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1 Introduction

Random telegraph noise (RTN) refers to a stochastic discrete signal observed in the
drain current /p at a constant gate voltage V. This noise signal is believed to be
caused by oxide defects, which can exchange charges with the device substrate or
gate [1]. Charges trapped at oxide defects alter the device electrostatics, leading to a
shift of the threshold voltage, denoted as A Vy,. Since each discrete step in a random
telegraph signal (RTS) stems from a single charge trapping/emission event of a
specific defect, the analysis of these signals allows the experimental extraction of
single-defect parameters. Typically, the impact of a single defect is only resolvable
in small-area devices due to their small oxide capacitance. In contrast, large-area
devices show a smooth AVy, degradation during operation at elevated temperatures
and high gate voltages. This phenomenon is commonly known as bias temperature
instability (BTI) [2] and is a serious reliability concern in modern MOSFET devices.
It has been demonstrated in recent works that BTI and RTN are both linked to
oxide defects and can therefore be modeled within the same framework [3]. Oxide
defects can be either classified as hole traps or electron traps. In devices with a-
Si0;, dielectric, usually negative BTI (NBTI) caused by hole traps is the dominant
degradation mechanism. In contrast, the increasing use of high-x materials like
HfO, also leads to significant positive BTI (PBTI) degradation, which is associated
with electron traps in these materials [4].
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Fig. 1 RTN signals measured on a small-area pMOS. Left: A continuous RTN signal, which is
produced by an oxide defect with two different states. Right: After BTI stress, often a so-called
temporary RTN signal can be observed. In this case, the noise signal disappears after some time,
indicating an additional electrically inactive defect state. Modified from [6]

Examples of frequently observed random telegraph signals are depicted in Fig. 1.
The left figure shows a RTN signal produced by a two-state defect continuously
switching between its two different charge states. The RTN signal of a fundamen-
tally different defect is shown in Fig. 1 (right). In this case, the signal disappears
after a certain time. This finding indicates a defect with at least three different states.
The frequent occurrence of such signals in measurements lead to the development
of the widely successful 4-state nonradiative multiphonon (NMP) model for the
description of RTN and BTI [5, 6]. A brief review of this model is given in Sect. 4.

The various parameters of the 4-state NMP model can be fitted to data obtained
from electrical defect characterization measurements. Techniques like RTS anal-
ysis [7] and time-dependent defect spectroscopy (TDDS) [8] allow the extraction
of transition barriers and trap levels for individual defects. On the other hand the
impact of a whole defect ensemble on device degradation can be monitored by
applying measure-stress-measure (MSM) sequences [9]. A detailed description of
experimental parameter extraction is given in Chapter 7 of this book [10]. Although
these techniques allow for the electrical characterization of oxide defects, they can
only provide limited information about the underlying physical and chemical nature
of the defects. Using clean semiconductor-oxide samples instead of fully processed
devices, additional insights into the atomistic structure of defects can be gained by
electron spin resonance (ESR) spectroscopy. This technique is sensitive to defects
with unpaired electrons. Using this method, various types of paramagnetic E’ centers
were discovered in SiO; [11] as well as Pj, centers at the Si/SiO, interface [12].
ESR measurements also confirmed the existence of hydrogenated E’ centers in
amorphous SiO; [13]. Further experimental data also shows that hydrogen-related
defects seem to play an important role for the RTN and NBTI phenomena in devices
with SiO; gate dielectric [14-16].

Although all these experimental methods provide some information about the
atomistic nature of oxide defects, a more detailed knowledge is desired in order to
improve the device reliability and to justify and enhance existing reliability models.
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In this context atomistic modeling provides a valuable tool to explore defects
and their behavior theoretically. Over the last decades density functional theory
(DFT) has become arguably the most popular ab-initio method in computational
chemistry. Due to the ever increasing computational power in combination with
the development of highly efficient algorithms, it has become feasible to simulate
a collection of thousands of atoms quantum mechanically with DFT [17]. Even
though the simulation of an entire device from first principles is still out of reach,
it is possible to calculate defect parameters in bulk materials. In this chapter we
will summarize the state-of-the-art methodology for point defect calculations using
DFT. Furthermore we will review recent DFT results with an emphasis on hole traps
in a-SiO; and electron traps in a-HfO», and compare them to experimental findings.
It will be demonstrated that hydrogen-related defects like the hydrogen bridge (HB)
or the hydroxyl-E’ center (H-E’) can act as hole traps in a-SiO; in agreement with
NBTI and RTN measurements. PBTI in high-« gate stacks on the other hand is
likely caused by intrinsic electron traps in a-HfO,.

2 DFT in a Nutshell

Atomistic modeling of materials has become an important tool in many fields of
research. This approach allows the theoretical study of material properties like
internal geometry, electronic structures, energy levels, or optical and vibrational
absorption spectra just to name a few. The various methods of computational
chemistry can be roughly separated in two groups, namely empirical and first
principle (ab-initio) methods. Empirical approaches mostly assume an analytical
force field between atoms and treat the resulting atomic movements entirely within
classical mechanics. These methods are useful to determine geometric structures
of molecules or solids. Empirical methods allow the study of very large molecules
containing millions of atoms and are therefore very popular in biochemistry. How-
ever, these methods cannot give any information about the electronic structure of
matter. For this task, ab-initio methods, which approximately solve the Schrodinger
equation of the system, are needed. The study of defects, especially the estimation
of their energy levels, therefore relies on ab-initio simulations. These approaches are
computationally very expensive and scale considerably with the number of particles
in the system, making them only usable for small molecules with just a handful of
atoms. Among ab-initio methods, density functional theory (DFT) is arguably the
most commonly used approach, due to its comparably low computational costs.
DFT enables the quantum mechanical simulation of several thousand atoms on
currently available computer hardware and is therefore very well suited for the
study of defects in oxides. In the following we will give a brief introduction to
general DFT. The modeling of amorphous structures and defects with DFT will be
discussed later on.
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2.1 Many-Body Schridinger Equation

All non-relativistic properties of a system can, in principle, be determined by solving
its time-independent many-body Schrédinger equation

A (F, R) = E¥ (7, R). (0
Here H represents the standard many-body Hamiltonian given by

A~

H=T,+T,+V+U, )

>

which accounts for the kinetic energies of nuclei (fn) and electrons (fe), as well as
the Coulomb interactions between nuclei and electrons (\7) and between electrons
themselves (0 ) The system’s wavefunction ¥ is a function of all electronic and

ionic coordinates, denoted by 7 and R, respectively. A first common step in order
to solve Eq. 1 is to assume a wavefunction, which is separable into an electronic
wavefunction ¥ and a vibrational wavefunction 7

w (7, R) = v (7; R)n(R). 3)

Electrons have a much lower mass than nuclei and can, therefore, be assumed to
adapt to changes in the ionic coordinates R almost instantly. Applying this fact to
the separation Ansatz Eq. 3 yields an electronic Schrodinger equation

(T. + V + O)y (7. R) = V(R) v (F: R) )
and a vibrational Schrédinger equation
(T, + V(R))n(R) = En(R). (5)

This approach is commonly known as the Born—Oppenheimer approximation [18].
Within this approximation the nuclei are assumed to move like classical particles in a
potential V(ﬁ) generated by the electrons. This potential is referred to as potential
energy surface (PES) and plays a central role in the description of defects within
NMP theory as will be outlined in Sect. 4.

2.2 Hohenberg—Kohn Theorems

Ab-initio methods aim at solving the electronic Schrodinger equation (Eq. 4). This
equation is exceptionally hard to solve due to the electron—electron interaction
operator U, which prohibits a separation in single-electron wavefunctions. In fact,
even a numerical solution of the electronic equation without further physical
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approximations is unfeasible even for small systems. One can approximate U by the
interaction of each individual electron with the mean field caused by all electrons.
This so-called Hartree—Fock (HF) method leads to Schrodinger equations of single
electrons moving in an effective potential. These equations can be solved self-
consistently for the single-electron wavefunctions. Although the HF method can
produce a rough estimate of the electronic structure, it completely neglects electron
correlation effects and is generally not accurate enough for practical calculations.
The so-called post-HF methods like Mgller—Plesset perturbation theory or the
coupled cluster approach can mitigate these drawbacks at the price of greatly
increased computational demands. Further details on HF and other wavefunction
based methods can be found in [19].

