simulation results.

In total 63 simulations have been performed in order to assess the behaviour of

BTI, HCD and its interplay in full bias space, see Fig 5.15. As was shown in [MJJ4,

MJJ2], carrier energy distribution functions (EDFs) not only play an important
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role for modeling HCD, see Chapters 2 and 4, but also to adequately capture the

intricate non–equilibrium dynamics of oxide defects, see Sec. 5.2. Due to the com-

putational effort of the NMPneq. model, here the more practical implementation of

the full bias space TCAD model for BTI, NMPeq.+II. (see Sec. 4.2) is used. Its

reduced complexity is more suited for the simulations of a large number of defects

typically comprised in large–area devices, since the non–equilibrium EDFs are not

considered within this model variant. Instead, the utilized impact ionization (II)

model [313] within the DD setup ensures that hole and electron II rates are rea-

sonably well represented and thus provides a suitably accurate description of the

defects’ interaction with the VB and CB. A detailed motivation and validation of

this approach is given below, see Sec. 5.3.
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Figure 5.15: Simulation results for the bias conditions shown in Fig. 5.14 ob-
tained by using the NMPeq.+II model together with the HCD model to describe
the effects of charge trapping in the gate oxide as well as the creation of interface
states. Overall, the trends for degradation (Left) as well as recovery (Right) are
well reproduced by the simulation approach.

Simulation results for all {VG, VD} bias conditions are summarized in Fig. 5.15.

The degradation map is in very good agreement with the experimental data,

matching the measured trends well in the (non–uniform) BTI regime and also

towards the transitions to HCD and mixed–mode conditions. Moreover, also the

recovery behaviour is properly represented using the NMPeq.+II model, particularly

the strong decrease along increasing drain bias conditions.

Increasing VD stress enhances the effect of II and the creation of secondary

generated carriers along the channel. Defects in the oxide (potentially) interact

with the electrons in the CB which typically accelerates their discharging dynamics,

see Sec. 5.2. This effect also perturbs trap characteristics in the source and channel

region of the device, see Fig. 5.16, which shows a comparison of the NMPeq. and

NMPeq.+II model for a large ensemble of spatially distributed defects across the

oxide. One can clearly see that for VG = VD = −2.8V the reduction of charged

defects is enhanced using the NMPeq.+II model variant: Less defects are charged

within the channel region of the device which leads to a decreasing contribution of

BTI as well as a reduction of the recoverable component. Such considerations are
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beyond electrostatic approximations which would overestimate the contribution of

BTI during stress and recovery. Furthermore, note that this decreasing trend seems

to be universally valid across the {VG, VD} recovery map, see Figs. 5.14 and 5.15,

and in detail in Fig. 5.17 which shows one–dimensional cuts along increasing VG
and VD bias conditions.
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Coordinate [nm]
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Figure 5.16: Simulation snapshots directly after stress comparing the distribu-
tion of charged defects across the oxide for pure BTI conditions (Left) and severe
mixed–mode stress using the NMPeq. model (Middle) and the extended variant
NMPeq.+II (Right). One can see that, in addition to electrostatic considerations,
the NMPeq.+II model takes the effect of II into account which results in a decreas-
ing charge density in the middle of the channel.

On the other hand, the degradation characteristics across full bias space fol-

lows a more complicated behaviour, see Figs. 5.17 and 5.18. Horizontal cuts (at a

fixed VG) are intuitive to understand: The total degradation in the non–uniform

BTI regime initially reduces, mainly due to the decreasing oxide field Fox along

the interface and thus the amount of charged traps. However, this trend is sub-

sequently reversed for higher drain biases towards mixed–mode conditions due to

the onset of HCD and the additional damage caused by the creation of interface

defects. Fig. 5.18 shows the full ID − VG curves along the cut. Note that, while

oxide defects tend to only shift the curves, interface traps additionally severely

affect the mobility, therefore, also degrade the sub–threshold slope.

While the overall agreement between measurement and simulations character-

istics is very good, one feature is not properly captured: The degradation minima

visible in the non–uniform BTI regime are shifted towards higher VD conditions

within the simulations compared to the experimentally extracted values. This

leads to an underestimated degradation around VD = VDD, which is particularly

pronounced for VG = −2.8V. At the same time, however, the recoverable compo-

nent, which is only attributed to discharging of oxide defects, is well represented

by the model approach, see Fig. 5.17.

Vertical cuts along constant VD conditions reveal a more complex behaviour,

particularly for VD = −2.8V. Initially, the total degradation increases towards

the worst–case HCD stress bias (VG = −1.5V, VD = −2.8V), then, however,

significantly drops and subsequently the collective degradation increases again to-

wards VG = VD = −2.8V, eventually causing a threshold voltage shift close to the
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Figure 5.17: Cuts along horizontal lines (VG–cut, Left) and vertical lines (VD–
cuts, Right) of the experimental and simulation degradation (Top) and recovery
(Bottom) maps. Degradation and recovery traces for all {VG, VD} combinations
agree well with the measurement data (symbols). For the most severe stress con-
dition within the cuts the individual contribution of oxide defects (dashed lines)
and interface defects (dotted lines) is shown. The effect of recovery is assumed to
be only attributed to oxide defects.
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Figure 5.18: ID−VG curves considering the effects of oxide and interface defects
onto the device characteristics. Left: Cut along VG = −2.8V and increasing drain
bias stress. right: Cut along VD = −2.8V and increasing gate bias stress.

∆Vth,max at the overall worst–case conditions of the HCD regime. Note that such

a feature is not clearly visible for reduced VG bias conditions. Not surprisingly, the

simulations show that the damage along these cuts is mainly governed by HCD and

the creation of interface defects, while charged oxide traps only play a minor role

at severe mixed–mode stress. Assuming that recovery is only due to oxide defects,

this is also visible in the recovery traces, see Fig. 5.17. This trend, however, can be
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fully understood by considering the corresponding EDFs, though a self–consistent

solution of the bipolar BTE is mandatory for a proper understanding. Fig. 5.19

shows isolines of the corresponding hole (EDFp) and electron (EDFe) EDFs along

the Si/SiO2 interface at 1 eV and 2 eV, respectively for the cuts with VG = −2.8V

(left) and VD = −2.8V (right). Quite as expected, for fixed VG and increasing VD
a higher concentration of hot holes is visible at the drain side which eventually

trigger the effect of impact ionization (II) and cause a substantial accumulation of

(energetic) electrons at the source end of the channel.
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Figure 5.19: Energy isolines of the corresponding hole and electron EDFs along
the channel/oxide interface at 1 eV (Top) and 2 eV (Bottom), respectively. Left:
EDFs at a constant gate bias VG = −2.8V and increasing drain bias. Right: EDFs
at a constant drain bias VD = −2.8V and increasing gate bias.

This effect has two implications. First, an acceleration and propagation of hot–

carrier induced damage along the channel due to secondary generated hot electrons.

Second, possibly modified discharging dynamics of oxide defects due to the inter-

action with electrons in the CB, which is covered within the NMPeq.+II model. The

cut along fixed VD = −2.8V, on the other hand, discloses a more intricate VG de-

pendence. For increasing VG up to −1.5V the impact ionization rate monotonously

increases which is reflected in an increasing concentration of electrons with a sub-

stantial energy along the channel. Therefore, the damage in the HCD regime,

particularly at the worst–case stress conditions (VG = −1.5V, VD = −2.8V,

corresponds to Isub,max), is equally caused by energetic holes and electrons and

distributed along the whole channel. Increasing VG further indeed enhances the

energy of holes at the drain side; however, it actually reduces the electronic en-

ergies along the channel towards the source side, see Fig. 5.19. This leads to a

reduction of the interface state density in the respective regions. Since the density

of interface states in the drain region is already saturated, the overall degradation

reduces, starting from VG = −1.5V. Only at severe mixed–mode stress bias this
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trend is reversed and electrons again gained more energy. Likewise, the threshold

voltage drift ∆Vth again increased to a value similar to the worst–case conditions,

see Fig. 5.17.
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Figure 5.20: Experimental (Left) versus simulationed (Right) degradation map
after 10 ks of stress using ID,lin as a measure to quantify the generated damage.
The results are qualitatively very similar to the ∆Vth drifts shown in Figs. 5.14
and 5.15.

Traditionally, studies related to hot–carrier induced damage analyze the degra-

dation of the linear or saturation drain current, ∆ID,lin or ∆ID,sat. However, the

corresponding bias conditions would impose an additional stress during the re-

covery sequence and adversely affect the measurement results. Nevertheless, a

single bias point associated with ID,lin has been measured after 10 ks of stress. The

measurement versus simulation results are shown in Fig. 5.20. Qualitatively, the

behaviour is similar to the ∆Vth shifts shown above. While the simulations again

agree very well with the experimental data in the highly damaged regions, the

agreement deteriorates in the (non–uniform) BTI regime. The measurement data

show a notable degradation of the linear drain current also in the BTI region as

well as a degradation minimum around VD = −1.2V, which is shifted towards

higher |VD| values compared to the drift minimum position of ∆Vth, see Fig. 5.14.

On the contrary, the simulations predict a rather constant ID,lin degradation in this

regime(s) with no clear minimum visible. A possible explanation for this discrep-

ancy could be the widely accepted assumption that BTI indeed creates defects at

the Si/SiO2 interface [1, 12, 16]. However, due to the empirical modeling approach

used to account for this effect it has not been considered here. The creation of

interface defects has been exclusively modeled using the (harmonic) HCD model

which, however, predicts a vanishing contribution due to the equilibrium carrier

EDFs within the BTI regime.

The presented results, see [MJJ2], and analysis clearly show that device degra-

dation in full {VG, VD} bias space can only be modeled and understood by per-

forming thorough transport simulations and using proper modeling frameworks

which take the fundamental physics into account.
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Benchmark: NMPeq.+II. versus NMPneq.

In order to be confident that the results presented above truly represents the

dynamics of oxide defects under an applied drain bias, the assumptions of the

NMPeq.+II need to be verified against the computationally most expensive full

model variant NMPneq.. Fig. 5.21 shows the results for a large ensemble of de-

fects contained in the large area pMOSFETs simulated with all three different

model variants and two stress conditions, namely VG = −2.8V and VD = −1.5V

(upper pannels) and VD = −2.8V (lower panels). One can clearly see that the

NMPeq. model overestimates the degradation, and hence, the recovery due to ox-

ide defects. The other two approaches, NMPeq.+II and NMPneq., yield similar and

consistent results with only minor differences visible in the stress and recovery

characteristics. These subtle differences arise due to non–equilibrium EDFs and

the heated carrier ensemble which is considered in the NMPneq. model.
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Figure 5.21: Benchmark of the three different model variants for two different
stress conditions within the mixed–mode stress regime. The NMPeq.+II and the
NMPneq. model yield similar results for large statistics of defect distributions across
the gate oxide of the device.

