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The interaction of charge carriers with hydrogen-related defects plays a key role in modern semicon-
ductor applications. Particularly in the field of micro- and nanoelectronics, where silicon together with
amorphous gate oxides is still the technology of choice, Si—H bonds participate in a rich variety of
phenomena. For example, the passivating nature of H and its influence on surface reconstruction are
fundamentally useful features for modern technologies and emerging research fields alike. However, the
dissociation of Si—H bonds results in electrically active defects and is associated with a number of device
reliability issues. In this work we develop a general quantum kinetic formulation to describe the dynamics
of bond excitation and breaking. The wealth of experimental and theoretical studies on Si—H bond break-
ing induced by energetic carriers enables us to extract the most useful excitation pathways. Based on the
open-system density-matrix theory we develop a model that accounts for all relevant system-bath inter-
actions: vibrational relaxation and dipole scattering as well as resonance-induced excitation. In contrast
to existing theoretical studies, our model is coupled to a Boltzmann transport equation solver, which is
required for the correct consideration of nonequilibrium carrier energy distribution functions occuring in
an electronic device. Finally, we apply our framework to model Si—H bond breakage at the Si/SiO2 inter-
face and validate our approach against different experimental data sets. The results provide a fundamental
understanding of Si—H dissociation mechanisms and allow for an accurate microscopic description of
hot-carrier-induced damage at the device level. Due to the model formulation being free of empirical
parameters, the approach can be easily applied to future technologies and materials systems.

DOI: 10.1103/PhysRevApplied.16.014026

I. INTRODUCTION

Material defects are unavoidable in any electronic
device and their existence is a major challenge for
nanoscale electronics that impose limits on their reliability.
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Point defects induced during processing or generated dur-
ing operation potentially act as localized trapping sites
for charges and thereby strongly affect the electrical per-
formance. Among the various degradation phenomena,
bias temperature instabilities (BTI) [1–4] and hot-carrier
degradation (HCD) [5–9] are the main concerns in mod-
ern MOSFETs, as recently reported by Intel [10]. While
the theory of BTI is already quite well understood within
the framework of nonradiative multiphonon transitions
[11], the underlying physics of HCD have not been fully
clarified yet.

During hot-carrier degradation, hydrogen-passivated sil-
icon bonds at the Si/SiO2 interface are broken and silicon
dangling bonds (DBs) are created, which are commonly
referred to as Pb centers [12]. These amphoteric dan-
gling bonds exhibit two trap levels within the silicon band
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gap and are electrically active [13–16]. Depending on the
Fermi level inside the semiconductor, the DB becomes
charged and locally perturbs the electrostatics of the device
and degrades the carrier mobility. A feature of HCD is
its strong spatial localization. The largest number of Si
DBs, and thus the largest damage, is always observed close
to the drain end of the channel. To describe this phe-
nomenon, HCD models have evolved from phenomeno-
logical approaches [17,18] to more complex formulations
to capture its manifold dependencies [5,7,19].

The major breakthrough in modeling and understand-
ing HCD in electronic devices is due to the work by the
group of Hess [20–23]. This work also serves as a basis for
further developments by two groups, namely the group of
Bravaix [8,9] and our own work [6,24]. The key idea and
overall assumptions of these models is to link a thorough
carrier-transport treatment with two different but interact-
ing regimes for defect creation: a direct and an indirect
excitation mechanism of the Si—H bond.

While carriers move through the channel of a MOS-
FET, they can undergo different scattering events, thereby
exchanging energy, which results in a rather broad and
complex distribution of energies, including a high energy
tail, i.e., heated carriers. The quantity that, therefore, needs
to be addressed is the carrier energy distribution function
(EDF). The EDF is a continuous quantity, which provides
information on how carriers are distributed over energy.
Consequently, an adequate description of carrier transport
is compulsory for a proper treatment of hot-carrier-related
reliability issues in semiconductor devices.

The actual defect creation mechanism is dominated by
two regimes, 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 chan-
nel. Only one solitary carrier, with an energy greater than
the excitation threshold of this process, triggers the des-
orption of hydrogen. This regime is based on the physical
context of an electronic excitation of one of the valence
electrons. On the other hand, the MP mechanism describes
a consecutive ladder climbing process. Several carriers
with moderate energies are needed to excite the vibrational
eigenstates of the Si—H bond. However, no details of the
physical principle of vibrational excitation of the bond by
channel carriers has so far been given, despite its rele-
vance in recent modeling approaches. While the group of
Hess [23] has speculated about a resonance-based process,
this idea has never been implemented in an actual model.
The basic idea here is that electrons possibly localize in
the vicinity of the Si—H bond via an accessible electronic
resonance state and can excite its phonon modes.

This paper aims at developing a consistent physical
model, which describes how carriers with energies fol-
lowing a nonequilibrium distribution function interact and
eventually break a silicon hydrogen bond. Preliminary
results and a superficial outline of the established

framework have been published in a recent work [25].
However, this work presents a complete bottom-up
approach ranging from atomistic details explored using
classical force fields and density-functional theory (DFT)
to a description of a quantum-mechanical model for
bond dissociation up to semiconductor device simulations,
including carrier transport. We focus on the various possi-
ble physical origins of Si—H bond-breaking mechanisms
and develop a model for describing its dynamics, which
can be applied to capture hot-carrier degradation at the
device level. Our model is based on a large number of
experimental and theoretical studies, offering a wealth of
information explaining the interaction of electrons and
adsorbates on surfaces. In particular, we use scanning tun-
neling microscope studies and combine these results with
our own data to identify the responsible processes triggered
by hot carriers in a device, see Sec. II. In Sec. III we pro-
vide details about the theoretical concepts being utilized.
We use the density-matrix formalism for an open quan-
tum system to capture the dynamics of the Si—H bond
when interacting with its environment. The bond-breakage
trajectory is an essential ingredient, which has been iden-
tified in our recent work, see Ref. [26]. Subsequently, we
develop a model to explain hot-carrier-induced damage at
the Si/SiO2 interface and apply the framework to describe
different measurement trends, see Sec. IV. Finally, we dis-
cuss how our approach improves the understanding of
the interaction with different charge carriers, electrons and
holes, and the implications on electronic devices and future
technologies.