When only the electronic ground state ¥y is of interest, a fundamentally
different approach for solving Eq. 4 is offered by two important theorems proven by
Hohenberg and Kohn [20]. These theorems establish a one-to-one mapping between
the ground state electron density ng (r) and the ground state electronic wavefunction
Yo, and can be stated as [21]:

1. The ground state wavefunction is a unique functional ¥y = ¥ [n¢] of the ground
state electron density. As a consequence, every ground state observable O can be
defined as a density functional as well

Olnol = (¥[nollO1¥[nol) .

2. The energy functional E [n] obtains its global minimum for the true ground state
electron density ng.

These theorems allow the reformulation of the many-body Schrodinger equation
in terms of a variational problem with respect to the electron density n (r).
Therefore, instead of searching explicitly for the 3N dimensional wavefunction v,
knowledge about the 3 dimensional electron density n (r) is sufficient to derive all
other ground state properties.

2.3 Kohn-Sham Equations

Although the Hohenberg—Kohn theorems provide a vast simplification of the
problem at hand, they only prove the existence of a kinetic energy functional
T [n] and an electron interaction functional U [n]. However, these functionals are
unknown for interacting electrons. In order to apply DFT to real systems, most
often the method of Kohn—-Sham (KS) orbitals [22] is employed. In this approach
the electron density is assumed to be constructed by a set of non-interacting single-
electron wavefunctions
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Nel

n(ry=>_lg; (M. 6)

For such a system of non-interacting electrons, the resulting kinetic energy is simply
given by

Nel

1 2
Tln) = =2 (il V211) - (7)

i=1

In classical electrodynamics the interaction functional can be expressed by the so-

called Hartree-energy
r
[/"()n $rddr. )
jr =]

Although T; and Uy do not account for the quantum mechanical exchange and
correlation effects, they represent the largest contributions to the true functionals
T and U. All the unknown quantum mechanical many-body effects are collected
in a so-called exchange-correlation functional Exc [n]. The functional of the total
energy can, therefore, be written as

E[n] =Ts[nl+ Unln]+ V [n] + Exc[n] . €]
Using the representation of the electron density by KS orbitals and applying the

Euler—Lagrange formalism to Eq. 9 yields a system of eigenvalue problems for the
individual orbitals, the so-called Kohn—Sham equations

1
<—§V2 + Veff (r)) i (r) = €;¢; (r). (10)

These equations describe individual non-interacting electrons in an effective poten-
tial vegr (), which is given by the functional derivative

) n(r’ 0FE
veff(n:5<V+UH+EXC>=vext<r>+/ |rfr),|d3r’+ - (D

Similar to the Hartree—-Fock method, these equations can be solved iteratively with
an initial guess for either the electron density n or the KS orbitals ¢;. When these
self-consistent field iterations converge, the system’s total energy is given by [21]

Nel

E®© = Z € — Unlno] + Exclnol — /

SExc

no(r)d’r . (12)
én

no
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It should be noted that the KS orbitals for themselves do not have a strict physical
meaning, they just represent a fictitious system of non-interacting electrons, which
produce the same electron density as the real system. However, it is a common
practice to interpret the KS eigenenergies ¢€; as electronic density of states and
derive bandgaps with them. Although the KS system is not intended to represent
any quantity beside the electron density, this approach works very well. A rigorous
proof which justifies this practice is to the best of our knowledge still missing.

2.4 Exchange-Correlation Functionals and Pseudopotentials

As already mentioned, the exact exchange-correlation functional Exc is unknown
and is probably so complex that it would be of no use in practical DFT calculations.
To overcome this, several different approximations for Exc have been proposed.
These approximations are often fitted to well-known experimental data in order to
give accurate values for specific physical quantities of interest. Strictly speaking,
DFT is not entirely an ab-initio method, but rather bridges the gap between
purely empirical classical force-field methods and accurate, but extremely expensive
wavefunction based ab-initio approaches. Therefore an important part of DFT
simulations is the selection of a XC functional, which is well suited for the system
at hand or at least to chemically similar systems.

The first and simplest XC approximation assumes a homogenous electron gas
and was proposed by Kohn and Hohenberg in their seminal work [20]. In this so-
called local density approximation (LDA) the XC functional is determined only by
the local electron density and can be expressed as

EXOA = /n(r)exc (n)d’r. (13)

The function exc is very well known from the Thomas—Fermi model [23] and
quantum mechanical Monte Carlo simulations [24]. Although the LDA can give
surprisingly good results in molecules, it generally overestimates binding energies
and is not suitable for solids [25]. Furthermore, this approximation naturally fails
for strongly localized charges with rapid variations of the electron density, which is
highly relevant for the study of charged defects.

The main problem with LDA is its local dependency on the electron density,
whereas the exact functional has to be a non-local property. To overcome this, the so-
called semi-local or generalized gradient approximations (GGA) were introduced.
These functionals include the density gradient and are of the form

EQS’A = /n ) eggA (n, Vn) &r. (14)
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Many different GGA functionals were proposed in the literature, among the most
popular ones are the PBE [26] and PWO91 [27] functionals. These functionals often
provide better results than LDA when applied to suitable systems [28].

LDA and GGA can give reasonable results for geometries and activation
energies; however, they consistently underestimate the electronic bandgap. This
phenomenon is known as the infamous DFT-bandgap problem. For the study of
charge transfer in oxide defects, the position of the charge trapping level with
respect to the band edges is of utmost importance. Therefore these methods are
inadequate for the simulation of defects with DFT. In order to solve the bandgap-
problem, the so-called hybrid functionals have been developed. They are based on
GGA functionals, but mix in a portion of the exact two-electron non-local exchange
energy from the HF method [29]

EX" [n] = —Z// # 0 |(r V&) s (15)

r—r”

i>j

Using hybrid functionals allows an accurate prediction of the electronic bandgap,
commonly within 10% of the experimental value [30]. Most DFT studies on defects
therefore use hybrid functionals in order to predict trap levels accurately. The most
frequently used hybrid functionals are HSE [31], PBEO [32], and B3LYP [33]. Most
results reviewed in this chapter were obtained with a variant of the PBEO functional.
It should be kept in mind that hybrid functionals are far more computationally
expensive than simple LDA or GGA schemes. Due to the four-center integral in
Eq. 15 the computational costs scale with O(N*) and therefore become a limiting
factor in the feasible structure size. The detrimental scaling can be mitigated by
using certain approximation schemes like the Auxiliary Density Matrix Method
(ADMM) [34], which can calculate the HF exchange accurately on a reduced basis
set.

The computational cost of any DFT calculation obviously depends on the number
of electrons in the system. Furthermore, the wavefunctions of the inner electrons
are rapidly oscillating in space due to their high energy. A quantum mechanical
description of all electrons in the system would therefore need a very large basis
set in order to accurately treat electrons in the vicinity of the core. The use of such
large basis sets requires a lot of computational effort and is often even unfeasible
for large systems. In order to keep computational costs low, the so-called frozen-
core approximation is frequently employed. In this approximation only valence
electrons are treated within DFT, whereas the effect of the core electrons is reduced
to a screened Coulomb potential for the atomic core, the so-called pseudopotential.
This approach is justified, since core electrons hardly ever engage in chemical
bonding. The pseudopotential is created by optimizating parameters of an analytical
potential against the results of an all-electron calculation for each chemical element
of interest. It should be noted that this procedure already employs a certain XC
functional for the all-electron calculations; therefore, pseudopotentials are linked to
the functional being used for its creation.
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3 Modeling of Amorphous Structures

For the study of oxide defects a suitable model for the host oxide is needed. In
essence, there are two different approaches for modeling the oxide surrounding the
defect. From a chemical perspective, a small cluster of the host material inside a
closed simulation cell can be used to study defects. In order to increase the accuracy
of this rather crude model, the isolated cluster can be embedded in a potential,
which mimics the impact of the surrounding host material. This is known as the
embedded cluster approximation (ECA) [35]. A more physical approach uses a
model containing a few hundred atoms of the host material and enforces periodic
boundary conditions on the system in order to mimic an extended bulk material [36].
Both of these methods were improved over the years and can provide accurate
descriptions of point defects. However, since all results presented in this work are
obtained with periodic models of amorphous materials, in the following we will
only focus on this method. A description of defect modeling within the embedded
cluster method can be found in [37].