To gain a detailed understanding of how exactly heated carriers and the non–

equilibrium EDFs influence the degradation and recovery dynamics of large area

MOSFETs, the defect distribution needs to be looked at in more depth. Fig. 5.22

shows simulation snapshots for VG = VD = −2.8V after 10 ks of stress calculated

with the NMPeq. and the NMPneq. model variant compared to results for pure

BTI conditions at VD = 0.0V. Clearly visible is the uniform distribution of the

charge density along the Si/SiO2 interface (upper panel) for defects above the

Fermi level of the device (lower panel). Increasing the drain bias illustrates the

well known effect of a non–uniform oxide field Fox which shifts the trap levels

below EF, particularly at the drain side, where they remain neutral. Taking the

non–equilibrium EDFs into account reveals that fewer defects in the channel (and

partly at the source side) are able to capture a charge, thereby reducing the total

amount of degradation and recovery. On the other hand, defects located in the
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5.4. ALTERNATING STRESS MODES 109

vicinity of the drain end potentially interact with the heated carrier ensemble and

become charged, even though their effective trap level is well below EF. Within the

simulations, however, only around ∼ 2% of the active defects exhibit an increased

occupancy proportional to the drain voltage VD. The measurement data presented

in [295] further support this finding.

C
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rf
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e
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VG = −2.8 V,VD = 0.0 V

0(S) 50(C) 100(D)
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V
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VD = −2.8 V, NMPneq.

0(S) 50(C) 100(D)
Coordinate [nm]

Figure 5.22: Detailed comparison of the NMPeq. versus the NMPneq. approach
applied to model the behaviour of a large area pMOSFET stressed at severe mixed–
mode conditions, VG = VD = −2.8V. The simulation snapshots compare the
distribution of charged defects across the oxide simulated with both model variants.
Using the NMPeq. model, traps in the vicinity of the source region are unaffected
by a drain bias VD, while defects in the middle of channel and, particularly, located
at the drain side stay uncharged due to the reduced oxide field Fox and the shifted
effective trap level. On the other hand, the NMPneq. model predicts an even more
reduced charge density which is extended towards the source side of the device.
Furthermore, one can see that defects in the drain region remain charged due to
the interaction with energetic carriers.

To conclude, the presented simulation benchmark supports the validity of the

extended model NMPeq.+II and indicates that the impact of an increased drain

bias onto oxide defects is mainly due to the interaction with secondary generated

carriers by II.

5.4 Alternating Stress Modes

To finally stress the conceptual limits of independent degradation mode descrip-

tions, the following experiments and simulations have been performed using al-

ternating stress conditions followed by a final relaxation phase, see [MJJ2]. In

total 14 devices, divided into two groups, have been stressed and measured at a

temperature of T = 443K and bias conditions of VG = −2.8V, VD = 0.0V (BTI)
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Figure 5.23: Experimental and simulation results for the alternating stress con-
ditions experiment. Left: Measurement data for 7 devices subjected to each
sequence. While HCD⇒BTI (blue) is intuitive to understand, BTI⇒HCD (ma-
genta) exhibits an abnormal recovery trend starting from the HCD stress phase.
Top Right: Simulation results for the first group. In this case HCD only adds
a (permanent) damage whereas BTI follows the well known behaviour. Bottom
Right: Results obtained for the second group. The first BTI cycle proceeds as
expected, however, the subsequent HCD stress actually accelerated the discharg-
ing dynamics of oxide defects due to the effect of II and simultaneously creates
additional damage due to interface states.

and VG = −0.5V, VD = −2.8V (HCD). The first group was subjected to 10 ks of

HCD stress followed by a 10 ks BTI stress phase and a final relaxation of 10 ks at

recovery conditions (VG = −0.5V, VD = 0.0V ). The stress sequences have been

switched for the second group of devices, i.e. BTI with a subsequent HCD cycle

and a final relaxation phase. The acquired experimental data set is summarized

in Fig. 5.23. After the HCD stress cycle the first group experiences a threshold

voltage shift of ∆Vth = 40mV, which increases to a drift of ∆Vth = 170mV due to

the subsequent BTI cycle. Within the relaxation phase the degradation recovers to

∆Vth = 98mV. Interestingly, if BTI is applied prior to HCD, the first stress phase

creates ∆Vth = 140mV of total degradation. Even more intriguingly, it seems that

the following 10 ks HCD stress does not trigger additional damage, but rather de-

creases the ∆Vth shift by 65mV. Moreover, the final 10 ks relaxation period does

not show any additional recovery effect. By means of the simulation framework
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introduced above, see Sec. 5.3, a combination of the hot–carrier degradation model

and the NMPeq.+II model developed in Chapter 4, it is possible to shed light on the

mechanisms behind this puzzling phenomenon. The results for the first group of

devices (HCD⇒BTI⇒Relaxation) is illustrated in the top panels of Fig. 5.23. The

initial pure hot–carrier stress induces ∼ 45mV of degradation, mainly due to the

presence of energetic electrons at this specific (off–state–stress) bias combination,

see Fig. 5.19 (left panels). The subsequent BTI stress and relaxation cycle follows

the well known characteristics of NBTI, matching the experimental results very

well. One can, therefore, conclude that HCD only adds a pre–existing damage to

the device, which slightly perturbs the device electrostatics, but without further

implications for oxide defects.

The situation for the second group of devices, exposed to the sequence

BTI⇒HCD⇒Relaxation, is quite different, as is show in the bottom panels of

Fig. 5.23. Starting with BTI, the device experiences ∼ 140mV of drift. Due to

the device being fresh, i.e. without any damage at the interface, this value is

slightly higher than for the BTI sequence within the first group. The following

10 ks HCD stress reveals an interesting behaviour. Contrary to the assumption

that another portion of damage will be added to the device, the chosen HCD

condition strongly influences the discharging dynamics of oxide defects. The high

concentration of secondary generated electrons along the channel, see Fig. 5.19,

effectively accelerates the discharging dynamics of charged oxide traps which leads

to an increased recovery of BTI damage. The competing effect of newly created

damage due to HCD, however, masks this mechanism within the experiments and

is only accessible by simulations. Note that the impact of HCD is slightly reduced

due to charged oxide defects perturbing the device electrostatics. Within the final

relaxation phase the simulations predict a total recovery of 17mV, whereas the

experimental data show a flat line for 10 ks. For the sake of completeness the

effect of interface state recovery according to the mechanism proposed by Stes-

mans [221] has also been included within the final relaxation sequence. However,

as apparently visible in the measurements for the second device group, this mech-

anism is absent within the recorded traces. Neglecting this effect would lead to an

even better agreement between simulations and experiments for the last recovery

phase.
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6.1 Conclusions

The present work addressed open questions associated with non–equilibrium re-

liability issues such as the creation of defects at the Si/SiO2 interface and the

charging kinetics of pre–existing oxide traps. A profound understanding of the

involved processes is not only a vital component for the description of the indi-

vidual degradation regimes, hot–carrier degradation (HCD) and non–equilibrium

bias temperature instability (BTI), but also an essential step towards full {VG, VD}
bias space characterizations.

A major part of this thesis focuses on the interaction of energetic carriers

with Si–H bonds at the Si/SiO2 interface region. New concepts and methodolo-

gies have been introduced to capture the intricate behaviour of hot–carrier induced

degradation. A resonance scattering excitation mechanism has been identified as

the main driving force of Si–H bond rupture and the subsequent creation of an

interface defect. While this idea was already proposed in one of the pioneering

papers published by the group of Hess, it was not rigorously pursued in any im-

plementation. Ultimately, the derived framework considers all relevant external

influences such as energetic carriers and an applied electric field as well as dis-

sipation processes due to the surrounding environment. In conjunction with ab

initio methods which allowed to extract essential parameters for all individual

contributions, the presented modeling approach provides detailed insight into the

phenomenon of HCD. Additionally, density functional theory calculations have

been used to finally reveal the microscopic Si–H bond breaking mechanism at the

semiconductor–oxide interface. Subsequent H migration trajectories and passiva-

tion reactions based on H2 cracking have been further investigated to establish a

complete picture of hydrogen at the Si/SiO2 interface. The established model has

been applied to capture the trends of HCD in two devices, an nMOSFET and a

pMOSFET with different channel lengths. Together with a detailed analysis the

simulation results give new insight into the degradation characteristics and provide

an accurate description on a microscopic level using a consistent parameter set.

The physically meaningful concept of a resonance based mechanism, further-

more, highlights some intriguing findings. First, the approach is virtually free

of any fitting parameters due to its combination with ab initio based methods.

Second, the previously used phenomenological multiple carrier and single carrier

processes are actually a manifestation of the same fundamental interaction, a res-

onance scattering excitation. Moreover, besides the physical interpretation, the

presented formulation allows for another intuitive understanding of another pecu-

liarity of HCD: Occasional reports suggest that the degradation in nMOS devices

is larger than in their pMOS counterpart. Considering that the available reso-

nance state for holes is higher in energy than for electrons, as suggested by the

DFT study, would facilitate the first physically reasonable explanations. Finally,

note, that the methodology is free of empirical parameters and widely applied in

the field of quantum chemistry describing surface phenomena. Thus, the formula-

tions is generally applicable to new and emerging material combinations, such as

SiGe or graphene based devices.
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The second topic discussed in this thesis the dynamics of oxide defects

interacting with energetic carriers. Usually, charge trapping at pre–existing

defect sites in SiO2 is investigated around the respective worst case conditions for

BTI, namely at equilibrium conditions. Unfortunately, only a very limited number

of studies is available reporting data regarding the behaviour of oxide defects with

increasing drain bias stress. However, the vast majority of these observations

concludes that a simple electrostatic consideration is not sufficient to explain the

measurements. Therefore, the current 4–state NMP framework has been extended

towards non–equilibrium energy distribution functions (EDFs), which includes the

interaction with a heated carrier ensemble in the valence and conduction band1

Since the NMP model already takes a whole band of states into account using

the concept of the lineshape function (LSF), the natural extension only requires

the implementation of the respective EDFs. Two model variants with increasing

complexity have been introduced: a full non–equilibrium variant NMPneq. which

considers a self–consistent solution of the coupled Boltzmann transport equation

for electrons and holes, as well as an extended approach NMPeq.+II where the effect

of impact ionization (II) has been approximated using semi–empirical models.

The different model variants have been compared against experimentally

recorded characteristics for two individual oxide defects for a broad range of stress

conditions. The rather puzzling measurements trends can be fully understood by

taking the interactions with energetic minority and secondary carriers into account.

As was shown in a detailed analysis such an interplay can lead to a substantially

different trap behaviour. Interestingly, the presented study reveals that even de-

fects located at the source side of the device can be heavily affected by an applied

drain bias.

Finally, both individual modeling frameworks have been used in conjunction

culminating in a rigorous simulation study of a pMOSFETs full {VG, VD} bias

map. The comprehensive study reveals the degradation and recovery dynamics

over a wide range of bias conditions by explicitly modeling the charge transition

kinetics of oxide defects as well as the creation of interface states. The simulation

results properly capture the experimental trends and are further supported by a

detailed analysis of the involved mechanisms. Additionally a dedicated experiment

performing alternating BTI and HCD stress cycles revealed a peculiar feature of

accelerated recovery conditions.

The established results provide an in–depth description and understanding of

degradation and recovery dynamics in full bias space and ultimately stress the

conceptual limits of independent degradation regimes.

6.2 Outlook

A fundamental understanding of reliability issues on a microscopic scale provides

the basis for new developments and emerging technologies alike in the field of

microelectronics. The concepts derived within this thesis enable new insight into

1This, however, depends on the applied bias conditions.
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the main degradation modes and should serve as a basis for subsequent research

activities. In the following some ideas are listed which hopefully inspire subsequent

studies.