II. EXPERIMENTALLY INDUCED EXCITATION
MECHANISMS

Due to the technological relevance of the silicon surface
for the majority of nanoelectronic devices, its various sur-
face orientations have already been very well examined.
Controlling and dissociating single adsorbates on a sur-
face is a key step towards understanding the dynamics of
bond breaking. Popular methods to excite and/or desorb
the surface-adsorbate complex include the STM and lasers
(using either infrared or ultraviolet photons). While STM
experiments use electrons to excite and desorb individual
molecules and adsorbates, lasers can trigger dissociation
or excitation 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
mediated via a resonance [27].

As discussed in the Introduction, breaking of Si—H
bonds plays a major role for device reliability issues,
specifically for HCD at the Si/SiO2 interface. In agree-
ment with investigations on Si dangling bonds on surfaces,
the same kinds of defects are also present in electronic
devices, known as Pb centers. The technologically rele-
vant (100)Si/SiO2 interface exhibits two defects called Pb0

014026-2



QUANTUM CHEMISTRY TREATMENT OF SILICON-HYDROGEN... PHYS. REV. APPLIED 16, 014026 (2021)

and Pb1, with their symmetry axis not aligned with the sur-
face normal [13–15,28–30]. Both defects have been clearly
identified using ESR spectroscopy as a single sp3 hybrid
orbital facing a silicon atom vacancy. However, only the
Pb0 was clearly associated with a trivalent interfacial Si
back bonded to three Si atoms in the bulk [13,28]. The
properties of the Pb1 center, on the other hand, are quite
controversial and different groups have suggested con-
tradictory atomistic structures [15,31–33]. However, the
overall characteristics of interface defects—ESR response,
amphoteric character with defect levels inside the sili-
con band gap, and its atomistic structure—render them
compatible to DBs observed at terminated Si surfaces
[34,35].

Reviewing the wealth of information available for H
dissociation on a passivated Si surface suggests that the
various excitation mechanisms can be separated to extract
the most useful contributions. By comparing the require-
ments to trigger specific bond-breaking mechanisms to
the conditions in a MOSFET, it is possible to link the

well-known desorption induced by electronic transition
(DIET) and desorption induced by multiple electronic
transition (DIMET) processes [27,36,37] to possible exci-
tations in electronic devices. Note that in the following
experiments breaking a single Si—H bond on the surface
is dominated by its stretching mode [38,39]. While the
energetic situation and the dissociation mechanism in a
MOSFET is certainly different compared to STM measure-
ments as we have shown in a recent study, see Ref. [26],
we demonstrate that the physical principle of how carri-
ers interact with bonds and trigger excitations is consistent
with the aforementioned studies, see Fig. 1.

A. Electronic excitations

A significant contribution towards the understanding
of STM-induced Si—H bond breaking was made by the
group of Avouris [40–42], who suggested that one possi-
ble way to trigger H dissociation is related to an electronic
excitation. An excited electronic state can be formed on an
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FIG. 1. Schematics of possible electronic excitation processes (lower panels) together with their 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
created excited state exhibits a repulsive potential, bond breaking can be induced. Such a process can be triggered by electrons emitted
by a STM tip or photons from a laser light with sufficient energy. (2b) Substrate-mediated photochemistry on a surface. The incident
photon creates a thermalized distribution (described by a Fermi-Dirac distribution) and carriers can scatter into an unoccupied state.
(2c) STM-induced excitation of a Si—H bond via electron attachment. The carriers can tunnel into an adsorbate-induced resonance
and upon inelastic relaxation produce multiple vibrational excitations. By applying a voltage on the surface with respect to the tip
one can adjust the energies of the tunneling electrons. (3d) Charge carriers 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 the superimposed distribution function is shown on a logarithmic scale), severely distorted from the
equilibrium. If carriers gain enough energy they can scatter into a resonance, similar to (2b),(2c).
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adsorbate complex when the electron energy in the STM
exceeds the threshold of one of the possible electronic
transitions, see Fig 1 (1). Provided that the newly cre-
ated state is sufficiently repulsive, breaking of adsorbate-
surface bonds can be induced. In the case of Si—H bonds,
this excitation is associated with a σ → σ ∗ transition
(σ , occupied bonding orbital; σ ∗, unoccupied antibonding
orbital), thereby changing the potential energy profile to
a repulsive potential. Such a mechanism for Si—H bond
breaking has been suggested in many papers [36,43–52]
with an onset of approximately 6.5 eV and a peak at 8 eV.
Experimentally it was found that increasing the energy of
the STM electrons beyond this value did not impact the
hydrogen desorption yield. Comparable results have been
reported using laser light (157 nm, 7.9 eV) to trigger direct
photodesorption of atomic hydrogen from Si surfaces [53–
55]. Additionally, theoretical studies [40,56] showed that a
competing effect of motion on the excited potential is elec-
tronic quenching, which will relax the system back to its
electronic ground state. This efficient mechanism results in
hydrogen desorption originating from a rather hot ground
state, i.e., a vibrationally excited ground state, than from
the excited potential profile.