3.1 Melt-Quench Technique

Periodic boundary conditions are widely used in solid-state physics to describe
crystals and their band structures. Theoretical modeling of defects in crystalline
materials is a rich field, which provides valuable insights into many phenomena
like doping, diffusion processes, or the performance of electronic devices. In
fact, the first theoretical studies on oxide defects were conducted in crystals
like a-quartz [38]. However, deposited gate oxides are generally amorphous. In
the context of device reliability the modeling of oxide defects therefore requires
knowledge about the distribution of defect parameters within the amorphous gate
oxide. Furthermore it has been demonstrated that some defects occurring in a-SiO;
like the hydroxyl-E’ center are not stable in a-quartz [39] and therefore cannot be
studied in crystalline models. To obtain a more complete picture, it is thus required
to also study defects in amorphous model structures.

The most popular approach to create amorphous model structures simulates
the melting of a crystal within a periodic cell, followed by an equilibration of
the melt at high temperatures and a rapid cooling afterwards. This physically
motivated technique is called melt-quench method and is illustrated in Fig.2.
Hereby the melting and cooling of the material is simulated using molecular
dynamics (MD) [36]. In MD simulations the temporal evolution of a system is
studied within the framework of classical mechanics, where particles move in
an interatomic force field according to Newton’s laws of motion. However, the
study of the system behavior at varying temperatures or pressures within MD
requires the ability to control these thermodynamic quantities. This is usually
achieved by extending the equations of motion with terms which enforce, e.g., the
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Fig. 2 Initial crystalline SiO» and final a-SiO, structure of a melt-quench run. The yellow and red
spheres indicate Si and O atoms, respectively. The initial configuration is a 2 x 2 x 2 supercell
of B-cristobalite, a high-temperature crystalline polymorph of SiO», containing 216 atoms. This
crystal is an ideal starting point, since it has a cubic lattice and its density of 2.33 g/cm? is close
to the experimental value of 2.2 g/cm> for a-SiO,. The crystal was melted at 5000 K for 1 ns and
afterwards cooled with a rate of 6 K/ps. Note that the volume of the simulation cell is allowed to
change during this process [36]

temperature (thermostat) or the pressure (barostat). More information regarding MD
and different thermostat and barostat models can be found in [40]. The simulation of
melt and quench processes typically has to cover a time span of several nanoseconds
to allow the structure to properly equilibrate. Due to the large amount of energy and
atomic force evaluations needed, DFT is rarely used during these steps. Instead, the
MD simulation is performed with classical interatomic force fields. The geometry
and cell parameters of the resulting amorphous structures are then further optimized
with DFT to reduce internal stress and to obtain a proper electronic structure. The
used force field must be parameterized carefully and must be able to describe
chemical reactions of the involved chemical elements in order to produce physically
meaningful structures. For example, a-SiOy structures can be created with the
ReaxFF [41] force field, a suitable force field for a-HfO; is presented in [42].

It should be mentioned at this point that often highly unphysical parameters
are needed for a melt-quench run. For example, the creation of amorphous SiO;
structures requires temperatures of up to 5000 K. The high temperature can be
ascribed to the use of empirical force fields, the absence of nucleation centers as
well as the confinement of the system inside the simulation cell. Also an extremely
high cooling rate of up to 6 K/ps is used to significantly reduce the number of needed
simulation timesteps [36].

3.2 Structural Verification

The internal structure of amorphous materials strongly depends on the involved
manufacturing processes as well as preparation conditions like temperature and
pressure. For example, the structure can be partially crystallized due to annealing.
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This ambiguity makes modeling of amorphous materials for a specific application
particularly hard. For that reason, the structures obtained from the melt-quench
technique should be compared to available experimental data of the material system
in question. Basic structural tests can include comparisons to the experimental
density and electronic structure. Furthermore, the spatial behavior of the band edges
across the structures should be checked with an analysis of the local density of
states. This is necessary to detect spurious electric fields, which lead to artificial
band bending. More details on structural verification can be found in [36]. In the
following we briefly discuss two powerful structural model tests from experimental
data.

Particularly useful information about the internal structure of amorphous solids
can be gained from the structure factor S (Q) obtained from X-ray or neutron
diffraction measurements. For isotropic materials the structure factor can be written
as [43]

1 in(Q|R; — R
$(0) = Y i e R R, (16)
ik

Q|R; — Ryl

Here, f; and f; are the atomic form factors, describing the scattering amplitudes
of the involved atoms. Q is the amplitude of the scattering vector and R;,R; are
the atomic positions. The structure factor can be obtained from experiment but is
also easily accessible from the amorphous model structures. A comparison of S (Q)
between experiment and atomistic model structures for a-SiO; is given in Fig. 3. As
can be seen, these models are in good agreement with experimental data, indicating
the validity of the melt-quench method and the used force fields.

Another way to test model structures is offered by infrared absorption and
Raman scattering experiments. In these measurements incoming photons from an
IR laser couple inelastically to vibrational states of the target material. The resulting
spectra are therefore linked to the vibrational density of states (VDOS) in the

Fig. 3 Comparison of
structure factors between
experiments [44] and DFT
optimized a-SiO, models
obtained from the
melt-quench procedure using
the ReaxFF force field. The
model structures show good
agreement with the
experimental data. The match
of signal peak positions for
large Q values indicate a
proper long-range order of
the used models. Modified 0.0 — . . .
from [36] 0 5 10 15

QA 1
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Fig. 4 Comparison between
experimental Raman
scattering intensities [46] and
the vibrational density of
states (VDOS) in an a-SiO;
model obtained from DFT
calculations. As can be seen,
the positions of the signal
peaks match well between
DFT and experiment
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target. Since the VDOS of a structure can be predicted with DFT calculations, such
measurements can be used to compare model structures to real systems. Within the
harmonic approximation the phonon modes of the structure can be derived from the
force constant matrix, which is defined by

1 9ZEot 1 aFy,

MMy OR;OR: [j_j, /MMy OR;|j_g,

Here M is the mass of the j-th ion. The force constant matrix essentially describes

the curvature of the potential energy surface E°'(R) at the minimum configuration
Ry. By definition this matrix is positive-definite and its eigenvalues > are the
squared classical vibrational frequencies of the structure [45]. Figure 4 shows
the resulting phonon density of states alongside experimental Raman scattering
intensities for the used a-SiO, models. There is good agreement on the peak
positions between the experimental data and the results obtained from DFT. This
finding is another piece of evidence for the validity of the used structural models. It
should be noted that within this simplified classical model only peak positions are
predicted correctly. The simulation of complete Raman and IR absorption spectra
from ab-initio methods is more involved and requires the consideration of quantum
mechanical selection rules. For more details we refer the interested reader to the
literature [47].

D

A7)

3.3 Interface Models

In order to describe the charge transfer between oxide defects and device substrate,
an atomistic model of the oxide/channel interface as depicted in Fig.5 is needed.
Such interface structures can be created using a modification of the melt-quench
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N "

Fig. 5 Atomistic model for an interface between crystalline Si (left) and a-SiO; (right) [36]

method, as is outlined in [36]. However, obtaining an accurate interface model is
far more difficult than simple bulk oxide models due to the limited experimental
knowledge of the transition region between oxide and substrate. When analyzing
charged defects in those structures with DFT another problem arises. Simply adding
electrons or holes to the system does not guarantee a charge localization at the oxide
defect. Since DFT determines the electronic ground state by minimizing the energy
functional, additional charges may simply be delocalized in the substrate valence or
conduction band if energetically favorable. Although charges can be forced into
certain regions of the simulation cell with constrained DFT (CDFT) [48], such
calculations are very expensive and thus rarely found in literature. In fact, all results
presented in this work are obtained from bulk oxide models. In these bulk models
the charge transfer between oxide defect and the substrate valence or conduction
band is not accessible within DFT. This has some implications on the modeling of
charge transitions as will be outlined in Sect. 4.3.