Atomistic Models need to be thoroughly analyzed. The utilized Si/SiO2 inter-

face structures exhibit a cell size of 16 × 16 × 32✝A with around 475 atoms.

Although their geometrical and electronic properties compare well to exper-

imental perceptions, see Section 3.1 and Appendix A, a rather large residual

strain at the interface seems to be present. Test calculations with increasing

xy and z dimensions, see Appendix A, indeed show pronounced relaxation

effects for both variants. Therefore, further insights into the actual oxidation

process are required for a better microscopic picture of the Si/SiO2 transi-

tions regions. Currently, these next steps are part of the EU project ”Mod-

eling Unconventional Nanoscaled Device FABrication” (Mundfab) which

should help to identify the optimal atomistic model dimensions in terms of

accuracy and computational effort.

Defect Configurations and their properties have been investigated in Sec. 3.1

as well as in Appendix B. Selected Pb center configurations within this the-

sis reflect the prevailing opinion of an sp3 hybridized dangling bond orbital

together with an amphoteric trap level character [84, 88, 91, 93]. How-

ever, their detailed microscopical structure can not be fully validated using

this information. An ultimate benchmark offers the selectivity of electrically

detected magnetic resonance (EDMR), a method frequently used in the lit-

erature. Thus, the theoretical values for the defect electronic structure and

the (super–) hyperfine interactions can directly be compared to experimen-

tal data [314, 315]. The utilized DFT setup, see Chapter 3, however, is not

suitable for such calculations, as they require an explicit description of the

core electrons, and hence, an all electron basis set2.

Resonance scattering mechanisms as introduced in Chapter 2 and theoreti-

cally described in Chapter 4, are commonly used to explain electron stimu-

lated and current driven desorption phenomena on surfaces [102, 103, 316].

Despite the use of ab initio methods to characterize this process, see Chap-

ter 3, a more rigorous approach utilizing time dependent density functional

theory (TDDFT) could complement the findings. TDDFT explicitly takes

the wavefunction of the incident charge carriers into account and allows one

to study the interaction between a single electron and a molecular reso-

nance [317, 318]. Thereby, the hot electron directly probes the resonance

state and its properties. Furthermore, once the electron scattered at the

resonance and the Si–H bond has been excited, the actual bond breaking

dynamics can be simulated in real time using TDDFT.

The resonance potential energy curves V −/+(q) presented in Chap. 3 have

been calculated assuming the same bond breaking trajectory as for the neu-

2Note that such a complete basis set dramatically increases the computational efforts.
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tral configuration V (q). However, the excited state motion of the Si–H bond,

or more generally, adsorbates, possibly follows substantially different dynam-

ics3. Hence, a more rigorous description of the negatively and positively

charged potential energy surfaces is highly desired. Constrained DFT [238,

319] and ∆ self–consistent field [320–322] are two methods particularly suited

for such calculations, although computationally challenging for the Si/SiO2

system.

Recovery Dynamics of interface defects need to be further investigated. De-

spite the predominant and experimentally validated opinion that H2 is re-

sponsible for the passivation of active Pb centers [221, 222, 248, 249], several

important question remain open. First, the preferred H2 cracking site and

the reaction pathway of the remaining H atom. Expanding on the results

presented in Section 3.6, a much larger statistics of possible reactions within

the SiO2 network is required to identify the dominant dynamics. Second,

while the various experimental studies extracted consistent energies of Pb

center passivation between 1.4 and 1.6 eV, the reaction rate constant within

the formula proposed by Stesmans is largely treated as an empirical fitting

parameter. Values between 10−4 and 10−9 cm3/mol s have been reported

which seems inconsistent with a unique reaction [248, 249]. A possible ex-

planation could be given in terms of the different technologies used for the

studies. While the H2 content as well as the associated reactions in devices

having thicker oxides (> 10 nm) are mainly determined by SiO2 bulk prop-

erties, their characteristics in thinner oxides (< 4 nm) can be distorted due

to the influence of the interfacial regions, see Section 3.1 and Appendix A.

Assuming an interfacial transition region of 0.5 nm, a substantial part of the

oxide is governed by the SiO2 properties of the transition region, e.g. dis-

torted bond lengths and angles. However, this idea needs to be thoroughly

tested using ab initio methods.

Modeling of Hot Carrier Degradation can be further extended towards

novel material system based on Germanium. Similar to Si–H bonds at the

Si/SiO2 interface being responsible for HCD in Si based devices, Ge–H bonds

can be expected as defect precursors in Ge transistors. However, recent DFT

studies suggest a more intricate picture in which O vacancy related defects

play a major role for degradation [MJC8, 323–325]. Likewise, HCD, and in

general reliability issues, in transistors employing 2D channel materials is

largely unexplored and an emerging research field [MJC11].

Additionally, the harmonic approximation of the full framework introduced

in Chapter 4 and Section 4.1, can be further simplified by assuming that both

potential energy curves, V (q) and V −/+, have the same frequency. Thus, for

displaced harmonic oscillators the formula for the effective cross section can

be reduced to an analytic expression [280]. However, only transition rates

between neighbouring levels ∆n = ±1 are allowed within this approximation,

3see, Sec. 3.4, the discussion on the positively charged complex V+(q).
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whereas overtone excitations are explicitly neglected. Therefore, its appli-

cability needs to be thoroughly tested and significant deviations of certain

parameters compared to ab initio results are to be expected.

Full bias space degradation characteristics have recently gained attention. The

presented approach, the NMPeq.+II model in conjunction with the framework

describing HCD, properly captures the trends across {VG, VD} bias space.

Nevertheless, small yet important differences can be noted, such as strong

distortion of ID,lin and the position of the drift minimum, see the discussion

in Sec. 5. Such peculiar features could possibly be understood using a mi-

croscopical description of defect creation and transformation, as provided by

the recently developed Hydrogen release model [16, 18, 19, 326]. The redis-

tribution of neutral hydrogen within the oxide is assumed to be responsible

for transformation of active precursor sites into positive defects as well as

the creation of Pb centers at the interface due to the formation of H2. An

extension towards interfacial H release together with its subsequent migra-

tion pathways, see Section 3.6, could reveal an interplay between HCD and

BTI on an atomistic level, not accessible in current modeling approaches.

https://www.tuwien.at/bibliothek
https://www.tuwien.at/bibliothek


D
ie

 a
pp

ro
bi

er
te

 g
ed

ru
ck

te
 O

rig
in

al
ve

rs
io

n 
di

es
er

 D
is

se
rt

at
io

n 
is

t a
n 

de
r 

T
U

 W
ie

n 
B

ib
lio

th
ek

 v
er

fü
gb

ar
.

T
he

 a
pp

ro
ve

d 
or

ig
in

al
 v

er
si

on
 o

f t
hi

s 
do

ct
or

al
 th

es
is

 is
 a

va
ila

bl
e 

in
 p

rin
t a

t T
U

 W
ie

n 
B

ib
lio

th
ek

.
D

ie
 a

pp
ro

bi
er

te
 g

ed
ru

ck
te

 O
rig

in
al

ve
rs

io
n 

di
es

er
 D

is
se

rt
at

io
n 

is
t a

n 
de

r 
T

U
 W

ie
n 

B
ib

lio
th

ek
 v

er
fü

gb
ar

.
T

he
 a

pp
ro

ve
d 

or
ig

in
al

 v
er

si
on

 o
f t

hi
s 

do
ct

or
al

 th
es

is
 is

 a
va

ila
bl

e 
in

 p
rin

t a
t T

U
 W

ie
n 

B
ib

lio
th

ek
.

Appendices

119

https://www.tuwien.at/bibliothek
https://www.tuwien.at/bibliothek


D
ie

 a
pp

ro
bi

er
te

 g
ed

ru
ck

te
 O

rig
in

al
ve

rs
io

n 
di

es
er

 D
is

se
rt

at
io

n 
is

t a
n 

de
r 

T
U

 W
ie

n 
B

ib
lio

th
ek

 v
er

fü
gb

ar
.

T
he

 a
pp

ro
ve

d 
or

ig
in

al
 v

er
si

on
 o

f t
hi

s 
do

ct
or

al
 th

es
is

 is
 a

va
ila

bl
e 

in
 p

rin
t a

t T
U

 W
ie

n 
B

ib
lio

th
ek

.
D

ie
 a

pp
ro

bi
er

te
 g

ed
ru

ck
te

 O
rig

in
al

ve
rs

io
n 

di
es

er
 D

is
se

rt
at

io
n 

is
t a

n 
de

r 
T

U
 W

ie
n 

B
ib

lio
th

ek
 v

er
fü

gb
ar

.
T

he
 a

pp
ro

ve
d 

or
ig

in
al

 v
er

si
on

 o
f t

hi
s 

do
ct

or
al

 th
es

is
 is

 a
va

ila
bl

e 
in

 p
rin

t a
t T

U
 W

ie
n 

B
ib

lio
th

ek
.

https://www.tuwien.at/bibliothek
https://www.tuwien.at/bibliothek


D
ie

 a
pp

ro
bi

er
te

 g
ed

ru
ck

te
 O

rig
in

al
ve

rs
io

n 
di

es
er

 D
is

se
rt

at
io

n 
is

t a
n 

de
r 

T
U

 W
ie

n 
B

ib
lio

th
ek

 v
er

fü
gb

ar
.

T
he

 a
pp

ro
ve

d 
or

ig
in

al
 v

er
si

on
 o

f t
hi

s 
do

ct
or

al
 th

es
is

 is
 a

va
ila

bl
e 

in
 p

rin
t a

t T
U

 W
ie

n 
B

ib
lio

th
ek

.
D

ie
 a

pp
ro

bi
er

te
 g

ed
ru

ck
te

 O
rig

in
al

ve
rs

io
n 

di
es

er
 D

is
se

rt
at

io
n 

is
t a

n 
de

r 
T

U
 W

ie
n 

B
ib

lio
th

ek
 v

er
fü

gb
ar

.
T

he
 a

pp
ro

ve
d 

or
ig

in
al

 v
er

si
on

 o
f t

hi
s 

do
ct

or
al

 th
es

is
 is

 a
va

ila
bl

e 
in

 p
rin

t a
t T

U
 W

ie
n 

B
ib

lio
th

ek
.

Appendices overview

A Structural Properties of Si/SiO2 Models 123

A.1 Geometrical Characterization . . . . . . . . . . . . . . . . . . . . . 123

A.2 Effects of Cell Size . . . . . . . . . . . . . . . . . . . . . . . . . . . 123

B Defect Properties 127

C Electric Field & Material Properties 131

D Si-H Bending Dynamics 135

E Calculation of Bond Breaking Rates 137

F Details of Metadynamics Calculations 141

Bibliography 143

List of Publications 177

121

https://www.tuwien.at/bibliothek
https://www.tuwien.at/bibliothek


D
ie

 a
pp

ro
bi

er
te

 g
ed

ru
ck

te
 O

rig
in

al
ve

rs
io

n 
di

es
er

 D
is

se
rt

at
io

n 
is

t a
n 

de
r 

T
U

 W
ie

n 
B

ib
lio

th
ek

 v
er

fü
gb

ar
.