B. Multiple-vibrational excitations

When the sample bias of the STM is reduced below the
threshold of the electronic excitation, it has been observed
that the yield is lower but not zero [38,43,57]. Furthermore,
the yield in the energy range between 2 and 6 eV strongly
depends on the applied voltage and the tunneling cur-
rent [37–39,57,58]. The underlying mechanism is due to
tunneling electrons resonantly scattering at the adsorbate,
see Fig. 1 (2), thereby triggering vibrational excitations
[38,40,57]. In the case of the Si—H bond it is assumed that
the unoccupied σ ∗ orbital is associated with this process
[38,57]. The same mechanism applies to holes scattering
into an available cation resonance formed by the occupied
σ orbital of the Si—H complex.

Although the measurement data reported by various
groups [38,40,43,57] could be explained quite well by dif-
ferent vibrational heating models, using either a coherent
or an incoherent formulation, the details of the mechanism
are not yet fully understood. In both models an electron
attaches to an unoccupied orbital, thereby forming a nega-
tive ion resonance. During the inelastic relaxation process
of the electron, it transfers a part of its energy to the
Si—H vibration. While in the incoherent formulation it is
only able to transfer one quantum of energy, the coher-
ent model allows for a bigger portion and thus enables the
electron to excite a larger number of vibrational quanta.
However, in more recent publications [57,59] it was shown
that less electrons are needed to dissociate hydrogen than
assumed in the incoherent model. This renders the coherent
formulation more compatible to the observed behavior.

C. Dipole-induced excitations

Another excitation channel is related to the interaction
of the vibrational transition dipole of an adsorbate with
an electric field [60]. The electric field due to the elec-
trons’ tunneling from the STM tip to the surface is able to
couple to the transition dipole moment and induce a tran-
sition between vibrational states. Examining an adsorbate
on a surface with a STM, the dominant dipole component
is perpendicular to the surface, which corresponds to the
directions of the tunneling electrons.

D. Relation to HCD

The detailed picture of excitation processes together
with the understanding of how charge carriers can
interact with an adsorbate complex presented in this
section provides the fundamental framework to describe
hot-carrier-related degradation phenomena in MOSFETs.
There is an unambiguous connection between experimen-
tally observed Si—H bond-breaking processes and HCD
in electronic devices, see Fig. 1 (3). One possibility to
dissociate H is clearly associated with an electronic excita-
tion, namely the σ → σ ∗ transition. However, rather high
energetic carriers, which are unlikely to be present in an
electronic device, of about 6–8 eV are needed to trig-
ger such an electronic transition. On the other hand, a
combination of an electronic (anionic and cationic) reso-
nance scattering and vibrational heating mechanism seems
more likely to be the driving force for the creation of
interface states, see Fig. 1 (2) and (3). The moderate car-
rier energies needed for this excitation channel together
with its strong current dependence agree well with the
characteristic features of hot-carrier effects in MOSFETs.
However, dipole-induced excitations are more complicated
to quantify. First, the Si—H bond at the Si/SiO2 inter-
face is generally not perpendicular to the interface, but
rather forms an angle of approximately 54.7◦ with respect
to the Si(100) surface normal in its idealized configura-
tion. Furthermore, charged carriers move parallel to the
interface in the inversion layer of the MOSFET, which
results in a more complex coupling to the Si—H dipole
moment, which is given by E · µ, where E is the electric
field and µ is the dipole moment vector. Second, additional
spatial-dependent fields are present in an electronic device
during operation. However, as we show in Appendix D,
the Si—H bond exhibits only a small dipole vector and
interacts extremely weakly with moderate electric field
strengths. Thus, we expect a very small contribution from
this excitation mechanism.

III. MODELING FRAMEWORK

This part of the paper focuses on the theoretical founda-
tions, namely an adequate description of carrier transport
in electronic devices, the formulation of the transition rates
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Charge carriers f(ε)
Phonon bath

Electric field F

V (q)

V ∗(q)

FIG. 2. Schematic visualization of the different interactions
considered in this work. The dynamics of a Si—H bond at the
silicon-oxide interface are determined by inelastic scattering due
to electrons, namely dipole- and resonance-induced excitations,
characterized by the EDF f (ε) and relaxation due to the coupling
with the phonon bath. The excitation and eventually breakage of
the Si—H complex proceeds via an anion or cation resonance
state V∗(q), where q is the reaction coordinate.

�i, f between vibrational eigenstates of the Si—H bond,
and the relation of such a microscopic description to the
experimentally quantifiable degradation trend. The aim
is to capture the fundamental physics behind the inter-
action of Si—H bonds at the Si/SiO2 interface with its
environment including energetic charge carriers.

As already outlined in the previous section there are
three major contributions that determine the dynamics of
the Si—H bond:

(a) Vibrational dipole-induced excitations triggered by
a current.

(b) Excitations due to a transient population of an elec-
tronic resonance state.

(c) Vibrational relaxations according to the coupling
with the surrounding phonon bath.

While the first two components can be formulated in terms
of an inelastic scattering process of an incoming carrier and
strongly depend on the density of charge carriers and their
distribution over energy, the latter requires knowledge of
the environment and its properties. A graphical illustration
of the individual processes is schematically given in Fig. 2.
Each component and ingredient of the proposed approach
will be discussed in detail below.

A. Device simulations

Modern-technology computer-aided design (TCAD)
has become a powerful tool for the development
of semiconductor devices and technologies. Despite

inevitable deficiencies for ultrascaled devices, which can
only be rectified using empirical arguments, moment-
based approaches such as the drift diffusion or the
hydrodynamic scheme [61] are still among the most
popular simulation methods. However, for particular appli-
cations, such as hot-carrier-related device reliability issues,
a deeper understanding of the underlying physical pro-
cesses together with an adequate description of carrier
transport at the nanometer scale is mandatory [62,63].