3.4 Formation Energies and Thermodynamic Trap Levels

The valence and conduction band of the substrate act as charge reservoirs for the
oxide defects. Since the substrate is not included in the DFT models, the energy of
charge carriers in these reservoirs must be included explicitly in the DFT energies
of the different defect charge states. The standard approach to account for the carrier
energy in the reservoir is to compare the so-called formation energies of the different
defect states

EQ(R) = E§'(R) — EQy — > wini + qEp + E°". (18)

1

Here Eg denotes the formation energy of the defect state with a net charge

Oef..,—1,0,+1,...},
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the total DFT energy of this state is termed Eg’t and Elt)?xtlk is the total energy of
the defect-free neutral bulk oxide. The terms w;n; account for the chemical energy
needed to add or remove certain atoms to create the defect from a pristine bulk. Since
all defects studied in this work are composed of the same atoms in every charge
state, this term is just a constant energy offset and can be omitted. Contributions due
to the chemical potential are only important if total formation energies are needed,
e.g., to estimate the defect concentration. Ef denotes the Fermi level of the charge
reservoir and is usually referenced to the valence band edge of the oxide

Er = EvgMm + €F. (19)

EvpMm is the energy of the valence band maximum of the oxide. It can be
approximated by the energy of the highest occupied KS-orbital obtained by an
electronic density of states analysis of the bulk system [49].

When dealing with charged defects in a periodic cell, the electrostatic potential
within the cell would be infinite due to the slowly decaying Coulomb contributions
of all other repeated cells. To avoid this problem, a net charge within the periodic
cell is compensated by a fictional background charge of opposite sign to keep
the cell potential finite. Although this approach leads to a bounded electrostatic
potential, it introduces an unwanted interaction between the defect charge and the
neutralizing background charge. Furthermore, there is also a spurious electrostatic
interaction between the charged defect and its periodic images. Especially for small
simulation cells this interaction must be balanced out by a charge correction term
E®°". Several methods for this charge correction have been proposed, among the
most popular schemes are the Lany—Zunger [50] and the Freysoldt—-Neugebauer—
Van de Walle [51] corrections. An excellent review of the different charge correction
schemes for defects in bulk materials can be found in [52].

The defect formation energy is an important quantity to evaluate the thermody-
namical stability of the different defect states. As can be seen in Fig. 6, a certain

Fig. 6 Formation energies of 0.0
a hydrogen bridge defect in ’
a-SiO; in different charge
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charge state is only stable in a certain range of the Fermi level. The boundary
between two such regions is called the charge trapping level (CTL). When the Fermi
level matches the charge trapping level, the corresponding defect states are equally
stable, which leads to a 50% occupancy in equilibrium and therefore results in
maximal power of the RTN signal. Thus the CTL is easily accessible in experiments
by varying the gate bias voltage [6] and is an important parameter for comparing
defect candidates in DFT to experimental data. In the case of defects in SiO; and
HfO, such comparisons are given in Sect. 5.4 and Sect. 6.3, respectively.

4 The Four-State NMP Model

The discovery of degradation mechanisms like BTI and RTN sparked the devel-
opment of several models to describe these phenomena. Earlier models were
based on a classical reaction-diffusion process involving atomic hydrogen [54, 55].
These models were widely accepted in industrial applications. However, new
experimental findings obtained from techniques like TDDS are incompatible with
these models [56]. Modern modeling attempts focus on reaction-limited processes
involving state changes of defects in the oxide or at the interface. Early oxide defect
models were derived from the famous Shockley—Reed-Hall (SRH) model [57, 58],
which was originally derived for defects in the device channel. The SRH model
was extended in order to account for the tunneling of charges to the oxide [59]
and transition barriers for the experimentally observed temperature-activated charge
transfer [1]. Although these adapted models must be considered as milestones
in reliability physics, they were lacking a solid physical foundation. In this
section, we briefly recap the fundamentals of the 4-state nonradiative multiphonon
model [6, 60-62], which is capable of accurately describing BTI and RTN in a
unified framework. This model treats the charge transfer reactions between defects
and device substrate within the nonradiative multiphonon theory (NMP) [63, 64].
An in-depth discussion on the 4-state NMP model can be found in [65].

4.1 Experimental Evidence for the Four-State NMP Model

Electrical defect characterizing methods like the temporal analysis of RTN signals
or TDDS can be used to extract statistics of the time constants for charge transfers
in the devices. Furthermore, the temperature and bias dependency of these time
constants can be measured. A detailed description of experimental parameter
extraction is given in Chapter 7 of this book [10]. The following key experimental
findings lead to the development of the 4-state NMP model [65, 66]:

* As shown in Fig.7 the characteristic time constants for charge capture and
emission, denoted by 7. and 7, respectively, are very sensitive to temperature.
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Fig. 7 Experimental capture and emission time constants of two different defects obtained through
TDDS measurements. 7. and 7. strongly decrease with higher temperatures. Left: For a switching
trap, both charge capture and emission depend exponentially on the applied gate bias. Right: In
contrast, T, is nearly bias-independent for a so-called fixed charge trap. Adapted from [67]

This indicates a thermally activated process being involved in charge transfer
reactions between the oxide and the substrate. The mean time constants can be
expressed as

Eni
T; X exp (kB_T> 20)

according to Arrhenius’s law with an activation energy E ;. This finding rules
out a SRH-like mechanism for charge trapping in oxide defects. However, charge
transfer based on NMP theory is consistent with these results.

e The charge capture times depend exponentially on the applied gate bias Vg,
which can be easily explained for a NMP process as will be demonstrated in
Sect. 4.3. Furthermore, defects can be categorized in fixed traps and switching
traps depending on the bias-sensitivity of the emission times, see Fig.7 (left)
and (right), respectively. In the case of fixed traps, the emission time is nearly
independent of the bias. This indicates the existence of metastable states, which
allow different competing reaction paths.

e It was demonstrated that a high-frequency bias significantly increases the
resulting capture times. This finding can also be explained with additional defect
states, which limit the overall transition rates.

Most of these experimental findings were obtained for hole traps responsible for
NBTTI in SiO, based devices. However, recent results suggest a similar behavior for
electron traps in high-«x materials like HfO,. Therefore, it can be assumed that the
4-state model is also applicable to electron traps in these materials as well [68, 69].
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4.2 State Diagram

Within the 4-state model defects are treated as Markov chains with two stable states
(1, 2) and two metastable states (1, 2"). Using Markov chains for the description
implicitly assumes the defect to be memory-less. This means, the defect behavior
is solely determined by its current state but not the entire history of the defect.
This assumption is crucial for modeling and is justified by the extremely fast
relaxation into the new configuration after a transition [70]. The resulting state
diagram is depicted in Fig. 8. The states 1 and 1’ represent electrically neutral defect
configurations, whereas 2 and 2" are charged states with either an electron or hole
trapped at the defect site. In this model, a shift in the threshold voltage can only
be observed when the defect changes its charge state, i.e., during the transitions
1 & 2/ and 2 & 1'. The thermal transitions 1 < 1’ and 2 < 2’ account for
possible structural relaxation of the defect without charge transfer. Such transitions
are not directly detectable with electrical measurements, since they do not change
the device electrostatics. However, the experimentally observed decorrelation of
7. and 7. as well as the occurrence of fixed traps are clear evidence for their
existence [71].

4.3 Transition Rates

The abstract description in the 4-state model with Markov chains is completely
agnostic towards the microscopic nature of the defect. However, the parameters
within the model allow the calculation of the macroscopic defect behavior, in partic-

Fig. 8 The 4-State model for oxide defects. The defect is assumed to exist in a stable and
metastable configuration both in the neutral and charged state. Here, the metastable states are
indicated with a prime. Thermal transitions are represented by solid lines between states with
the same charge, whereas NMP charge transitions are drawn as dashed lines between states with
different charges
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ular 7. and 7. as a function of the gate voltage Vg, from a solid physical foundation
and are therefore also accessible through experiments. The model parameters can
be also extracted from DFT calculations, which allows the identification of suitable
defect candidates to describe the measurement data.

In the 4-state model all physics is condensed into the transition rates k;; from
an initial state 7 to a final state j. Since these transitions are temperature-activated,
a certain energy barrier E;; has to be overcome. The barriers in the 4-state model
can be depicted with potential energy profiles as shown in Fig. 9. In these plots the
electronic potential energy surfaces V; (R) are evaluated along a path between the
initial and final state, resulting in energy profiles V;(g) as a function of the so-called
configuration coordinate g. Using this picture, the defect states lie in minimum
configurations of the potential energy surfaces. In the case of the thermal transitions
1 & 1’ and 2 & 2’ the transition barrier is determined by the classical transition
state (TS), whereas the transition state of the NMP transitions is in a classical picture
given by the intersection point between the corresponding potential energy surfaces.
In the following we will discuss how the resulting barriers are linked to transition
rates and how they can be determined from DFT simulations.