T
he

 a
pp

ro
ve

d 
or

ig
in

al
 v

er
si

on
 o

f t
hi

s 
do

ct
or

al
 th

es
is

 is
 a

va
ila

bl
e 

in
 p

rin
t a

t T
U

 W
ie

n 
B

ib
lio

th
ek

.
D

ie
 a

pp
ro

bi
er

te
 g

ed
ru

ck
te

 O
rig

in
al

ve
rs

io
n 

di
es

er
 D

is
se

rt
at

io
n 

is
t a

n 
de

r 
T

U
 W

ie
n 

B
ib

lio
th

ek
 v

er
fü

gb
ar

.
T

he
 a

pp
ro

ve
d 

or
ig

in
al

 v
er

si
on

 o
f t

hi
s 

do
ct

or
al

 th
es

is
 is

 a
va

ila
bl

e 
in

 p
rin

t a
t T

U
 W

ie
n 

B
ib

lio
th

ek
.

https://www.tuwien.at/bibliothek
https://www.tuwien.at/bibliothek


D
ie

 a
pp

ro
bi

er
te

 g
ed

ru
ck

te
 O

rig
in

al
ve

rs
io

n 
di

es
er

 D
is

se
rt

at
io

n 
is

t a
n 

de
r 

T
U

 W
ie

n 
B

ib
lio

th
ek

 v
er

fü
gb

ar
.

T
he

 a
pp

ro
ve

d 
or

ig
in

al
 v

er
si

on
 o

f t
hi

s 
do

ct
or

al
 th

es
is

 is
 a

va
ila

bl
e 

in
 p

rin
t a

t T
U

 W
ie

n 
B

ib
lio

th
ek

.
D

ie
 a

pp
ro

bi
er

te
 g

ed
ru

ck
te

 O
rig

in
al

ve
rs

io
n 

di
es

er
 D

is
se

rt
at

io
n 

is
t a

n 
de

r 
T

U
 W

ie
n 

B
ib

lio
th

ek
 v

er
fü

gb
ar

.
T

he
 a

pp
ro

ve
d 

or
ig

in
al

 v
er

si
on

 o
f t

hi
s 

do
ct

or
al

 th
es

is
 is

 a
va

ila
bl

e 
in

 p
rin

t a
t T

U
 W

ie
n 

B
ib

lio
th

ek
.

APPENDIX A
Structural Properties of Si/SiO2

Models

A.1 Geometrical Characterization

In order to properly assess the quality of the utilized Si/a–SiO2/Si interface models,

an analysis provides information of the geometrical and structural properties of

the three atomistic models. The four panels in Fig. A.1 show the Si–O–Si and O–

Si–O angle distribution within the structures as well as a function of their position

across the structures. Particularly at the interfaces to c–Si, the O–Si–O angles

show a compressed distribution compared to bulk SiO2 which can be attributed

to the lattice mismatch and the resulting compressive stress.

The Si–O and Si–Si bond length distributions are shown in the four panels of

Fig. A.2. One can again clearly see that within the direct vicinity of the interfacial

regions Si–O and also Si–Si bonds tend to be more stretched and compressed,

respectively. Note that the Si–Si nearest neighbour distance actually shows a

bimodal distribution; one for the bond lengths in the Si substrate and the other

one for the nearest Si neighbours in the amorphous SiO2 layers.

A.2 Effects of Cell Size

Although the presented structural and electronic properties of the Si/SiO2 interface

models agree well with the experimental perceptions1, yet, it was mentioned in

Chapter 3 that the limited cell size potentially introduces an artificial strain at

the interface region. Such larger distortions would explain a broadened distribution

of calculated barriers, see Chap. 3.

The utilized interface models in this work have a cell size of 16 × 16 × 32✝A
and contain 473–475 atoms, depending on the number of defects which had to be

1Note that, a detailed microscopic picture of the direct interface region has not been estab-
lished yet.
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Figure A.1: O–Si–O (Upper) and Si–O–Si (Lower) angle distribution within
the utilized interface models. The data are shown as a histogram (Left) and as a
function of their position across the structure (Right).

passivated in the SiO2 and transition region. Furthermore, the oxide thickness is

around 1.1 nm. Assuming the ideal scenario of one interface defect and one oxide

defect, the resulting theoretical defect densities are around 1–2 orders of magnitude

higher than the commonly assumed value of Nit = 1× 1012 − 1× 1013 /cm2 and

Not = 1× 1019 − 1× 1020 /cm3. Moreover, taking into account that a H anneal

during processing additionally leads to the relief of strain at the interface, an

artificially large defect density can indeed introduce a higher strain in the structure.

Three different Si/SiO2 interface model variants have been investigated to ex-

plore the effects of cell size, and hence defect density, onto the residual strain at the

interfacial transition region, see Fig. A.3. First, the structure chosen for this thesis

with a cell size of 16×16×32✝A including a ∼ 11✝A thick SiO2 oxide (1) and ∼ 475

atoms in total. Second, a model with an increased oxide thickness of ∼ 28✝A but

the same xy dimensions, with a total cell size of 16× 16× 52✝A and ∼ 792 atoms

(2). The increased number of oxide layers should facilitate the formation of bulk

SiO2 properties and hence a strain reduction in the z direction effectively allowing

the interface to properly relax. Finally, the largest atomistic model used has a

total size of 48× 32× 32✝A which contains ∼ 2832 atoms. The x and y dimensions

were tripled and doubled, respectively, compared to the initial structure, allowing

to reduce the density of interface states (assumed one Pb center) by almost one

order of magnitude.
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[Å
]

c–
S

il
ic

o
n

c–
S

il
ic

o
n

1.4 1.7 2.0

2 3 4

Figure A.2: Si–O (Upper) and Si–Si (Lower) bond length distribution within
the utilized interface models. The data are shown as a histogram (Left) and as a
function of their position across the structure (Right).

Again, to quantify the quality of the interface, the deviated of the highlighted

silicon layers with respect to their positions in c–Si has been used as a measure

of strain and distortion, see Fig. A.3. To provide a fair comparison, the results

in Fig. A.3 show the mean lattice distortion of various different structures (6(1),

20(2), 12(3)). Furthermore, all models have been created in the exact same way

(see Sec. 3.1) with a final cell optimization using DFT in conjunction with a Pbe

functional. As already shown in Sec. 3.1, the smallest models exhibit some severely

distorted atoms in the Si transition region with a mean distortion in the first three

layers of 〈∆r〉 = 0.31✝A and maximum values above 0.5✝A. Quite surprisingly, the

structures 2) (extended z) and 3) (extended xy) yield very similar results in terms

of average and maximum distortions, see Fig. A.3. The increase in xy reduces the

self–interaction of defect configurations at the Si/SiO2 interface which intuitively

should reduce the remanent stress. On the other hand, a thicker oxide region,

structure 3), exhibits a similar effect. Due to the flexibility of the (bulk) SiO2

network, residual strain associated with a defect configuration at the interface,

can be effectively absorbed resulting in a smoother interface region. In order to be

fully confident about the validity of the results, further, systematic investigations

need to be performed. Nevertheless, the results suggest that for subsequent studies

structures like 2), with an increased oxide thickness, should be used which provide

the best tradeoff between credibility and computational efforts.
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x–axis

∼ 16 × 16 × 52Å
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Figure A.3: Si/SiO2 interface models with different cell sizes (Upper) together
with the calculated deviations of the highlighted interfacial Si atoms compared
to their respective position in c–Si (Lower). Interestingly, extending the initial
structure (Left) along the z direction (Middle) or the xy plane (Right) yields
similar results.
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APPENDIX B
Defect Properties

To gain further insight into the resulting Si dangling bond defects their properties

upon charge capture have been investigated. Three different types of defects have

been selected and the formation energies for neutral and negatively/positively

charged states have been calculated. The selected defects including the corre-

sponding spin density can be see in Fig. B.1: a) a sub–interfacial (one layer away

from the interface) Si trivalently back–bonded to three other Si atoms with no

other O atoms in the direct vicinity, b) a Si–DB directly at the interface with an

oxygen atom 1.9✝A away and c) a Si–DB back–bonded to two Si’s and one O atom

(rendering in compatible to a Pb1–type structure). All defects possess an unpaired

electron, as indicated by the spin density, with no other defect present in the model.

Subsequently, the different charge states, neutral, negative and positive, of each

defect have been calculated. The results are shown in in Fig. B.1, which shows

the difference in the electron density with respect to the neutral configuration.

Blue refers to an increase of electron density, whereas the red translucent profiles

indicate a decrease of electron density. Clearly visible is that the added electron

(or hole) is indeed localized within the direct vicinity of the Si–DBs. However,

particularly the positive charge state for configurations b) and c) suggests that

the hole is shared between the Si and the O (Fig. B.1 middle and right). This,

however, is to be expected, since oxygen is slightly negatively charged in the SiO2

network, see Chap. 3.

In order to reliably extract the formation energies for the different charge states

of the interface defects, the electrostatic correction methodology presented in [200]

and implemented in the sxdefectalign2d program has been applied. All re-

sults together with the corresponding Mulliken charges with respect to the neutral

configuration are shown in Figs. B.2 and B.3. The model potential is in very

good agreement with the electrostatic potential from DFT for both charge states,

Q=±1, of the Si–DB, as can be seen in the lower panels of the respective figures.

A reasonable dielectric profile was used throughout the calculation and the spa-

tial placement of the Gaussian model charge is further supported by the Mulliken

charges shown in Figs. B.2 and B.3. The correction constant was found by aligning
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128 APPENDIX B. DEFECT PROPERTIES

S
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Figure B.1: Three different interface defect configurations including the cor-
responding spin density shown as translucent profiles (Upper). The isosurfaces
are drawn at a value of 0.01. Difference of the electron density for the negatively
(Upper) and positively (Lower) charged Si–DB configurations with respect to
the neutral charge state. Blue profiles indicate an increase of electron density and
red profiles a decrease of electron density. The isosurfaces are drawn at a value of
−0.01 e (blue) and 0.01 e (red).

the model and the DFT potential far away from the defect, by considering the av-

erage over the oscillations within the DFT potential which result from microscopic

screening. Finally, with the extracted corrections, the formation energies for the

different charge states could be reliably calculated, see Sec. 3.1
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Figure B.2: Upper: Change of the Mulliken charges with respect to the neutral
configuration for the negatively charged defects. Lower: A comparison of the
model potential (Vmodel) for Q = −1 calculated within [200] and the electrostatic
potential directly extracted from DFT calculations.
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Figure B.3: Upper: Change of the Mulliken charges with respect to the neutral
configuration for the positively charged defects. Lower: A comparison of the
model potential (Vmodel) for Q = +1 calculated within [200] and the electrostatic
potential directly extracted from DFT calculations.
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APPENDIX C
Electric Field & Material

Properties

In order to validate the approach used within Sec. 3.3 to include the effect of an

electric field, the Berry–phase method as implemented in Cp2k will be thoroughly

tested in the following. Fundamental material properties, such as the polarization

and the permittivity for bulk amorphous silicon dioxide (a–SiO2), bulk c–Si as

well as an Si/a–SiO2/Si interface structure will be calculated. For all calculations

3D periodic boundary conditions are applied. Two types of calculations were run

with field strengths of up to 10MV/cm: one with fixed atomic positions, which

gives the high–frequency permittivity ǫ∞, and another where the effects of lattice

relaxations are included, yielding the static permittivity ǫ.

The Figs. C.1 and C.2 summarize the results for bulk a–SiO2 as well as for

crystalline silicon. To ensure that the created a–SiO2 model possesses an isotropic

polarization, the field has been applied along the x, y and z–axis, whereas for the Si

model, the field was only considered along the z direction within the calculations.