The Boltzmann transport equation (BTE), obeying semi-
classical dynamics for electrons together with a quantum-
mechanical treatment of scattering, is commonly consid-
ered to provide an accurate description for the continuous
carrier probability distribution function f (x, k, t). The lat-
ter is a seven–dimensional quantity depending on time t,
the spatial coordinate x and momentum space k. The BTE
is given by

(
∂

∂t
+ v · ∇x + F

�
· ∇k

)
f (x, k, t) = Q{f (x, k, t)}, (1)

where v is the carrier velocity depending on the carrier
momentum, F denotes the electrostatic force due to the
particle charge obtained through a self-consistent solu-
tion of the Poisson equation, and Q refers to the scat-
tering operator. However, solving the BTE, in particular
obtaining a self-consistently coupled solution for elec-
trons and holes, fn and fp , is a computationally challenging
task due to the high dimensionality of the problem. Two
different approaches have been established in the past
to numerically solve the BTE: a stochastic formulation
using the Monte Carlo method [65], and a determinis-
tic approach employing the spherical harmonic expansion
(SHE) method [66], which has been used in this work. The
SHE approach exploits the expansion of the distribution of
carrier momentum into spherical harmonics

f (x, k, t) =
∞∑

l=0

l∑
m=−l

fl,m(x, ε, t)Yl,m(θ ,ϕ), (2)

where the wave vector k is written in spherical coordi-
nates ε, θ , and ϕ on equienergy surfaces. For mathematical
details and derivations the reader is referred to the litera-
ture, see Refs. [67–69], and in particular to Ref. [66] for
recent computational advances.

Within this work we consider several types of carrier
interactions with the crystal lattice or with other carri-
ers, represented by the scattering operator Q{f (x, k, t)} in
Eq. (1). The scattering operator is assumed to be given in
the linear form [66,67,70]

Q{f (x, k, t)} = 1
(2π)3

∫
B

s(x, k′, k)f (x, k′, t)

− s(x, k, k′)f (x, k, t)dk′, (3)

014026-5



MARKUS JECH et al. PHYS. REV. APPLIED 16, 014026 (2021)

−4 −3 −2 −1 0 1 2 3 4
Energy (eV)

0.0

0.2

0.4

0.6

0.8

1.0

1.2

1.4

D
en

si
ty

of
st

at
es

(m
−3

eV
− 1

)
×1028

solid: BTE-model, dashed: DFT

DOS electrons and conduction band

DOS holes and valence band

FIG. 3. Density of states for Si when considering full band
effects as done in the Boltzmann transport equation according
to the formulation in Ref. [64]. Shown are the density of states
for the conduction and valence band for silicon as used in our
approach, which nicely reproduces the DOS of the full band
structure obtained from DFT calculations for the full energy
range.

with s(x, k, k′) being the rate of transition from k to k′ in
phase space. Particle interactions such as (approximately)
elastic and inelastic events due to acoustic and optical
phonon scattering, surface scattering, scattering at ion-
ized impurities, as well as impact ionization have been
included in the present calculations. Furthermore, full band
effects, based on the proposed method in Ref. [64], are
included in our simulations due to the occurrence of carri-
ers with substantial energies, which can not be adequately
described within simplified approaches, which describe
only the band structure near the valence- and conduction-
band edge properly. The utilized formulation for the den-
sity of states for the conduction and valence band is shown
in Fig. 3 and compared to a bulk silicon DFT calcula-
tion conducted with the CP2K package in conjunction with
the semilocal Perdew-Burke-Ernzerhof (PBE) functional.
Further technical details can be found in the Appendix.

The procedure to couple the device simulations of the
MOSFETs to the calculations for the creation of interface
defects using the solutions of the BTE is as follows: first,
the device structures are calibrated to measurements of the
pristine device using ID − VG characteristics within our
device simulator Minimos–NT [71,72] employing a drift-
diffusion scheme. Subsequently, for selected bias points
(the stress conditions for which the degradation has been
characterized) a full self-consistent solution of the BTE for
electrons and holes is obtained, which yields the informa-
tion on how carriers are distributed over energy, given as
the energy distribution function. This information is fur-
ther used within our modeling approach to account for the
interaction of hot carriers with Si—H bonds at the channel-
oxide interface and calculate the bond dynamics, i.e., the
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FIG. 4. A solution of the Boltzmann transport equation of
a 65-nm SiON-based nMOSFET calculated at the bias condi-
tions VG = VD = 2.2 (V) and T = 293 K with our deterministic
Boltzmann transport equation solver. The upper panel shows the
distribution of carriers with energies higher than 1 eV. Clearly
visible is the accumulation of hot carriers at the drain end of the
channel due to the acceleration of carriers induced by the elec-
tric field along the channel-oxide interface. The complete energy
distribution function along the Si/SiO2 interface is given in the
lower panel. Due to the electrostatic force and the various scat-
tering mechanisms, the EDF evolves from a Fermi-Dirac-like
distribution in equilibrium on the source side to a complex EDF
including a heated carrier ensemble towards the drain.

number of created interface defects Nit(t). Ultimately, this
quantity is coupled back to our TCAD tool to calculate the
impact of those defects as a degradation trend over time.
An example for a BTE solution is given in Fig. 4, which
shows the electron EDF of an nMOSFET calculated at
VG = VD = 2.2 V and T = 293 K. The upper graph shows
the density of carriers, which possess an energy greater
than 1 eV. Clearly visible is the characteristic accumulation
of energetic, hot, carriers at the drain end of the channel.
Carriers gain energy due to the acceleration of the electric
field along the channel, but also exchange energy via the
aforementioned scattering mechanisms. This results in an
evolution of the EDF from source to drain, as can be seen
in the lower panel of Fig. 4, and a rather complex shape of
the EDF including a high energy tail, which extends up to
4 eV and represents the heated carrier ensemble.