Thermal Transitions

In thermal transitions there is no charge transfer between the defect and the
device substrate. Thus the defect is described by the same potential energy surface
throughout the transition. Assuming a classical movement of the nuclei on the
energy surface, the mean thermal transition rates can be determined within classical
transition state theory [73, 74] and are given by

- Eij
Tij :kijzvoexp _kBT . (21)
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Here E;; is the thermal barrier, which is determined by the transition state along the
reaction path. vg is known as the attempt frequency and is related to the vibrational
frequency within the harmonic approximation. In most systems, a value of vy =
kgT /h 2 10'3 Hz can be assumed for the attempt frequency [65].

In order to calculate the transition barrier E;; for a specific defect in DFT, finding
the TS between the two states on the high-dimensional potential energy surface is
required. Finding a transition state is more involved than the determination of mini-
mum states, which can be easily found with various optimization schemes [75]. The
standard approach for finding transition states in DFT relies on the nudged elastic
band (NEB) method [76]. This method uses a band of intermediate configurations,
which connects the two states of interest. The total energy of the whole band is then
minimized, driving the intermediate configurations towards the minimum energy
path between the states. The TS is then given by the configuration with highest
energy along this path.

Nonradiative Multiphonon Transitions

Contrary to thermal transitions, NMP transitions describe the transfer of charges.
This involves a change of the electronic state and thus a crossing between potential
energy surfaces as shown in Fig. 10. In this case, the transition is governed by
Fermi’s Golden Rule in combination with the Franck-Condon principle [78, 79].
The resulting transition rate can be expressed as [65]

kij = Aij fij , (22)

where A;; is the electronic matrix element and f;; is the so-called lineshape
function.

Fig. 10 NMP transition
within the harmonic
approximation. Here the
energy profiles are
approximated by parabolas.
The small circles indicate the
DFT energies, which are used
to calculate the harmonic
approximation. An applied
gate bias shifts the energy
profiles relative to each other
by AS. This leads to bias
dependent intersection points
(IP) and transition barriers.
Adapted from [77]

Total Energy
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The electronic matrix element, which describes the coupling between the defect
states and the device substrate, is given by

2 A 2

Ay == il A )| 23)

with the perturbation operator H'. A; j is not obtainable from bulk oxide DFT

simulations since information about the wavefunctions of the charge reservoirs in

the substrate valence and conduction band is not available. Instead, A;; is frequently
approximated by a semi-classical approach

Ajj & vpov. (24)

Here vy, = +/8kpT /rm* denotes the thermal velocity of the charge carriers in the
substrate, o is an effective capture cross section, which is fitted to experimental data
(e.g., 0 = 3.0 x 107" cm? [80]). ¥ is a tunneling factor given by

9 = exp <—ﬁ> , (25)
X0

where x is an effective tunneling length from a WKB approximation [81] and x; is
the distance of the defect from the interface.

The lineshape function f;; accounts for the vibrational overlaps between the two
states. Assuming a thermal equilibrium in the initial state, the lineshape function
can be written as

fij = ave ((nialnjp) 8 (Eia — Eig)) - (26)

Here ave stands for the thermal average within a canonical ensemble. However,
implementations of the NMP model in device simulators typically use a much
simpler approach for the lineshape function. In the limit of high temperatures it
can be shown [62] that the lineshape function is only determined by the classical
intersection point of the corresponding potential energy surfaces

~ Eij
fij ~ exp _kB_T . 27

Here, E;; denotes the classical barrier defined by the intersection point. However, a
similar problem arises here as for the thermal transitions discussed earlier. Due to
the exponential dependence on the barrier height, the reaction path with the lowest
possible barrier dominantly contributes to f;;. Although this minimum energy path
can be found in DFT by applying constraint optimization algorithms [82], such
methods are rather expensive for the study of oxide defects, especially when dealing
with an ensemble of defects as is the case in amorphous oxides. Instead, the potential
energy surfaces are approximated by parabolas as indicated in Fig. 10. Within this
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approximation the energy profiles are solely determined by a fit to the energies
of four DFT single-point calculations. The resulting parabolas are then used to
calculate the intersection point and the classical lineshape function f;;.

One important aspect, which has to be considered, is that the formation energies
of the defect are influenced by the applied gate bias. On the one hand this influence
is introduced by the change of the Fermi level within the charge reservoirs. On
the other hand the difference in electrostatic potential between defect and device
channel results in an additional energy shift. This effect is accounted for by a field-
dependent trap level. Assuming a charge-free dielectric, a simple linear model for
the trap can be used

Er = Ero+ AS with AS = QFx,. (28)

Here, ET  is the trap level at flatband conditions and F is the electric field inside
the oxide. Furthermore, oxide defects can potentially exchange charges with many
states within the semiconductor valence or conduction band. The total transition rate
is therefore given by a summation over all band states. For example in the case of
hole traps this results in the transition rates

ki =/ D(E) fp(E)A1»(E, ET) fiy(E, ET)dE (29a)
ko =/ D(E) fu(E)Ay1(E, E1) f21(E, ET)dE. (29b)

Here D is the substrate’s density of states, f, and f), are the occupation probabilities
for electrons and holes, respectively. Note that the matrix element A;; as well as the
lineshape function f;; are expressed as a function of the trap level ET and the energy
E of the charge reservoir state. Applied to a pMOS device and given the additional
assumption that defects mostly interact with the Si valence band edge, Eq. 29 leads
to a simple analytical expressions for the transitions rates:

Eq»
ki = punod exp (-@%) (30a)
Ey| 4+ Evsi— E
ky'y = punod exp <— 21+ BV Si F) . (30b)
kgT

The resulting NMP transition rates reflect the experimental findings. Firstly, charge
transitions depend exponentially on the gate bias, which changes the barriers Ey
and Ey/;. Furthermore, the NMP rates explain the observed thermal activation. From
Eq.29 or 30 one can extract activation energies for defect candidates with DFT,
which also allows a comparison to experimental data.

In our derivations we mainly focused on hole traps and their interaction with
the substrate’s valence band; however, similar equations for transition rates can also
be derived for electron traps. The full set of rate equations alongside an in-depth
discussion of the NMP model can be found in [65].
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5 Defects in Amorphous SiO;

SiO; is the native oxide of the Si substrate and has therefore been used as gate
dielectric since the early days of microelectronics. Although SiO; is increasingly
replaced by high-« materials like HfO; in order to improve the electrostatic channel
control, the study of defects in a-SiO;, is still highly relevant for reliability concerns.
Defects in SiO; also play a role in modern high-x gate stack structures since a
thin SiO, layer always forms at the Si interface during oxide deposition. Defects
in this layer can potentially trap charges rather easily due to the small distance
to the channel and therefore contribute considerably to BTI and RTN in high-
k devices. Modern devices also use nitrided SiO; (SiON) in order to decrease
the gate leakage current. As was shown experimentally in [83], defects in SiON
behave similarly to the ones in pure SiO;; therefore, it is sufficient to model
defects in the much simpler SiO, system. The Si/SiO; material system is well
understood both experimentally and theoretically; a plethora of data is therefore
available as a reference for theoretical defect studies using DFT. Furthermore, defect
densities can be kept low in the Si oxidation process, which allows an experimental
characterization of individual defects in small-area devices using techniques like
TDDS. In the following, the key findings of recent ab-initio studies on defects in
a-SiOy are summarized. All results presented here were obtained from periodic
random network models containing 216 atoms, as described in Sect. 3.

5.1 Oxygen Vacancies

Presumably the most studied defect in silica is the oxygen vacancy [84-86]. It
is formed when a two-coordinated O atom is missing from the a-SiO; network.
This defect forms naturally during Si oxidation and the resulting defect concen-
tration depends on processing parameters such as temperature and oxygen partial
pressure [87]. Depending on the local defect environment, the oxygen vacancy can
exist in various stable and metastable states with different charges [88]; it thus
supports the aforementioned 4-state defect model, see Fig. 11. In the primary neutral
configuration, the two Si atoms forming the vacancy bind together, which leads
to long ranging distortions in the flexible a-SiO, network surrounding the defect.
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Fig. 11 Oxygen vacancy in a-SiO; with its different configurations mapped to the states in the
4-state model. The turquoise bubbles indicate the HOMO electron distribution [72]
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Since all electrons in this configuration are paired, the state 1 of the OV does not
carry a net spin and thus cannot be detected by spin-resonance measurements. If
the vacancy traps a hole (State 2'), e.g., one of the electrons in the Si-Si bond is
removed, the bond can break and the Si atoms move apart from each other, resulting
in a Si dangling bond. In other cases, hole trapping only weakens the Si—Si bond
instead of breaking it, the resulting spin density is then shared between the two
Si atoms, which is known as the dimer configuration [88, 89]. In both cases, there
is an unpaired electron, which is detectable in ESR measurements. It is assumed
that these two configurations correspond to the experimentally observed E’ center
defect in a-SiO; [90]. In addition, the Si atom without a dangling bond can move
through the plane spanned by its O neighbors. Depending on the local environment,
the backprojected Si atom can be stabilized by a nearby O (see Fig. 11 state 1" and
2). This process is termed puckering and is associated with a thermally activated
transition without charge transfer, e.g., the transitions 1 < 1’ and 2 < 2/ in the
4-state model. The positive state 2 is believed to be the frequently measured E;,
center [90].