Quite reassuringly, the calculated values for the static and high–frequency permit-

tivities for both materials are in excellent agreement with the experimental values.

While for silicon the permittivity is virtually independent of the frequency [327],

the dielectric constant for SiO2 decreases from 3.81 at static electric fields to 1.96

for ǫ∞ [328, 329]. Furthermore, as is shown in the insets, the approach using

Wannier functions and (3.2) gives the same results as the Berry phase method.

Unfortunately, for a heterostructure, i.e. a Si/a–SiO2/Si interface, the above

mentioned approaches are not applicable. However, one possibility to evaluate

the spatially dependent dielectric constants is given by the induced charge density

(ICD) method [330–333]. Within this approach the local microscopic polarization

p(r) can be evaluated as

p(z) = p−∞ −
∫ z

−∞

ρind(z
′)dz′, (C.1)

with p(z) and ρ(z) being the planar averaged polarization and the induced charge

density, respectively and p−∞ is a boundary condition constant, as will be dis-
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Figure C.1: The extracted polarization using the Berry phase method of a–
SiO2 as a function of increasing field strengths. Additionally, the inset shows the
calculated polarization by means of the Wannier center approach. Both methods
agree extremely well with each other.
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Figure C.2: The extracted polarization using the Berry phase method of c–
Si as a function of increasing field strengths. Additionally the inset shows the
calculated polarization by means of the Wannier center approach. Both methods
agree extremely well with each other.

cussed below. Thereby, ρ(z) is defined as the difference in charge density upon

the application of different electric field strength (E = ±1MV/cm is used here).

The resulting polarization profile can be further used to determine the spatially

dependent relative permittivity of linear dielectrics by using the following relation

ε(z) =
ε0Eext

ε0Eext − p(z)
, (C.2)
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where ε0 is the vacuum permittivity and Eext is the externally applied field.

Two different realizations of the atomistic interface structure were utilized:

the Si/a–SiO2/Si unit cell, as well as a slab model, where a 5✝A vacuum gap was

introduced on either side. The Si atoms facing the vacuum were passivated by H,

which creates two surfaces. Thus, in the latter case p−∞ can be set to zero due

to the vanishing induced charge, while for the interface cell the constant is set to

the polarization of Si, assuming bulk Si at −∞. Again, single point calculations

as well as geometry relaxations have been conducted for both models.

The resulting polarization together with the permittivity profiles across the

structures is shown in Fig. C.3. Overall, a very good agreement with experimental

values as well as with the results presented above is achieved. However, by taking

a closer look, some particular features and differences between the two atomistic

models can be highlighted.
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Figure C.3: Optical and static dielectric constant profiles across the interface
slab using the ICD method with a H passivated Si/a–SiO2/Si model.

First, lattice relaxations have a strong impact on the results of the slab model.

Whereas the unrelaxed structure shows an increasing permittivity trend towards

the Si/a–SiO2 interface regions, the optimized variant actually shows the opposite

trend. This result can be explained by an expansion of 0.1✝A for the whole structure

during the relaxation procedure. Thus, particularly in the direct interfacial regions,

atoms relax into new equilibrium positions, thereby balancing the shift of the

electronic density. In contrast, the unit cell model shows a consistently enhanced

permittivity directly at the interface, albeit for the relaxed structure this effect
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134 APPENDIX C. ELECTRIC FIELD & MATERIAL PROPERTIES

is reduced. Since the atomistic structure within the cell is not able to expand in

the z direction, structural reconfigurations affect the position and the width of the

interfacial region, as can be seen in Fig. C.3.

Second, both models clearly show an interfacial transition region with a width

of 4 − 6✝A to resemble the bulk properties of the respective material. Such a

region, with altered electronic properties, was confirmed by experiments [192, 193],

constraining the minimum thickness for a SiO2 gate dielectric to a theoretical value

of 7✝A, which is in good agreement with the results presented here.
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APPENDIX D
Si-H Bending Dynamics

In order to validate the methodology used to calculate the vibrational relaxation

time as well the applicability of the ReaxFF force–field, the following section

presents the results for a Si–H bending mode. The Si–H bending motion is a

well studied system in the literature and offers comparability to recent theoretical

studies [270, 273, 274]. The investigated atomistic model here is a H passivated

reconstructed Si(100)–2×1 surface with 500 atoms. A normal–mode analysis has

been carried out and one of the 10 normal modes which could be classified as a

Si–H bending mode was selected for the study, see Fig. D.1 (left panel).

The theoretical concepts and calculation details are described in detail in

Sec. 4.1. The results are summarized in Table. D.1. Again, the total lifetime τ total1

is governed by a two–phonon process due to the energy forbidden one–phonon

dissipations1.

Mode T [K] τ total1 Γ
(1)
1,0 τ

(1)
1 Γ

(2a)
1,0 Γ

(2b)
1,0 τ

(2)
1

0 0.407 0.149 6.675 2.304 0.0015 0.433

Si–H1→0
bend 300 (↓) 0.202 0.229 5.405 4.751 0.003 0.210

300 (↑) 0.0451 0.0019 0.0001

Table D.1: Calculated vibrational lifetimes (τ total1 , τ
(1)
1 and τ

(2)
1 ) together with

the corresponding rates (Γ
(1)
1,0, Γ

(2a)
1,0 and Γ

(2b)
1,0 ) for the first excited system–mode

and two different temperatures. The units for the lifetimes and rates are ps and
ps−1, respectively.

Analogous to the Si–H bond breaking mode in Sec. 4.1, Γ
(1)
1,0 shows a strong γ

dependence (τ
(1)
1 = 34.4 ps − 3.24 ps), whereas Γ

(2)
1,0 seems to be rather insensitive

(τ
(2)
1 = 0.435 ps− 0.428 ps) due to changes between 1 and 10 cm−1.
1Note that the collective Si–H bending modes on the surface have not been considered in the

calculations. Only normal–modes associated with the Si lattice contribute to the dissipation to
avoid an artificially large coupling.
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136 APPENDIX D. SI-H BENDING DYNAMICS

Two–phonon processes have been examined as well in detail. Fig. D.1 (right

panel) shows the contributions of phonon pairs {ωk, ωl} to the total rate. For the

Si–surface system the energy is transferred along the diagonal h̄ωk + h̄ωl = ∆E1,0,

as to be expected, with the biggest contribution comprising one low– and one

high–energy phonon in the range of 21− 26meV and 52− 57meV. Furthermore,

also ratios of ωk/ωl ∼ 1/6, 1/1.5 yield non–negligible contributions to the total

rate Γ
(2)
1,0, whereas ωk/ωl ∼ 1/1 (Γ

(2b)
1,0 ) only plays a minor role.

In summary, the results are compatible with previously published results [270,

273, 274] and support the concept as well as the results presented in Sec. 4.1.
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Figure D.1: Left: The phonon mode spectrum of a fully reconstructed Si(100)
2×1 surface passivated with H atoms. The normal–modes associated with the Si–H
bending modes are highlighted. Right: The contributions of phonon pairs {ωk, ωl}
to the transition rate Γ

(2)↓
1,0 using a 2D histogram with a bin size of 5 cm−1×5 cm−1.
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APPENDIX E
Calculation of Bond Breaking

Rates

The Si–H bond breaking rate ultimately determines the created damage at the

Si/SiO2 interface and, hence, affects the simulated reliability characteristics of

device, rendering the calculation of Γbreak of particular importance. Below, differ-

ent concepts to calculate Γbreak are introduced and compared against each other,

eventually motivating the choice of using the WKB

First, a purely classical rate approach is given by

Γbreak
cla =

∑

i

PiΓ
tot
i,cont, (E.1)

with Pi being the quasi–equilibrium population of state i and Γi,cont is the exci-

tation rate from state i to the first level above the transition barrier between the

left and right well, referred to as continuum state. The classical rate only takes

into account the left well of the ground state potential.

Second, a semi-classical calculation of the breakage rates is given by the

WKB approximation

Γbreak
WKB =

f∑

i=1

Γi,WKB Pi =

=

f∑

i=1

exp
(
−2

h̄

x2,i∫

x1,i

√
2(V − Ei)dx

)
Pi,

(E.2)

where Pi is again the state population and Γi,WKB is given by the tunneling prob-

ability through the barrier between the classical turning points x1 and x2. Only

eigenstates in the left well which have a partner of similar energy in the right well

are included in the calculation1.

1The WKB method, at a first glance, seems physically incorrect due to the orthogonality
of the wavefunctions in the left and right well, respectively. However, the resonance mediated
process via an intermediate potential effectively enables the coupling of φL and φR.
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138 APPENDIX E. CALCULATION OF BOND BREAKING RATES

Finally, propagating the density matrix in time is the most rigorous ap-

proach and allows one to directly access the population dynamics of the sys-

tem. Starting with a 100% localization in the left well of the ground state, e.g.

P0 = 1, Pi 6=0 = 0, the transition rate can be defined as

Γbreak
DM = −dPL(t)

dt
=

dPR(t)

dt
, (E.3)

assuming a negligible back flow of population. PL,R(t) are the total populations of

the left and right well, respectively, at time t. The calculations presented here use

a Runge–Kutta integrator of fourth order with a timestep of 100 a.u. and a total

propagation time of 10 ns.
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Figure E.1: A simulation benchmark of the methods to calculate the bond
breaking rate Γbreak considering three different regimes along the interface. The
classical approach generally underestimates Γbreak compared to the WKB approach
and the rigorous density matrix propagation.

The results for all three different rates at selected points along the Si/SiO2

interface are summarized in Fig. E.1 and Table E.1. One can see that the clas-

sical approach Γbreak
cla underestimates the rate by at least one order of magnitude,

whereas the WKB method and the density matrix propagation give similar values.

Although Γbreak
DM employs the most accurate method, its computational effort is

unfeasible for the work presented here. Taking into account that the numerical

simulation of a MOSFET and the energy distribution function includes several
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hundred mesh points at the interface as well as the inherent distribution of pa-

rameters, which requires to randomly sample the parameter space, would have

made the calculations prohibitively expensive.

Γbreak
Source [s

−1] Γbreak
Channel [s

−1] Γbreak
Drain [s−1]

classical 1.6× 10−18 3.6× 10−7 3.8× 102

semi–classical WKB 2.4× 10−16 1.0× 10−6 2.1× 103

ρ propagation (
dPtot,R

dt
) 6.2× 10−16 1.1× 10−6 4.8× 103

Table E.1: The calculated bond breaking rates Γbreak using the three different
approaches, classical, Wkb and propagation the density matrix. While the latter
to variants yield very similar rates, the classical calculation method tends to con-
sistently underestimate Γbreak.
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APPENDIX F
Details of Metadynamics

Calculations

In total 30 well–tempered metadynamics (WTMD) simulations have been carried

out. The bias factors have been varied between 80 and 180 as well as bias heights

ranging from 9 to 20meV. The accessible phase space region was limited dur-

ing these calculations using a restraining potential which acts on the collective

variables, see Fig. F.1 (right panel).
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Figure F.1: Left: The accessible spatial region within the simulations is shown
as the blue translucent sphere including the direct vicinity of the Si–H bond of
interest. A restraining potential has been used to limit the phase space region
and prevent the H from potentially moving away. Right: Assessment of the
convergence of the simulations. One can see that for 1 ns of simulation time only
the region around the equilibrium position has been explored. For longer times a
greater phase space region has been sampled, ultimately converging to a MEP at
around 20 ns. The negligible changes between 20 and 25 ns indicate the convergence
of the simulation.
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Note that simulations with large bias factors and/or bias heights did not prop-

erly converge and have been discarded. Nevertheless, simulations utilizing smaller

parameters – bias factors of 80/90 and heights between 9− 10meV – indeed con-

verged to a rather unique FES, see Sec. 3.2. The final results presented in Sec. 3.2

have been obtained by performing 50× 106 time steps with a step size of 0.5 fs. In

total, 1× 105 Gaussian functions have been added to the drive the system, each

with a width of 0.5✝A and a height of 9meV. The summed up Gaussian poten-

tials were used to calculate the free energy landscape (FES) and the respective

minimum energy path (MEP).