B. Theoretical treatment: system-bath interactions

Ideally, all dissipative and inelastic couplings leading to
changes of the states in the total system are included. How-
ever, due to the macroscopic nature of the bath, an explicit
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treatment of the system’s dynamics is desired while the
bath entity is described implicitly. Here, the term system
refers to the Si—H complex, while the description of the
bath or environment applies to silicon-oxide interface and
its properties. Open-system density-matrix theory is used
to study the problem at hand, in particular, the Lindblad
semigroup functional formulation [73], which is based on
a Markov and secular approximation. Within this approach
the bath modes are traced out, which results in equations
of motion solely for the system part. Expressed through
the reduced density operator ρ̂S, the system dynamics are
governed by the Lindblad equation:

∂

∂t
ρ̂S(t) = LSρ̂S + LDρ̂S = − i

�

[
ĤS, ρ̂S

]
+ LDρ̂S, (4)

where LS and LD are the system and dissipative superop-
erator, respectively. Furthermore, utilizing the eigenstate
representation of ρ̂S, such as the eigenfunctions |φn〉 of the
system Hamiltonian, ρnm = 〈φn|ρ̂|φm〉, allows the interpre-
tation of the diagonal elements ρnn as the level populations
Pn and the off-diagonal represents the coherences between
two states.

The dissipative superoperator LD within this approach
is given by

LDρ̂S =
∑

k

(
Ĉkρ̂SĈ†

k−
1
2

[
Ĉ†

kĈk, ρ̂S

]
+

)
, (5)

with Ĉk being the Lindblad operators, defining the nature
of a specific dissipative channel indexed by k. They
account for population transfer between eigenstates of
the ground-state potential energy curve (PEC) of the sys-
tem due to vibrational relaxation and inelastic scattering.
Together with Eq. (4) the Lindblad form guarantees posi-
tive state populations and a conserved norm by mathemat-
ical construction. The Lindblad operators can be expressed
as

Ĉk = √
�i, f |φf 〉 〈φi| , (6)

with �i, f being the transition rate from the system eigen-
state |φi〉 to the system eigenstate |φf 〉. The transition rate
depends on the type of perturbation as well as on the bond
complex and its properties. A general formulation is given
by Fermi’s golden rule (FGR)

�i, f = 2π
�

∑
I ,F

fI (T, ε) [1 − fF(T, ε)]

× |〈�F ,f |V̂|�I ,i〉|2δ(EI ,i − EF ,f ), (7)

where the summations run over all collective initial I and
final states F of the environment, weighted with a prob-
ability distribution function f (T, ε). Assuming a weak

coupling of the system and its environment, one can choose
�I ,i and �F ,f to be a product of vibrational system modes
φi, f and environment states �I ,F . Depending on the nature
of the perturbation, specified by the coupling operator
V̂, �I ,F describes the phonon bath modes with f (T, ε)
accounting for the thermal population of the bath oscillator
states, whereas for the interaction of a charge carrier with
an electronic resonance it describes the electronic subspace
for incoming carrier scattering from I to F represented by
an energy distribution function f (T, ε).

In the following, Eq. (7) is used to calculate transfer
rates of localized Si—H eigenstates due to various mech-
anisms. Contributions originating from bond vibration-
phonon coupling as well as from inelastic electron tunnel-
ing are included. The latter can either arise due to dipole
scattering or resonance scattering. Eventually, the total rate
�i, f is the sum of all individual contributions:

�tot
i, f = �vib

i, f + �
dip,inel
i, f + �

res,inel
i, f . (8)

C. Model potential

Contrary to H-terminated Si surfaces, where the Si—H
stretching mode is assumed to be responsible for the cre-
ation of Si dangling bonds, we have recently shown that
breaking of Si—H at the Si/SiO2 follows a more com-
plicated trajectory [26]. In an initial step, the hydrogen
atom moves towards an adjacent Si atom and subsequently
relaxes into the next but one bond-center site. The ground-
state PEC V(q) along the one-dimensional reaction coordi-
nate together with the respective atomistic configurations
is shown in Fig. 5. Note that throughout this work we
use mass-weighted coordinates x = xcartesian · √

m. Here,
xcartesian,i is the spatial displacement of the involved atom
i along the reaction path for the Si—H rupture process
extracted in Ref. [26], and mi is the corresponding mass
of the individual atom. The collective motion has been
restricted to the direct vicinity of the region of interest,
see the highlighted atoms in the top panels of Fig. 5, only
including displacements passing the threshold of at least
5% of the maximum displacement. Overall, the reaction
path and coordinate is dominated by the movement of the
hydrogen atom, see Fig. 5. For all practical applications
within this work we use an analytic fit to the DFT results
of the following form:

V(q) = v4(q + q0)
4 − v2(q + q0)

2 + v0

√
v0

2v2
(q + q0),

(9)

which represents an asymmetric double-well potential. The
parameters v0, v2, and σ are given in the caption of Fig. 5.
For the given parameters the ground-state potential has
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
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FIG. 5. Model potentials for the ground [V(q)] and excited
potential energy curves [V−(q)/V+(q)] along the same reac-
tion coordinate. Selected atomistic configurations for the ground
state along the reaction path are shown in the upper pan-
els. The left well corresponds to the initial equilibrium posi-
tion of the Si—H bond (1), the transition barrier is marked
by (2) where the H has moved towards an adjacent Si
atom, and the right well (3) describes the final position of
the H atom, the next but one bond-center site. The upper
three figures show the respective geometries along the reac-
tion path, see Ref. [26]. All PECs are described by the
functional form of Eq. (9) with the parameters: V(q) : v4 =
0.023, v2 = 0.442, v0 = 1.062, q0 = 0; V−(q) : v4 = 0.046, v2 =
0.459, v0 = 0.955, q0 = 0; V+(q) : v4 = 0.072, v2 = 0.640, v0 =
1.241, q0 = 0.5. All parameters are given in units of eV q−2k for
k = 0, 1, 2.