Although the OV defect is in principle compatible with the 4-state model,
multiple theoretical studies [72, 91, 92] clearly show that the hole trap level of this
defect is too far below the silicon valence band edge (ET — Ev.si & —3.5eV).
In order for the OV to trap a hole, thick oxides and large electric fields would be
needed. However, in a modern pMOS device with a thin oxide layer the OV remains
neutral under all relevant bias conditions and cannot contribute to NBTI or RTN
through to hole trapping.

5.2 Hydrogen-Induced Defects

Although some models suggested oxygen vacancies as the cause of NBTI [93], the
focus has recently shifted towards hydrogen-related oxide traps [14, 94]. During
the forming gas anneal process, hydrogen is used to passivate Si dangling bonds at
the Si/SiO; interface. This crucial step is necessary to reduce the high density of
interface traps, which would otherwise occur and significantly degrade the device
characteristics. However, experimental [95] as well as theoretical [96, 97] studies
indicate that hydrogen easily diffuses in SiO, with activation energies as low as
0.2 eV. Furthermore it was shown that there is a connection between hydrogen
concentration during anneal and the resulting density of electrically active oxide
traps [14, 94]. DFT studies indicate that H can form promising candidates for active
defects like the hydrogen bridge or the hydroxyl-E’ center, which will be discussed
in the following.
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Hydrogen Bridge

Although the oxygen vacancy itself stays neutral under typical bias conditions, it
acts as a precursor site for another related defect, the hydrogen bridge (HB) [98].
The HB is formed by the reaction of atomic hydrogen with an OV. DFT studies in
a-quartz conducted by Blochl et al. showed that the HB defect might be responsible
for stress-induced leakage current (SILC) in gate oxides [99]. The formation of a
HB defect from an interstitial H atom and an OV is nearly barrierless, whereas
the reverse reaction of H release from the HB has a thermal barrier of 2.8eV
on average [100]. These reaction kinetics in combination with the abundance of
vacancies and H suggest that a significant amount of HB defects are formed.

The most stable neutral configuration of the HB defect is shown as state 1 in
Fig. 12. Here the atomic H binds to only one of the Si atoms forming the vacancy,
leaving the other one undercoordinated. The resulting ESR from this dangling bond
was first identified by Nelson and Weeks [101]. The Si—H bond length is rather
constant at 1.47 A, whereas the weak interaction with the second Si atom is strongly
dependent on the local environment of the defect, which results in a large spread of
the corresponding Si—H distances [72, 100]. The HB can capture a hole resulting in a
configuration depicted in Fig. 12 state 2. Here the remaining 2 electrons are shared
between the two Si and the H atom, resulting in a nearly symmetrical configuration.
Similar to the aforementioned OV in a-SiO,, the HB can undergo a puckering
transition in both charge states, where one Si atom moves through the plane spanned
by its O neighbors.

Hydroxyl-E’ Center

In amorphous SiO, the Si—O bond lengths and angles do not have well defined
values, but are widely distributed. It was shown in [100] that sites with distorted,
but otherwise intact, Si—O bonds can interact with atomic hydrogen resulting in
new defects, which do not exist in crystalline SiO;. One such defect, the so-called
hydroxyl-E’ center (H-E'), arises from the interaction of H with strained Si—O bonds,
which are significantly longer than the equilibrium bond length of 1.61 A in a-
quartz [39]. In this case, H is able to bind to the oxygen atom and break one of the
two Si—O bonds, resulting in a hydroxyl group facing a Si dangling bond as depicted
in Fig. 13 (state 1). Such a configuration is more stable than the interstitial H by
0.8 eV on average. Due to the significant amount of strained bonds in a-SiO» and its
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Fig. 12 Different configurations of the hydrogen bridge defect within the 4-state model [72]
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Fig. 13 Different configurations of the hydroxyl-E’ center within the 4-state model [72]

thermodynamical stability, the H-E’ center is expected to be formed in significant
quantities, much larger than any other defect. By trapping a hole, the broken Si—
O bond is restored and the positive H ion is bonded to the partially negative O
atom by Coulomb interaction. The hydroxyl-E’ center also supports a 4-state defect
model via a similar puckering transition as those of the OV and HB. Due to its
thermodynamical trap levels (see Sect. 3.4) near the Si valence band, this defect is a
promising candidate for explaining NBTI and RTN in pMOS devices [72].

In addition to the H-E’ center, another hydrogen-related defect in a-SiO; has been
discovered recently [100]. H can donate its electron to a Si atom with a shortened
bond (<1.6 A) and binds electrostatically to the neighboring O atom. This results
in a defect termed [SiO4/H]? center where the Si—O-Si angle is stretched and an
additional electron is localized at one of the Si atoms. Naturally, such a defect is
formed more easily when H encounters a site with an already stretched Si—O-Si
angle. It was shown that this defect is only slightly more stable (0.1-0.2 V) than an
interstitial H atom in a-SiO;. Due to its lower thermodynamic stability and lower
barriers for the H atom to become interstitial again compared to the H-E’ center, it
was concluded that the interaction of H with the a-SiO, network primarily leads to
H-E’ centers instead of [SiO4/H] centers.

5.3 Charge Trapping at Intrinsic Sites

Most atomistic studies on BTI and RTN are focused on charge trapping at defective
sites of the host material. However, certain measured defect bands could not be
linked to any known defects. One example of such an unidentified band are deep
electron traps in SiO; with a trap level of 2.8eV below the a-SiO, conduction
band [102, 103], which are suspected to play a major role for PBTI in SiC based
power devices. The observed high trap density of up to 5.0 x 10'” cm™3 in this
defect band is not consistent with previous assumptions [104] that oxygen-deficient
defects like the E’ center are responsible for these electron traps.

Based on these findings it was suggested that electron trapping does not only
occur at defects but can happen spontaneously at certain sites in a-SiO;. A recent
theoretical study [105] found that the LUMO of the used a-SiO, models is partially
localized at particularly long Si—O bonds, as depicted in Fig. 14 (left). Upon electron
capture, this electronic state is filled and causes a pronounced structural distortion,
which leads to the additional electron being localized at one particular Si atom
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Electron Capture
and Relaxation

Fig. 14 Intrinsic electron trapping in a-SiO;. Left: The LUMO is partially localized at certain
sites in the structure. Right: Upon electron injection this orbital is filled and collapses onto a
single Si atom. Reproduced from [105]

as shown in Fig. 14 (right). This structural relaxation is accompanied by a large
energy gain resulting in a deep electron trap level on average 3.17eV below the
SiO, conduction band. It was further shown that the additional electron always
spontaneously localizes at sites with O-Si—O angles exceeding 132°. Based on
molecular dynamic models, the concentration of such sites was estimated to be
around 4 x 10'” cm™3, which is in excellent agreement with the experimentally
observed trap density at this position in the bandgap.

For the sake of completeness it should be mentioned that intrinsic hole trapping
was also observed in a-SiO, [106]. However, spectroscopic studies [107] together
with later DFT investigations [108] suggest a hole trap level deep below the Si
valence band. It can thus be assumed that intrinsic hole trapping does not contribute
to NBTI or RTN in Si/SiO; based devices.

5.4 Comparison to Experimental Data

Due to the technological importance of SiO; in microelectronics and optics, defects
in this material have been studied extensively both in experiment and theory. Here
we compare the results from various DFT investigations for the aforementioned
defect candidates with experimentally observed defect bands in devices with an
a-SiO; oxide. In this discussion we will focus on comparisons to easily accessible
quantities like thermodynamic trap levels and activation energies for charge transfer
from electrical measurements. Detailed discussions on other parameters within the
4-state model like thermal barriers or relative stabilities can be found in [66, 72, 92].