The left panel of Fig. F.1 assesses the convergence of the WTMD run by plot-

ting the evolution of the MEP with simulation time. Clearly visible is the increas-

ing sampling of the spatial regions with time. The reconstructed paths for 20 and

25 ns simulation time are almost identical, thereby indicating the convergence of

the simulation.
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[66] Y. Jia, S. Poncé, A. Miglio, M. Mikami, and X. Gonze. “Beyond the

One-Dimensional Configuration Coordinate Model of Photolumines-

cence”. In: Phys. Rev. B 100 (15 Oct. 2019), p. 155109. doi: 10.1103/

PhysRevB.100.155109.

[67] http://viennashe.sourceforge.net/. 2014.

[68] P. Sharma, S. E. Tyaginov, S. E. Rauch, J. Franco, A. Makarov, M. I.

Vexler, B. Kaczer, and T. Grasser. “Hot-Carrier Degradation Modeling

of Decananometer nMOSFETs Using the Drift-Diffusion Approach”.

In: IEEE Electron Device Letters 38.2 (2017), pp. 160–163. doi: 10.

1109/LED.2016.2645901.

[69] J. W. Lyding, K. Hess, and I. C. Kizilyalli. “Reduction of Hot Electron

Degradation in Metal Oxide Semiconductor Transistors by Deuterium

Processing”. In: Applied Physics Letters 68.18 (1996), pp. 2526–2528.

doi: 10.1063/1.116172.

[70] E. Li, E. Rosenbaum, J. Tao, and P. Fang. “CMOS Hot Carrier Life-

time Improvement from Deuterium Anneal”. In: 56th Annual Device

Research Conference Digest. June 1998, pp. 22–23. doi: 10.1109/DRC.

1998.731105.

[71] W. F. Clark, E. Cartier, and E. Y. Wu. “Hot Carrier Lifetime and Di-

electric Breakdown in MOSFETs Processed with Deuterium”. In: 2001

6th International Symposium on Plasma and Process Induced Damage.

May 2001, pp. 80–85. doi: 10.1109/PPID.2001.929984.

[72] Z. Chen, P. Ong, A. K. Mylin, V. Singh, and S. Chetlur. “Direct Evi-

dence of Multiple Vibrational Excitation for the Si-H/D Bond Breaking

in Metal-Oxide-Semiconductor Transistors”. In: Applied Physics Letters

81.17 (2002), pp. 3278–3280. doi: 10.1063/1.1516863.

[73] K. L. Brower. “Dissociation Kinetics of Hydrogen-Passivated (111) Si-

SiO2 Interface Defects”. In: Phys. Rev. B 42 (6 Aug. 1990), pp. 3444–

3453. doi: 10.1103/PhysRevB.42.3444.

[74] G. Boendgen and P. Saalfrank. “STM-Induced Desorption of Hydrogen

from a Silicon Surface: An Open-System Density Matrix Study”. In:

The Journal of Physical Chemistry B 102.41 (1998), pp. 8029–8035.

doi: 10.1021/jp9823695.

[75] P. Guyot-Sionnest, P. H. Lin, and E. M. Hiller. “Vibrational Dynamics

of the Si-H Stretching Modes of the Si(100)/H:2×1 Surface”. In: The

Journal of Chemical Physics 102.10 (1995), p. 4269. doi: 10.1063/1.

469474.

[76] S. Sakong, P. Kratzer, X. Han, T. Balgar, and E. Hasselbrink. “Isotope

Effects in the Vibrational Lifetime of Hydrogen on Germanium(100):

Theory and Experiment”. In: The Journal of Chemical Physics 131.12

(2009), p. 124502. doi: 10.1063/1.3224121.

https://www.tuwien.at/bibliothek
https://www.tuwien.at/bibliothek
https://doi.org/10.1103/PhysRevB.100.155109
https://doi.org/10.1103/PhysRevB.100.155109
https://doi.org/10.1109/LED.2016.2645901
https://doi.org/10.1109/LED.2016.2645901
https://doi.org/10.1063/1.116172
https://doi.org/10.1109/DRC.1998.731105
https://doi.org/10.1109/DRC.1998.731105
https://doi.org/10.1109/PPID.2001.929984
https://doi.org/10.1063/1.1516863
https://doi.org/10.1103/PhysRevB.42.3444
https://doi.org/10.1021/jp9823695
https://doi.org/10.1063/1.469474
https://doi.org/10.1063/1.469474
https://doi.org/10.1063/1.3224121


D
ie

 a
pp

ro
bi

er
te

 g
ed

ru
ck

te
 O

rig
in

al
ve

rs
io

n 
di

es
er

 D
is

se
rt

at
io

n 
is

t a
n 

de
r 

T
U

 W
ie

n 
B

ib
lio

th
ek

 v
er

fü
gb

ar
.

T
he

 a
pp

ro
ve

d 
or

ig
in

al
 v

er
si

on
 o

f t
hi

s 
do

ct
or

al
 th

es
is

 is
 a

va
ila

bl
e 

in
 p

rin
t a

t T
U

 W
ie

n 
B

ib
lio

th
ek

.
D

ie
 a

pp
ro

bi
er

te
 g

ed
ru

ck
te

 O
rig

in
al

ve
rs

io
n 

di
es

er
 D

is
se

rt
at

io
n 

is
t a

n 
de

r 
T

U
 W

ie
n 

B
ib

lio
th

ek
 v

er
fü

gb
ar

.
T

he
 a

pp
ro

ve
d 

or
ig

in
al

 v
er

si
on

 o
f t

hi
s 

do
ct

or
al

 th
es

is
 is

 a
va

ila
bl

e 
in

 p
rin

t a
t T

U
 W

ie
n 

B
ib

lio
th

ek
.

151

[77] M. M. Albert and N. H. Tolk. “Absolute Total Cross Sections for

Electron-Stimulated Desorption of Hydrogen and Deuterium from Sil-

icon (111) Measured by Second Harmonic Generation”. In: Phys. Rev.

B 63 (3 Dec. 2000), p. 035308. doi: 10.1103/PhysRevB.63.035308.

[78] P. Avouris, R. Walkup, A. Rossi, H. Akpati, P. Nordlander, T.-C. Shen,

G. Abeln, and J. Lyding. “Breaking Individual Chemical Bonds via

STM-Induced Excitations”. In: Surface Science 363.1 (1996). Dynami-

cal Quantum Processes on Solid Surfaces, pp. 368–377. doi: 10.1016/

0039-6028(96)00163-X.

[79] R. Biswas, Y.-P. Li, and B. C. Pan. “Enhanced Stability of Deuterium

in Silicon”. In: Applied Physics Letters 72.26 (1998), pp. 3500–3502.

doi: 10.1063/1.121640.

[80] K. Cheng, J. Lee, Z. Chen, S. A. Shah, K. Hess, J.-P. Lebur-

ton, and J. W. Lyding. “Fundamental Connection Between Hydro-

gen/Deuterium Desorption at Silicon Surfaces in Ultrahigh Vacuum and

at Oxide/Silicon Interfaces in Metal-Oxide-Semiconductor Devices”. In:

Journal of Vacuum Science 19.4 (2001), p. 1119. doi: 10.1116/1.

1385687.

[81] E. Foley, a. Kam, J. Lyding, and P. Avouris. “Cryogenic UHV-STM

Study of Hydrogen and Deuterium Desorption from Si (100)”. In:

Physical Review Letters 80.100 (1998), pp. 1336–1339. doi: 10.1103/

PhysRevLett.80.1336.

[82] J. W. Lyding, K. Hess, G. C. Abeln, D. S. Thompson, J. S. Moore,

M. C. Hersam, E. T. Foley, J. Lee, S. T. Hwang, H. Choi, and Avouris.

“Ultrahigh Vacuum-Scanning Tunneling Microscopy Nanofabrication

and Hydrogen”. In: Appl. Surf. Sci. 130-132 (1998), pp. 221–230. doi:

10.1016/S0169-4332(98)00054-3.

[83] P. M. Lenahan. “What can Electron Paramagnetic Resonance Tell

us About the Si/SiO2 System?” In: Journal of Vacuum Science 16.4

(1998), p. 2134. doi: 10.1116/1.590301.

[84] R. M. Lenahan, J. P. Campbell, A. Y. Kang, S. T. Liu, and R. A.

Weimer. “Radiation-Induced Leakage Currents: Atomic Scale Mech-

anisms”. In: IEEE Transactions on Nuclear Science 48.6 (2001),

pp. 2101–2106. doi: 10.1109/23.983179.

[85] P. M. Lenahan, T. D. Mishima, J. Jumper, T. N. Fogarty, and R. T.

Wilkins. “Direct Experimental Evidence for Atomic Scale Structural

Changes Involved in the Interface-Trap Transformation Process”. In:

IEEE Transactions on Nuclear Science 48.6 (2001), pp. 2131–2135. doi:

10.1109/23.983184.

https://www.tuwien.at/bibliothek
https://www.tuwien.at/bibliothek
https://doi.org/10.1103/PhysRevB.63.035308
https://doi.org/10.1016/0039-6028(96)00163-X
https://doi.org/10.1016/0039-6028(96)00163-X
https://doi.org/10.1063/1.121640
https://doi.org/10.1116/1.1385687
https://doi.org/10.1116/1.1385687
https://doi.org/10.1103/PhysRevLett.80.1336
https://doi.org/10.1103/PhysRevLett.80.1336
https://doi.org/10.1016/S0169-4332(98)00054-3
https://doi.org/10.1116/1.590301
https://doi.org/10.1109/23.983179
https://doi.org/10.1109/23.983184


D
ie

 a
pp

ro
bi

er
te

 g
ed

ru
ck

te
 O

rig
in

al
ve

rs
io

n 
di

es
er

 D
is

se
rt

at
io

n 
is

t a
n 

de
r 

T
U

 W
ie

n 
B

ib
lio

th
ek

 v
er

fü
gb

ar
.

T
he

 a
pp

ro
ve

d 
or

ig
in

al
 v

er
si

on
 o

f t
hi

s 
do

ct
or

al
 th

es
is

 is
 a

va
ila

bl
e 

in
 p

rin
t a

t T
U

 W
ie

n 
B

ib
lio

th
ek

.
D

ie
 a

pp
ro

bi
er

te
 g

ed
ru

ck
te

 O
rig

in
al

ve
rs

io
n 

di
es

er
 D

is
se

rt
at

io
n 

is
t a

n 
de

r 
T

U
 W

ie
n 

B
ib

lio
th

ek
 v

er
fü

gb
ar

.
T

he
 a

pp
ro

ve
d 

or
ig

in
al

 v
er

si
on

 o
f t

hi
s 

do
ct

or
al

 th
es

is
 is

 a
va

ila
bl

e 
in

 p
rin

t a
t T

U
 W

ie
n 

B
ib

lio
th

ek
.