(below the barrier), localized either in the left or right well.
Selected eigenstates are summarized in Table I.

Additionally, the potential energy curves for the reso-
nance states are also captured by the same functional form,
see Eq. (9), as the ground-state PEC. The negatively (pos-
itively) charged profile possesses a substantially reduced
transition barrier of approximately 1.7 eV (approximately
2.1 eV) and a shifted equilibrium position as shown in
Fig. 5. Note that the positive potential V+(q) additionally
exhibits a shifted transition point.

TABLE I. Selected eigenstates for the ground state potential
V(q) together with the respective energies and their localization
(L/R). Note that the first state localized in the right well is φ7,R.

n En (meV) n En (meV)

φ0,L 84.44 φ6,L 1054.09
φ1,L 251.98 φ7,R 1138.60

φ2,L 417.25
...

...
φ3,L 580.19 φ30,L 2627.90
...

... φ31,R 2675.69

The analytic fits presented here do not aim to pro-
vide the most accurate description of the DFT results, but
to give a qualitatively correct description of the ground-
and excited-state potential energy curves. The primary
reason why this approximate treatment is more than suf-
ficient is that due to the amorphous nature of the Si/SiO2
interface, there is an intrinsic distribution of the param-
eters such as the transition barrier, minimum position,
and the resonance energy. Furthermore, the calculation
of electronically excited states is still a difficult chal-
lenge even for modern ab initio methods, particularly
for a Si/SiO2 interface system. In order to approximate
the resonance profiles, V−(q) and V+(q), we use two
approaches: Koopmans’ theorem and the method of con-
strained density-functional theory (CDFT). Further details
can be found in Appendix B.

D. Dissipative transfer

First we consider the basic interaction between the
Si—H bond and the substrate to describe the coupling
of a bond potential to a bath of oscillators. The resulting
vibrational relaxation rates �vib

i, f , and thus the lifetimes τi,
determine the dynamics of the bond. As shown above, the
reaction coordinate of Si—H breakage at a Si/SiO2 inter-
face is a combination of the Si—H bending and Si—H
stretching modes. Experimental and theoretical studies
focused on the vibrational relaxation of the Si—H bond
on a silicon surface revealed lifetimes on the order of
ns and ps for the stretching and bending modes [74–77],
respectively. However, for the problem at hand—a mixture
of various Si—H modes and a different phonon spec-
trum—these values can only be used to derive an educated
guess for the vibrational relaxation.

Investigating the coupling between the Si—H ground-
state fundamental frequency and the substrate in more
detail is, therefore, an essential component in our model
framework. We employ a perturbation-theory approach
together with the classical force-field ReaxFF [78] to
calculate the system-bath coupling elements and ulti-
mately the transition rates using Fermi’s golden rule, see
Refs. [75,76,79]. Following Ref. [79], we introduce a new
set of coordinates to separate the 3N -dimensional coordi-
nates r of the total system into system and bath degrees of
freedom (DOF). The new DOFs q and Q are constructed
using an orthogonal transformation

Ri =
3N∑
j =1

Oi,j rj , with
3N∑
i=1

Oi,kOi,l = δk,l, (10)

where qi = Ri(i = 1 . . .M ) describe the system coordi-
nates and Qi = Ri(i = M + 1 . . . 3N ) correspond to the
bath modes. The total Hamiltonian can be decomposed in
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the usual system-bath form:

Ĥ = ĤS + ĤSB + ĤB, (11)

with the individual contributions of the system, bath, and
the system-bath coupling given by

ĤS = −�2

2

M∑
i=1

∂2

∂q2
i

+ V(q, Q = 0),

ĤSB =
3N−M∑

i=1

λi(q)Qi + 1
2

3N−M∑
i,j =1

�i,j (q)QiQj ,

ĤB =
3N−M∑

i=1

(
−�2

2
∂2

∂Q2
i

+ 1
2
ω2

i Q2
i

)
.

(12)

The one- (linear) and two-phonon (quadratic) coupling
functions λi(q) and �i,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

,

�i,j (q) = ∂2V
∂Qi∂Qj

∣∣∣
q,Q=0

.
(13)

These couplings are used within FGR, see Eq. (7), to
compute the phonon-induced transition rates between sys-
tem vibrational eigenstates φi and φf . Thermal averaging
over the initial states and summing over the final bath
states allows one to account for the thermal population
of the bath oscillators at finite temperature (T �= 0 K) and
the respective upward rates. Further details, such as the
employed atomistic model, the utilized calculation meth-
ods, and a detailed analysis, can be found in Appendix C.

Based on the theoretical treatment outlined here we cal-
culate all individual one- (�(1)) and two-phonon transition
(�(2)) rates and ultimately the vibrational lifetime of the
fundamental transition. For the first eigenstate, the lifetime
is given by

τ−1
1 =

(
�
(1),↓
1,0 + �

(2),↓
1,0

)
−

(
�
(1),↑
0,1 + �

(2),↑
0,1

)
, (14)

with the vibrational relaxation rates obeying the detailed
balance condition. The final lifetime τ1 together with
its temperature dependence is shown in Fig. 6. The
decreasing lifetime with increasing temperature is a conse-
quence of temperature-dependent weight factors in the rate
expressions based on Fermi’s golden rule in addition to
the temperature-dependent upwards rates �↑

0,1. Additional
information and details can be found in Appendix C.