Trap Level Distributions

Efforts were made to reduce the modeling complexity within the 4-state model,
while at the same time keeping most of its predictive capabilities and capture the
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essence of underlying defect physics. This resulted in an effective 2-state model
implemented in a Compact-Physics framework (Comphy [83]). Based on electrical
MSM sequences defect bands for NBTI and PBTI degradation were extracted for
multiple commercial device architectures within this framework. A comparison
between DFT calculations and the resulting experimental trap levels for the 28 nm
foundry planar technology is shown in Fig. 15. In the case of NBTI degradation
it can be seen that the hydrogen-related defects HB and H-E’ act as hole traps
close to the Si valence band in good agreement with the experimental evidence.
Although the OV defect can capture holes as discussed in Sect. 5.1, the resulting
trap level is far too deep to explain the observed NBTI degradation. Under typical
bias conditions this defect type is mostly neutral and thus does not interfere with the
device electrostatics. The same holds true for intrinsic hole traps. Note that in order
to be most consistent with the 2-state model used in Comphy, in the comparison to
DFT calculations only OV, HB and H-E’ defects were considered which also showed
an effective 2-state character [66].

PBTI degradation in Si/SiO,-based devices is very weak and difficult to mea-
sure accurately. Thus the extracted experimental electron trap levels have some
uncertainty and are drawn as dashed lines. Figure 15 shows that intrinsic electron
traps described in Sect.5.3 may be responsible for this weak observed trap band.
The hydrogen-related defect candidates discussed in Sect.5.2 are known to be
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able of capturing an electron [100], the resulting trap level are also lying near
the experimental range. However, since these studies focused primarily on hole
trapping mechanisms, only little information on electron trapping is available for
these defects. Although PBTI is rather unimportant in Si/SiO» devices, the extracted
defect band may play an important role in SiC/SiO; device degradation due to the
different band alignments. A detailed theoretical study on electron traps in SiO» is
thus desired in future works to better understand the degradation mechanisms in
these devices.

Finally it should be emphasized that calculations of defect trap levels from
DFT depend on the used XC functionals and are strongly affected by the resulting
bandgap. The given distributions should therefore be considered as qualitative
guidelines for the identification of possible defect candidates rather than a quan-
titative analysis. In order to get more accurate estimates for charge trap levels,
higher levels of theory like the GW approximation [110] could be used to calculate
correction terms for the studied defects.

Defect Activation Energies

Although the position of the charge trap level is an important indicator to judge
whether or not a given defect candidate can explain the experimental data, it
only provides the average occupancy in thermal equilibrium at a given gate bias.
However, there is no information about the time scales on which a charge transition
would occur. Using the transition rates of NMP theory (Eq.29) together with the
harmonic approximation shown in Fig. 10 allows the extraction of capture and
emission activation energies for a given defect candidate from DFT simulations.
These quantities are useful since they are also accessible from experiments and
do not depend on the defect position relative to the interface, which would
be meaningless in bulk oxide simulations. Figure 16 shows the distribution of
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Fig. 16 Distributions of hole capture and emission activation energies for the hydrogen bridge and
hydroxyl-E’ center. Significant portions of the distributions lie within the experimental window,
indicating that these defects are active under typical bias conditions. Reproduced from [92]
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activation energies for the hydrogen bridge and the hydroxyl-E’ center alongside
the experimental window in which RTN and BTI can be observed. As can be seen, a
considerable amount of these defect candidates lie within this window, indicating
that they are visible during RTS or TDDS measurements [92]. These findings
suggest that hydrogen-related defects are likely candidates for hole trapping in SiO;.
Although activation energies for intrinsic electron traps are not available, based on
their relaxation energy of 0.8 eV one might speculate that these sites could act as
fast electron traps. However, this needs to be investigated in future works.

Defect Volatility

Defects in a-SiO; are known to frequently disappear during TDDS measurements
and stay inactive for a certain amount of time [111]. Such a defect behavior is termed
volatility. Assuming a first-order thermally activated process as the underlying cause
of volatility, the corresponding activation energies can be estimated by an Arrhenius
law. Given an inactive timespan of at least 1200s at room temperature during
experiments results in an activation energy of around E[‘A’f’l ~ 1.0eV. Furthermore
measurements on large-area devices with varying H content suggest a reaction
involving hydrogen as the root cause of volatility [112]. It is therefore worth taking
a closer look at the kinetics of hydrogen, especially the repassivation of the HB and
HE center defects. In the following the findings of our previous works [72, 113]
regarding the role of hydrogen in defect volatility are summarized.

In the case of the hydrogen bridge, volatility is expected to occur when the H is
released and an oxygen vacancy is formed. Since the Si—H bond is very strong, the
thermal barrier for the repassivation of HB defects is rather high. Nudged elastic
band calculations for the dissociation of the Si—H bond in the positive charge state
at multiple defect sites showed that there is a minimal barrier of 2.6eV for this
reaction. Similar findings also hold true in the neutral charge state. Such high
barriers clearly indicate that HB defects cannot account for the observed volatility.
On the other hand, dissociation of a neutral H-E’ center has a reaction barrier of
1.66eV on average, with a standard deviation of 0.37 eV. Although the barrier is
smaller than for the HB defect, this process still does not provide a satisfactory
explanation for defect volatility. However, it has been demonstrated, that the HT
ion of the positive H-E’ center can dissociate with barriers sometimes even lower
than 1.0eV. In this case, the H' ion could hop to a nearby O site, forming a new
state termed 0" as shown in Fig. 17. It was found that the states 2’ and 0" are
energetically similar, leading to comparable barriers for the forward and backward
reaction. However, since in a-SiO; all O sites differ from each other, the new state
0T may not support the formation of a new electrically active H-E’ center, which
leads to the disappearance of the defect during measurements. Since volatility is
frequently observed in experiments, these theoretical findings suggest that the H-
E’ center might be a better defect candidate to explain the measured trap behavior
compared to the HB.
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Fig. 17 Possible mechanism
behind defect volatility. The
H™ ion of the positive
hydroxyl-E’ center can hop to
nearby O sites with barriers
as low as 1.0eV. This is
possible since the ion is only

bound via Coulomb attraction
and therefore no chemical
bond breaking is required

during this process [72]

(22) (0*)

Fig. 18 Periodic a-HfO,
model with 324 atoms. Most
O atoms within the structure
are threefold-coordinated,
indicating a strong ionic
binding component, which is
absent in a-SiO;. The
majority of Hf atoms are
6-fold coordinated; however,
a significant portion is also 5-
or 7-coordinated. The orange
bubble represents the partially
localized LUMO, showing
precursor sites for intrinsic
charge trapping. Reproduced
from [114]

6 Defects in Amorphous HfO;

Although SiO, was the primary dielectric in microelectronics for decades, further
downscaling of devices required the use of novel gate dielectrics. For example,
the decreasing size of transistors also demands a reduction of the effective oxide
thickness in order to keep the electrostatic control over the channel. However, such
thin oxides have an increased leakage current, which drastically increases the power
consumption and requirements for heat dissipation. To overcome this scaling issue,
a thick layer of a high-« material like hafnia (HfO5) is used to decrease the leakage
current while keeping control over the channel. HfO, can exist in a crystalline cubic
phase and a metastable amorphous phase. HfO;, together with other metal oxides
like ZrO; and Al,Os3, is a non-glass forming oxide. This implies that, contrary to
Si0;, the coordination numbers and oxidation states vary throughout the structure
for the same kind of atoms. Due to the higher degree of disorder compared to a-SiO»,
see Fig. 18, it is suspected that intrinsic charge trapping at under- or overcoordinated
sites plays a fundamental role for BTT and RTN in these materials [114]. Non-glass
forming oxide films on substrates tend to be less stable than comparable SiO» films
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and can undergo structural transformations during processing steps. For example,
HfO, films are known to partially crystallize during annealing [115]. Due to this
additional structural uncertainty, atomistic modeling of non-glass forming metal
oxides is particularly challenging. Devices with high-« dielectrics like HfO, or other
amorphous metal oxides are significantly affected by PBTI degradation, indicating
that electron trapping is more pronounced in these materials than hole trapping.
Although the density of hole traps can be rather high in HfO,, the energetic position
relative to the substrate valence band edge render them mostly inactive in common
gate stack structures like HfO,/Si0,/Si [83].