152 APPENDIX F. BIBLIOGRAPHY

[86] P. M. Lenahan, T. D. Mishima, T. N. Fogarty, and R. Wilkins. “Atomic-

Scale Processes Involved in Long-Term Changes in the Density of States

Distribution at the Si/SiO2 Interface”. In: Applied Physics Letters 79.20

(2001), pp. 3266–3268. doi: 10.1063/1.1418261.

[87] P. M. Lenahan and S. E. Curry. “First Observation of the 29Si Hy-

perfine Spectra of Silicon Dangling Bond Centers in Silicon Nitride”.

In: Applied Physics Letters 56.2 (1990), pp. 157–159. doi: 10.1063/1.

103278.

[88] P. Lenahan. “Atomic Scale Defects Involved in MOS Reliability Prob-

lems”. In:Microelectronic Engineering 69.2-4 (Sept. 2003), pp. 173–181.

doi: 10.1016/S0167-9317(03)00294-6.

[89] J. P. Campbell and P. M. Lenahan. “Density of States of Pb1 Si/SiO2

Interface Trap Centers”. In: Applied Physics Letters 80.11 (2002),

pp. 1945–1947. doi: 10.1063/1.1461053.

[90] J. P. Campbell, P. M. Lenahan, A. T. Krishnan, and S. Krishnan. “Di-

rect Observation of the Structure of Defect Centers Involved in the Neg-

ative Bias Temperature Instability”. In: Applied Physics Letters 87.20

(2005), p. 204106. doi: 10.1063/1.2131197.

[91] A. Stesmans and V. V. Afanas’ev. “Electrical Activity of Interfacial

Paramagnetic Defects in Thermal (100)Si/SiO2”. In: Physical Review

B 57.16 (Apr. 1998), pp. 10030–10034. doi: 10.1103/PhysRevB.57.

10030.

[92] A. Stesmans, B. Nouwen, and V. V. Afanas’ev. “Pb1 Interface Defect in

Thermal (100)Si/SiO2:
29Si Hyperfine Interaction”. In: Physical Review

B 58.23 (1998), pp. 15801–15809. doi: 10.1103/PhysRevB.58.15801.

[93] A. Stesmans, B. Nouwen, and V. Afanas’ev. “Interface Defect in Ther-

mal Hyperfine Interaction”. In: Physical Review B - Condensed Mat-

ter and Materials Physics 58.23 (Dec. 1998), pp. 15801–15809. doi:

10.1103/PhysRevB.58.15801.

[94] A. Stesmans and V. V. Afanas’ev. “Electron Spin Resonance Features

of Interface Defects in Thermal (100)Si/SiO2”. In: Journal of Applied

Physics 83.5 (1998), pp. 2449–2457. doi: 10.1063/1.367005.

[95] V. V. Afanas’ev and A. Stesmans. “Thermally Induced Si(100)/SiO2

Interface Degradation in Poly-Si/SiO2/Si Structures: Evidence for a

Hydrogen-Stimulated Process”. In: Journal of The Electrochemical So-

ciety 148.5 (2001), G279–G282. doi: 10.1149/1.1362553.

[96] H. Raza. “Theoretical Study of Isolated Dangling Bonds, Dangling

Bond Wires, and Dangling Bond Clusters on H:Si(001)-(2×1) Surface”.

In: Phys. Rev. B 76 (4 July 2007), p. 045308. doi: 10.1103/PhysRevB.

76.045308.

https://www.tuwien.at/bibliothek
https://www.tuwien.at/bibliothek
https://doi.org/10.1063/1.1418261
https://doi.org/10.1063/1.103278
https://doi.org/10.1063/1.103278
https://doi.org/10.1016/S0167-9317(03)00294-6
https://doi.org/10.1063/1.1461053
https://doi.org/10.1063/1.2131197
https://doi.org/10.1103/PhysRevB.57.10030
https://doi.org/10.1103/PhysRevB.57.10030
https://doi.org/10.1103/PhysRevB.58.15801
https://doi.org/10.1103/PhysRevB.58.15801
https://doi.org/10.1063/1.367005
https://doi.org/10.1149/1.1362553
https://doi.org/10.1103/PhysRevB.76.045308
https://doi.org/10.1103/PhysRevB.76.045308


D
ie

 a
pp

ro
bi

er
te

 g
ed

ru
ck

te
 O

rig
in

al
ve

rs
io

n 
di

es
er

 D
is

se
rt

at
io

n 
is

t a
n 

de
r 

T
U

 W
ie

n 
B

ib
lio

th
ek

 v
er

fü
gb

ar
.

T
he

 a
pp

ro
ve

d 
or

ig
in

al
 v

er
si

on
 o

f t
hi

s 
do

ct
or

al
 th

es
is

 is
 a

va
ila

bl
e 

in
 p

rin
t a

t T
U

 W
ie

n 
B

ib
lio

th
ek

.
D

ie
 a

pp
ro

bi
er

te
 g

ed
ru

ck
te

 O
rig

in
al

ve
rs

io
n 

di
es

er
 D

is
se

rt
at

io
n 

is
t a

n 
de

r 
T

U
 W

ie
n 

B
ib

lio
th

ek
 v

er
fü

gb
ar

.
T

he
 a

pp
ro

ve
d 

or
ig

in
al

 v
er

si
on

 o
f t

hi
s 

do
ct

or
al

 th
es

is
 is

 a
va

ila
bl

e 
in

 p
rin

t a
t T

U
 W

ie
n 

B
ib

lio
th

ek
.

153

[97] A. Stesmans and V. V. Afanas’ev. “Undetectability of the Point Defect

as an Interface State in Thermal”. In: Journal of Physics: Condensed

Matter 10.1 (Jan. 1998), pp. L19–L25. doi: 10.1088/0953-8984/10/

1/003.

[98] E. H. Poindexter, P. J. Caplan, B. E. Deal, and R. R. Razouk. “Interface

States and Electron Spin Resonance Centers in Thermally Oxidized

(111) and (100) Silicon Wafers”. In: Journal of Applied Physics 52.2

(1981), pp. 879–884. doi: 10.1063/1.328771.

[99] P. Lenahan. “Deep Level Defects Involved in MOS Device Instabilities”.

In: Microelectronics Reliability 47.6 (2007), pp. 890–898. doi: 10.1016/

j.microrel.2006.10.016.

[100] J. W. Lyding, T.-C. Shen, J. S. Hubacek, J. R. Tucker, and G. C.

Abeln. “Nanoscale Patterning and Oxidation of H-Passivated Si(100)-

2×1 Surfaces With an Ultrahigh Vauum Scanning Tunneling Micro-

scope”. In: Applied Physics Letters 64.15 (1994), pp. 2010–2012. doi:

10.1063/1.111722.

[101] P. Saalfrank. “Quantum Dynamical Approach to Ultrafast Molecu-

lar Desorption from Surfaces”. In: Chemical Reviews 106.10 (2006),

pp. 4116–4159. doi: 10.1021/cr0501691.

[102] L. Gao, P. P. Pal, T. Seideman, N. P. Guisinger, and J. R. Guest.

“Current-Driven Hydrogen Desorption from Graphene: Experiment and

Theory”. In: Journal of Physical Chemistry Letters 7.3 (2016), pp. 486–

494. doi: 10.1021/acs.jpclett.5b02471.

[103] S. Mukherjee, F. Libisch, N. Large, O. Neumann, L. V. Brown, J.

Cheng, J. B. Lassiter, E. A. Carter, P. Nordlander, and N. J. Halas.

“Hot Electrons Do the Impossible: Plasmo-Induced Dissociation of H2

on Au”. In: Nano Letters 13.1 (2013), pp. 240–247. doi: 10.1021/

nl303940z.

[104] P. Avouris, R. Walkup, A. Rossi, T.-C. Shen, G. Abeln, J. Tucker, and

J. Lyding. “STM-Induced H Atom Desorption from Si(100): Isotope

Effects and Site Selectivity”. In: Chemical Physics Letters 257.1 (1996),

pp. 148–154. doi: 10.1016/0009-2614(96)00518-0.

[105] B. Persson and P. Avouris. “Local Bond Breaking via STM-Induced Ex-

citations: The Role of Temperature”. In: Surface Science 390.1 (1997),

pp. 45–54. doi: 10.1016/S0039-6028(97)00507-4.

[106] T. C. Shen. “Atomic-Scale Desorption Through Electronic and Vibra-

tional Excitation Mechanisms”. In: Science 268 (1995), pp. 1590–1592.

doi: 10.1126/science.268.5217.1590.

[107] T. C. Shen and P. Avouris. “Electron Stimulated Desorption Induced

by the Scanning Tunneling Microscope”. In: Surface Science 390 (1997),

pp. 35–44. doi: 10.1016/S0039-6028(97)00506-2.

https://www.tuwien.at/bibliothek
https://www.tuwien.at/bibliothek
https://doi.org/10.1088/0953-8984/10/1/003
https://doi.org/10.1088/0953-8984/10/1/003
https://doi.org/10.1063/1.328771
https://doi.org/10.1016/j.microrel.2006.10.016
https://doi.org/10.1016/j.microrel.2006.10.016
https://doi.org/10.1063/1.111722
https://doi.org/10.1021/cr0501691
https://doi.org/10.1021/acs.jpclett.5b02471
https://doi.org/10.1021/nl303940z
https://doi.org/10.1021/nl303940z
https://doi.org/10.1016/0009-2614(96)00518-0
https://doi.org/10.1016/S0039-6028(97)00507-4
https://doi.org/10.1126/science.268.5217.1590
https://doi.org/10.1016/S0039-6028(97)00506-2


D
ie

 a
pp

ro
bi

er
te

 g
ed

ru
ck

te
 O

rig
in

al
ve

rs
io

n 
di

es
er

 D
is

se
rt

at
io

n 
is

t a
n 

de
r 

T
U

 W
ie

n 
B

ib
lio

th
ek

 v
er

fü
gb

ar
.

T
he

 a
pp

ro
ve

d 
or

ig
in

al
 v

er
si

on
 o

f t
hi

s 
do

ct
or

al
 th

es
is

 is
 a

va
ila

bl
e 

in
 p

rin
t a

t T
U

 W
ie

n 
B

ib
lio

th
ek

.
D

ie
 a

pp
ro

bi
er

te
 g

ed
ru

ck
te

 O
rig

in
al

ve
rs

io
n 

di
es

er
 D

is
se

rt
at

io
n 

is
t a

n 
de

r 
T

U
 W

ie
n 

B
ib

lio
th

ek
 v

er
fü

gb
ar

.
T

he
 a

pp
ro

ve
d 

or
ig

in
al

 v
er

si
on

 o
f t

hi
s 

do
ct

or
al

 th
es

is
 is

 a
va

ila
bl

e 
in

 p
rin

t a
t T

U
 W

ie
n 

B
ib

lio
th

ek
.