In practice, our model potential possesses 32 bound
states below the barrier, see Fig. 5 and Table I, for

0.00 0.05 0.10 0.15 0.20 0.25
Energy (eV)

0

20

40

D
O

S

Si—H—stretchΔ E1,0ωmax

total

c–Si

SiO2

interface

0 100 200 300 400 500 600
Temperature (K)

100

150

200

250

L
if

et
im

e
(p

s)

τ 1(300 K) = 190 ps (γ = 0.1 cm−1)

Lifetimes τ 1

FIG. 6. Upper panel: phonon density of states together with
the Si/SiO2 interface model used for the calculations. The energy
of the system mode is highlighted as �E1,0. Furthermore, the
contributions of different regions to the total DOS are shown.
Lower panel: the lifetime of the first vibrational eigenstate |φ1,L〉
over a wide range of temperatures. The parameter γ is the width
of the Lorentzian broadening.

which we would need to calculate all individual relax-
ation rates �i, f . For τ2 this would mean computing �2,1
and �2,0 and the corresponding upward rates. However,
�E2,0 is more than twice the largest phonon mode ωmax
of the Si/SiO2 system, see Table I and Fig. 6, which
is beyond the two-phonon dissipations considered here.
For all practical applications we therefore employ an ide-
alized harmonic model [27,42,74,80], meaning that we
split the model potential V(q) into two harmonic oscil-
lators. Within this simplified approach the selection rule
�n = ±1 applies and transitions between the oscillators
are prohibited. The corresponding single-phonon scaling
law for the vibrational lifetime of an eigenstate |φn〉 is then
given by

τn = τ1

n
, (15)

with τ1 being the lifetime of the first eigenstate as calcu-
lated above. A detailed discussion and motivation is given
in Appendix C.

E. Dipole scattering

Next we turn to the rate expressions for inelastic
induced excitations. Such excitation mechanisms are usu-
ally caused by external perturbations, e.g., applied electric
fields or energetic charge carriers (e.g., in STM exper-
iments or current flowing in a MOSFET). As already
mentioned in Sec. II, one inelastic excitation channel is
related to the electric field caused by electrons. This field
can interact with the dipole created by the vibration of
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the adsorbate and induce transitions between vibrational
levels. These dipole scattering rates are due to an elec-
trostatic coupling to the transition dipole moment μ and
can be calculated by a formula derived by Persson et al.
[60,81,82]

�
dip
i, f = I

e

∣∣∣∣ 〈φf |µ|φi〉
ea0

∣∣∣∣
2

, (16)

where e is the elementary charge, a0 the Bohr radius, μ̂ the
dipole moment, and I the current. Quite contrary to STM
experiments where the tunneling current is perpendicular
to the surface, the current density in the channel of a MOS-
FET is parallel to the (100) surface. On the other hand,
a typical STM tunneling current of 1 nA [23,41,58] can
lead to a current density of 109 A/m2, which is comparable
to the operating current densities in modern transistors. In
Appendix D we use the dissociation path shown in Fig. 5
and Ref. [26] and demonstrate that the interaction of the
Si–H bond along the proposed trajectory with an electric
field is indeed very weak.

F. Resonance scattering

As already mentioned in Sec. II another possible exci-
tation channel is related to electronic resonances. A reso-
nance scattering model accounts for electrons tunneling
into unoccupied states of the adsorbate, the LUMO of
the Si—H bond, forming a temporal negative ion state.
Thereby the internuclear potential is changed, inducing 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
in a vibrational excited state. The same mechanism applies
to a hole scattering into an occupied orbital of the Si—H
complex and forming a cationic resonance. Two formula-
tions of a vibrational heating model for this mechanism
have been developed by Persson et al. [83] and Salam
et al. [84]: an incoherent multiple single-step process
[85] and a theory of coherent multiple vibrational exci-
tations [84]. Both variants are schematically illustrated in
Fig. 7. Whereas the incoherent model requires a rather
high current (scattering electrons and holes) compared to
the vibrational lifetime, the coherent formulation allows
overtone transitions, which results in an excitation path
with a smaller number of intermediate steps on the bond-
breakage ladder [86,87]. Recent experimental results [57]
have shown that indeed less electrons are needed to dis-
sociate H than expected from the incoherent formulation
and, hence, support the proposed coherent formulation. We
utilize the expression for the transition rate based on the
formulation in Ref. [88]. In this formulation it is assumed
that an electron with incident energy ε can induce an exci-
tation from state |φi〉 to |φf 〉 via the vibrational eigenstate
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FIG. 7. Schematics showing the two different vibrational heat-
ing models describing the resonant scattering interaction of tun-
neling carriers. In a first step, the electron creates a negatively
charged complex by temporarily occupying a resonance state,
denoted by V∗ (or a cationic system induced by a hole resonance).
Left: incoherent multiple single-step process. Each electron is
only able to transfer one quantum of energy during the inelastic
relaxation process. As a consequence such a subsequent ladder-
climbing mechanism requires as many electrons as eigenstates
of the bond. Right: the coherent multiple vibrational excitation
formulation allows for overtone transitions and hence a shorter
excitation path.

|ψj 〉 of the resonance with

�res
i, f = 4�2

res

π�

∫
dεf (T, ε) [1 − f (T, ε)]

×
∣∣∣∣∣∣
∑

j

〈φf |ψj 〉〈ψj |φi〉
εres − ε + εi − εj + i�res

∣∣∣∣∣∣
2

. (17)

This expression includes the energetic position of the res-
onance with respect to the Fermi level, εres, its width as the
inverse of the resonance lifetime, �res = �/τres, as well as
the energies of the eigenstates |φi〉 and |ψj 〉. Furthermore,
it accounts for the energy distribution function f (ε) of
charge carriers at the interface calculated from the Boltz-
mann transport equation, see Eqs. (1) and (3), which is
a crucial ingredient as pointed out in Sec. I, and gener-
ally depends on the position within the MOSFET. Hence,
inelastic resonance scattering rates do depend on the spa-
tial position along the channel–oxide interface. All param-
eters but one can be extracted (or approximated) from DFT
results, see Appendix B, e.g. the PECs and wave functions
for the charged Si—H-complex as well as the position of
the resonances. For the resonance width�res, however, we
have to rely on literature values [38,39,80,89].
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G. Macroscopic properties