6.1 Oxygen Vacancies

Similar to SiO,, oxygen vacancies can naturally form in a-HfO, due to local
oxygen deficiency during deposition. Oxygen vacancies in a-HfO; can either form at
two-, three-, or four-coordinated O sites. They are known to exist in neutral, positive,
and negative states. Due to the ionic bonding character in HfO,, oxygen vacancies
behave like F-centers in ionic crystals, i.e., additional charges are strongly localized
within the vacancy [116]. Since oxygen vacancies can also exist in negative charge
states it was assumed that they could be responsible for the high density of electron
traps observed in high-« devices. However, recent theoretical studies [117] showed
that the corresponding trap level Eg/ ~ lies closely below the HfO, conduction
band and is therefore too shallow to explain the experimental findings based on
optical [117] and electrical [83] measurements. As shown in Fig. 19, the positively
charged vacancy is thermodynamically stable for Fermi levels below Eg < 4.3 eV.
This results in a hole trap level Eg/ * above the Si conduction band edge. The
majority of these vacancies will therefore form fixed positive oxide charges.

Fig. 19 Formation energies
for the oxygen vacancy in - T Si
a-HfO;. The spreading of = 1254 — - Bandgap
formation energies due to the @ _0
amorphous host is indicated ip 10.0 -
by the shaded strips. Adapted B
from [117] E
Lg 7.5 1
5 5.0
251, . . .
0 2 4 6

Fermi Level Eg [eV]
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Beside their possible role as charge traps, oxygen vacancies are also investigated
as a potential cause of resistive switching in novel hafnia-based RRAM devices.
It has been demonstrated recently that electron injection in HfO, can create
Frenkel-pairs consisting of oxygen vacancies and interstitial O~ ions. Furthermore,
preexisting oxygen vacancies act as electron traps and can facilitate the formation
of these Frenkel-pairs nearby, resulting in a stable divacancy [118]. This process
suggests a possible aggregation of oxygen vacancies, which leads to a significant
reduction of resistivity due to formation of a conductive filament.

6.2 Intrinsic Charge Trapping

Numerous studies [83, 117] clearly show that electron trapping characteristics in
HfO, have a pronounced dependence on the chemical details of film deposition
as well as the parameters during annealing. These findings suggest electron traps
that are sensitive to the phase of the oxide film, e.g., amorphous or crystalline. A
possible explanation for these electron traps was proposed in [119, 120]. Based on
their theoretical investigations the authors proposed that electron trapping could take
place at intrinsic sites similar to the process already discussed for a-SiO». In the case
of a-HfO,, undercoordinated Hf-ions or elongated Hf—O bonds serve as precursor
sites. Trapped electrons at such sites will be highly localized at two or three Hf
atoms as shown in Fig. 20 (left). Additionally, the d-orbitals of the involved Hf atoms
also carry substantial parts of the excess electron as indicated by the ring-shaped
charge distributions. The extra electron leads to a distortion, where the Hf cations
are pulled towards the trapped charge distribution, whereas the O anions are pushed
outwards. These electron traps are therefore called polarons due to similarities with
the identically named self-trapped charges in crystals. Contrary to crystalline HfO,,
the formation of polarons in a-HfO; is accompanied by a large relaxation energy of
0.8 eV on average, which makes electron polarons stable even at room temperature.

Fig. 20 Charge distributions of intrinsic traps in a-HfO,. Left: In an electron polaron the
additional charge is shared between two or three Hf atoms. The ring-shaped distributions indicate
a participation of the Hf d-orbitals. Right: A hole polaron localizes on several O atoms near the
trapping site. Reproduced from [114]
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Similarly, holes have been demonstrated to localize at certain O atoms, forming
a so-called hole polaron as shown in Fig.20 (right) with a relaxation energy of
0.7eV [119].

6.3 Trap Level Distributions

Similar to Sect. 5.4 we now compare the resulting trap levels of the discussed defects
with the fitted model parameters from experiments using the Comphy framework.
As shown in Fig.21, the experimentally observed hole trap level in a-HfO; lies
within the Si bandgap. This explains the rather weak NBTI response from hafnia in
ordinary HfO,/Si0,/Si stacks. However, the response of this defect band is much
larger when a few additional layers of Al,O3 are deposited on the stack due to
different energetic alignment with respect to the gate Fermi level [83]. Electrical
characterizations on HfO,/Si0»/Si stacks show a large hole trap density in the
HfO, region [83], suggesting HfO; related defects as its origin. In contrast, other
investigations found that the measured hole trap density is nearly unaffected by the
thickness of the deposited HfO; layer, indicating a dominant role of defect states
at the HfO,/Si0; interface for the NBTI phenomenon [118, 121]. As can be seen
in Fig. 21, DFT calculations suggest that the hole trap band in a-HfO, consists
of intrinsic hole polarons, whereas the oxygen vacancy clearly is not a suitable
candidate due to its very high trap level. This finding might also give an explanation
for the experimental discrepancies regarding hole trapping in hafnia. Hole polarons
require an amorphous oxide in order to be stable. During annealing steps the HfO,
layer tends to partially crystallize, leading to different experimental estimates for
the trap location depending on annealing conditions.

Fig. 21 Schematic trap level
distributions from
experiments and DFT
predictions for defect
candidates in a-HfO,, similar
to Fig. 15. Sources:
Experimental [83], OV [117],
intrinsic traps [119]. Note that
in the case of intrinsic traps
the relaxed defect orbital
energy was plotted, since the
thermodynamic trap level was Intrinsic Traps
not calculated in these
studies. However, these

values give an estimate of the /X\

corresponding trap levels

Experimental

ov Si
Bandgap

Trap Distribution

Energy [eV]
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A similar picture can be drawn for the measured electron trap band. Here
the predicted electron trap level for the oxygen vacancy is very close to the
HfO, conduction band and is thus too shallow to account for the experimental
data. However, DFT predictions for electron polarons match the measured trap
levels perfectly. This finding is also supported by time-dependent DFT studies
on the photo-absorption spectra of electron polarons, which fits nicely to optical
measurements in a-HfO, samples [114]. In summary, all these findings lead to the
conclusion that intrinsic electron and hole polarons play a fundamental role in the
BTI degradation mechanism of hafnia-based devices.

7 Summary and Outlook

In this chapter we have investigated the microscopic structure of possible defect
candidates responsible for RTN and BTI in SiO, and HfO,, two of the most
important gate oxide materials in microelectronics. Using molecular dynamics
together with the melt-quench procedure allows for the realistic atomic modeling
of amorphous gate oxides. Density functional theory can then be used to create
defects inside these model structures and study their behavior from first principles.
In combination with the 4-state NMP model, important defect parameters like the
thermodynamic trap level or charge transition barriers and activation energies can
be extracted from DFT. These parameters are also accessible from experimental
measurement techniques like the analysis of RTN signals or time-dependent defect
spectroscopy. This allows for the identification of relevant defects and might lead to
strategies for improving device reliability.

Contrary to previous assumptions, we showed that RTN and NBTTI in devices
with SiO; gate oxide cannot be explained by oxygen vacancies since they stay
mostly inactive under typical operating conditions. However, hydrogen-related
defects like the hydrogen bridge and the hydroxyl-E’ center are likely acting
as hole traps. Furthermore it was demonstrated that strained structures within
amorphous silica act as intrinsic electron traps. Although there is a need for
further investigations, the available data suggests that these intrinsic traps might be
responsible for PBTI degradation, which is particularly important for power devices
based on SiC.

High-« materials like HfO; are non-glass forming metal oxides. Due to the high
degree of disorder in their amorphous phase, intrinsic charge trapping seems to play
a major role for device reliability in these materials. It was shown that intrinsic
hole and electron traps in HfO, match the experimental charge trap levels nearly
perfectly. However, so far it is unknown if these intrinsic traps possess metastable
states as required by the 4-state model. Also, the charge trapping dynamics of these
sites need further investigation.

All results presented in this work are obtained from bulk oxide models. This is
a frequently used and convenient model simplification. However, many defects are
expected to be near the interface, where the assumption of bulk-like oxide properties
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is likely breaking down. For example, the oxide near the interface is usually strained
and might not be stoichiometric. In order to study the impact of these effects on
defects, theoretical studies on interface models should be conducted in the future.
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