154 APPENDIX F. BIBLIOGRAPHY

[108] T. C. Shen, J. A. Steckel, and K. D. Jordan. “Electron-Stimulated Bond

Rearrangements on the H/Si(100)-3×1 Surface”. In: Surface Science

446.3 (2000), pp. 211–218. doi: 10.1016/S0039-6028(99)01147-4.

[109] J. Kanasaki, K. Ichihashi, and K. Tanimura. “Scanning Tunnelling Mi-

croscopy Study on Hydrogen Removal from Si(001)-(2×1): H Surface

Excited with Low-Energy Electron Beams”. In: Surface Science 602.7

(2008), pp. 1322–1327. doi: 10.1016/j.susc.2007.12.046.

[110] C. Thirstrup, M. Sakurai, T. Nakayama, and M. Aono. “Atomic Scale

Modifications of Hydrogen-Terminated Silicon 2×1 and 3×1 (001) Sur-

faces by Scanning Tunneling Microscope”. In: Surface Science 411.1-2

(1998), pp. 203–214. doi: 10.1016/S0039-6028(98)00364-1.

[111] X. Tong and R. A. Wolkow. “Electron-Induced H Atom Desorption Pat-

terns Created with a Scanning Tunneling Microscope: Implications for

Controlled Atomic-Scale Patterning on H-Si(100)”. In: Surface Science

600.16 (2006), pp. L199–L203. doi: 10.1016/j.susc.2006.06.038.

[112] A. J. Mayne and D. Riedel. “Electronic Control of Single-Molecule Dy-

namics”. In: Chemical reviews 106 (2006), pp. 4355–4378. doi: 10.

1021/cr050177h.

[113] M. Sakurai, C. Thirstrup, T. Nakayama, and M. Aono. “Atomic Scale

Extraction of Hydrogen Atoms Adsorbed on Si(001) with the Scan-

ning Tunneling Microscope”. In: Applied Surface Science 121 (1997),

pp. 107–110. doi: 10.1016/S0169-4332(97)00266-3.

[114] K. Stokbro, C. Thirstrup, M. Sakurai, U. Quaade, B. Hu, F. Perez-

Murano, and F. Grey. “STM-Induced Hydrogen Desorption via a Hole

Resonance”. In: Physical Review Letters 80.12 (1998), pp. 2618–2621.

doi: 10.1103/PhysRevLett.80.2618.

[115] K. Stokbro, B. Y.-K. Hu, C. Thirstrup, and X. C. Xie. “First-Principles

Theory of Inelastic Currents in a Scanning Tunneling Microscope”.

In: Phys. Rev. B 58 (12 Sept. 1998), pp. 8038–8041. doi: 10.1103/

PhysRevB.58.8038.

[116] N. Itoh and A. M. Stoneham. “Treatment of Semiconductor Surfaces

by Laser-Induced Electronic Excitation”. In: J. Phys. Condens. Matter

13.26 (2001), R489. doi: 10.1088/0953-8984/13/26/201.

[117] T. Vondrak and X.-Y. Zhu. “Dissociation of a Surface Bond by Direct

Optical Excitation: H-Si(100)”. In: Physical Review Letters 82.9 (1999),

pp. 1967–1970. doi: 10.1103/PhysRevLett.82.1967.

[118] T. Vondrak and X.-Y. Zhu. “Direct Photodesorption of Atomic Hy-

drogen from Si(100) at 157 nm: Experiment and Simulation”. In: The

Journal of Physical Chemistry B 103.23 (1999), pp. 4892–4899. doi:

10.1021/jp990636g.

https://www.tuwien.at/bibliothek
https://www.tuwien.at/bibliothek
https://doi.org/10.1016/S0039-6028(99)01147-4
https://doi.org/10.1016/j.susc.2007.12.046
https://doi.org/10.1016/S0039-6028(98)00364-1
https://doi.org/10.1016/j.susc.2006.06.038
https://doi.org/10.1021/cr050177h
https://doi.org/10.1021/cr050177h
https://doi.org/10.1016/S0169-4332(97)00266-3
https://doi.org/10.1103/PhysRevLett.80.2618
https://doi.org/10.1103/PhysRevB.58.8038
https://doi.org/10.1103/PhysRevB.58.8038
https://doi.org/10.1088/0953-8984/13/26/201
https://doi.org/10.1103/PhysRevLett.82.1967
https://doi.org/10.1021/jp990636g


D
ie

 a
pp

ro
bi

er
te

 g
ed

ru
ck

te
 O

rig
in

al
ve

rs
io

n 
di

es
er

 D
is

se
rt

at
io

n 
is

t a
n 

de
r 

T
U

 W
ie

n 
B

ib
lio

th
ek

 v
er

fü
gb

ar
.

T
he

 a
pp

ro
ve

d 
or

ig
in

al
 v

er
si

on
 o

f t
hi

s 
do

ct
or

al
 th

es
is

 is
 a

va
ila

bl
e 

in
 p

rin
t a

t T
U

 W
ie

n 
B

ib
lio

th
ek

.
D

ie
 a

pp
ro

bi
er

te
 g

ed
ru

ck
te

 O
rig

in
al

ve
rs

io
n 

di
es

er
 D

is
se

rt
at

io
n 

is
t a

n 
de

r 
T

U
 W

ie
n 

B
ib

lio
th

ek
 v

er
fü

gb
ar

.
T

he
 a

pp
ro

ve
d 

or
ig

in
al

 v
er

si
on

 o
f t

hi
s 

do
ct

or
al

 th
es

is
 is

 a
va

ila
bl

e 
in

 p
rin

t a
t T

U
 W

ie
n 

B
ib

lio
th

ek
.

155

[119] L. Soukiassian, A. J. Mayne, M. Carbone, and G. Dujardin. “Atomic-

Scale Desorption of H Atoms from the Si(100)-2×1:H Surface: Inelastic

Electron Interactions”. In: Phys. Rev. B 68 (3 July 2003), p. 035303.

doi: 10.1103/PhysRevB.68.035303.

[120] A. J. Mayne, D. Riedel, G. Comtet, and G. Dujardin. “Atomic-Scale

Studies of Hydrogenated Semiconductor Surfaces”. In: Progress in Sur-

face Science 81.1 (2006), pp. 1–51. doi: 10.1016/j.progsurf.2006.

01.001.

[121] K. Morgenstern, N. Lorente, and K.-H. Rieder. “Controlled Manipula-

tion of Single Atoms and Small Molecules using the Scanning Tunnelling

Microscope”. In: physica status solidi (b) 250.9 (2013), pp. 1671–1751.

doi: 10.1002/pssb.201248392.

[122] R. E. Palmer and P. J. Rous. “Resonances in Electron Scattering by

Molecules on Surfaces”. In: Rev. Mod. Phys. 64 (2 Apr. 1992), pp. 383–

440. doi: 10.1103/RevModPhys.64.383.

[123] J. Gadzuk, L. Richter, S. Buntin, D. King, and R. Cavanagh. “Laser-

Excited Hot-Electron Induced Desorption: A Theoretical Model Ap-

plied to NO/Pt(111)”. In: Surface Science 235.2 (1990), pp. 317–333.

doi: 10.1016/0039-6028(90)90807-K.

[124] F. Weik, A. de Meijere, and E. Hasselbrink. “Wavelength Dependence

of the Photochemistry of O2 on Pd(111) and the Role of Hot Electron

Cascades”. In: The Journal of Chemical Physics 99.1 (1993), pp. 682–

694. doi: 10.1063/1.465741.

[125] G. Dujardin, F. Rose, J. Tribollet, and A. J. Mayne. “Inelastic Trans-

port of Tunnel and Field-Emitted Electrons through a Single Atom”.

In: Phys. Rev. B 63 (8 Feb. 2001), p. 081305. doi: 10.1103/PhysRevB.

63.081305.

[126] T. Tewksbury and H.-S. Lee. “Characterization, Modeling, and Min-

imization of Transient Threshold Voltage Shifts in MOSFETs”. In:

IEEE Journal of Solid-State Circuits 29.3 (1994), pp. 239–252. doi:

10.1109/4.278345.

[127] A. Lelis, H. Boesch, T. Oldham, and F. McLean. “Reversibility of

Trapped Hole Annealing”. In: IEEE Transactions on Nuclear Science

35.6 (1988), pp. 1186–1191. doi: 10.1109/23.25437.

[128] A. Lelis and T. Oldham. “Time Dependence of Switching Oxide Traps”.

In: IEEE Transactions on Nuclear Science 41.6 (Dec. 1994), pp. 1835–

1843. doi: 10.1109/23.340515.

[129] H. Eyring. “The Activated Complex in Chemical Reactions”. In: The

Journal of Chemical Physics 3.2 (1935), pp. 107–115. doi: 10.1063/1.

1749604.

https://www.tuwien.at/bibliothek
https://www.tuwien.at/bibliothek
https://doi.org/10.1103/PhysRevB.68.035303
https://doi.org/10.1016/j.progsurf.2006.01.001
https://doi.org/10.1016/j.progsurf.2006.01.001
https://doi.org/10.1002/pssb.201248392
https://doi.org/10.1103/RevModPhys.64.383
https://doi.org/10.1016/0039-6028(90)90807-K
https://doi.org/10.1063/1.465741
https://doi.org/10.1103/PhysRevB.63.081305
https://doi.org/10.1103/PhysRevB.63.081305
https://doi.org/10.1109/4.278345
https://doi.org/10.1109/23.25437
https://doi.org/10.1109/23.340515
https://doi.org/10.1063/1.1749604
https://doi.org/10.1063/1.1749604


D
ie

 a
pp

ro
bi

er
te

 g
ed

ru
ck

te
 O

rig
in

al
ve

rs
io

n 
di

es
er

 D
is

se
rt

at
io

n 
is

t a
n 

de
r 

T
U

 W
ie

n 
B

ib
lio

th
ek

 v
er

fü
gb

ar
.

T
he

 a
pp

ro
ve

d 
or

ig
in

al
 v

er
si

on
 o

f t
hi

s 
do

ct
or

al
 th

es
is

 is
 a

va
ila

bl
e 

in
 p

rin
t a

t T
U

 W
ie

n 
B

ib
lio

th
ek

.
D

ie
 a

pp
ro

bi
er

te
 g

ed
ru

ck
te

 O
rig

in
al

ve
rs

io
n 

di
es

er
 D

is
se

rt
at

io
n 

is
t a

n 
de

r 
T

U
 W

ie
n 

B
ib

lio
th

ek
 v

er
fü

gb
ar

.
T

he
 a

pp
ro

ve
d 

or
ig

in
al

 v
er

si
on

 o
f t

hi
s 

do
ct

or
al

 th
es

is
 is

 a
va

ila
bl

e 
in

 p
rin

t a
t T

U
 W

ie
n 

B
ib

lio
th

ek
.

156 APPENDIX F. BIBLIOGRAPHY

[130] M. G. Evans and M. Polanyi. “Some Applications of the Transition

State Method to the Calculation of Reaction Velocities, especially in

Solution”. In: Trans. Faraday Soc. 31 (0 1935), pp. 875–894. doi: 10.

1039/TF9353100875.

[131] J. L. Bao and D. G. Truhlar. “Variational Transition State Theory:

Theoretical Framework and Recent Developments”. In: Chem. Soc. Rev.

46 (24 2017), pp. 7548–7596. doi: 10.1039/C7CS00602K.
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