Based on the theoretical treatment introduced above,
we propose a model for describing hot-carrier-induced
damage at the Si/SiO2 interface. Our approach, as summa-
rized in Fig. 2, includes all the aforementioned processes,
namely the vibrational relaxation mechanism, Eq. (15),
as well as the inelastic channels, dipole, Eq. (16), and
resonance scattering, Eq. (17). As discussed above, the
coherent formulation of the inelastic resonance scattering
mechanism, see Fig. 7, naturally maps the SP and MP
process discussed in the Introduction onto a single phys-
ical mechanism. This particular formulation accounts for
neighboring transitions (ladder climbing, MP) as well as
transitions to higher excited states (overtone transitions,
SP). We recall that although such a resonance-based exci-
tation mechanism was already proposed by the group of
Hess, see Ref. [23], it has not been rigorously included in
any calculations so far. Finally, combining all these mech-
anisms, the total Si–H excitation rate from its vibrational
eigenstate |φi〉 to |φf 〉 is given by Eq. (8).

Eventually breaking of the Si–H bond and creating an
electrically active interface defect is associated with the
transition from the left to the right well of the ground-
state PEC. The bond-breaking rate �break can be defined
through time propagation of the density matrix ρS where
the dynamics of the individual populations Pi of each
left—or right—localized eigenstate φi,L/R need to be cal-
culated. Hence, the equations of motion for the density
matrix

∂ρS,i

∂t
=

∑
j �=i

[
�j ,iρS,j (t)− �i,j ρS,i(t)

]
, (18)

are solved using the method of matrix exponentials for a
total propagation time up to 1μs. Due to the density matrix
being set up in the basis of the localized vibrational eigen-
states of the ground-state PEC V(q), the diagonal elements
can be interpreted as the respective populations Pi(t).

Starting with a full localization in the left well of
V(q), e.g., P0(t = 0) = 1, Pi�=0 = 0, the transition, or bond-
breakage rate �break can be defined as

�break = −dPL(t)
dt

= dPR(t)
dt

, (19)

assuming a negligible back flow of population. PL,R(t) are
the total populations of the left and right well, respectively,
at time t.

Knowing the bond-breaking rate �break allows us to for-
mulate a reaction equation for the evolution of the concen-
tration of broken and intact Si—H bonds with stress time.
For the forward reaction we assume, as in Refs. [5,90,91],
two possible states, an intact Si—H bond (left well), and
a broken state (right well) describing a Pb center and the
released H atom. Experimental evidence clearly suggests

that the backward reaction, passivating the Pb center with
one hydrogen, proceeds via a different reaction [91–93],
namely by breaking of a H2 molecule. Once the hydrogen
is in the next but one bond-center site, it is likely that the
resulting Pb center becomes charged [14,31,94,95]. Simi-
larly, due to its negative-U character [96–98], the hydrogen
will become charged as well. As was shown in the work
of Pantelides et al. [99–101], charged hydrogen species
face a rather small migration barrier for 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 large. Thus, once the H is released and potentially
charged, it would be mobile along the interface and thereby
potentially able to trigger additional reactions, e.g., the
formation of H2, which has almost no formation barrier.

The reaction equation including the aforementioned
chemical reactions is

d [SiH]
dt

= −�break [SiH] + �pass [H2] [Pb] , (20)

where �pass describes cracking of H2 and the subsequent
passivation of Pb via Si3 ≡ Si• + H2 → Si3 ≡ SiH + H.
According to Refs. [90,93,102] this process is purely
thermally activated and the rate constant is given by an
Arrhenius equation �pass = �

pass
0 exp(−Epass/kBT) super-

imposed with a Gaussian distribution of the passivation
energy Epass. The inferred parameters are 〈Ep〉 ∼ 1.51 eV,
σEp ∼ 0.12 eV, and �pass

0 = 1.43 × 1012 cm3 s−1, which
were also used in a recent study to model the recovery of
HCD-induced damage in an actual MOSFET [92,103].

In addition, one equation describing the conservation of
pristine Si—H bonds is introduced as

[SiH] + [Pb] = [SiH]tot , (21)

while the value for [H2] is set to a constant concentra-
tion of 5 × 1017 cm−3, given by the physical solubility of
H2 in vitreous silica [104]. Introducing the quantity N0 =̂
[SiH]tot and solving for fPb =̂ [Pb] /N0 = 1 − [SiH] /N0,
the probability that a bond is broken, is then given by

∂fPb

∂t
= (1 − fPb) �

break − fPb�̃
pass, (22)

where �̃pass = �pass[H2].
The interfacial defect density Nit(x, tstress), i.e., the num-

ber of created Pb centers, is calculated along the silicon-
oxide interface for each stress time tstress. Due to the Pb
center being an active defect with levels in the silicon band
gap, upon charge capture it perturbs the device electrostat-
ics and degrades the mobility of charge carriers inside the
channel. Hence, the calculated Nit(x, tstress) profile deter-
mines the degradation characteristics of the MOSFET,
such as the change of its linear drain current over time,
�ID,lin.
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IV. RESULTS

With the parameters extracted from ab inito DFT cal-
culations (see Appendix B), we are able to apply our
developed model to describe the effects of hot carriers in
electronic devices.

Two different devices and several stress conditions have
been chosen for the modeling benchmark. A pMOSFET
with a gate length of 100 nm and an nMOSFET with a
gate length of 65 nm. Both technologies employ 2.2-nm
SiON as the gate oxide and have an operating voltage
of |VDD| = 1.5 V. The devices are stressed at room tem-
perature, T = 298 K and are subjected to their respective
worst-case stress conditions, namely VG = −1.5 V and
VD = −1.8, −2.3 and −2.8 V for the pMOS and VG =
VD = 1.8, 2.0 and 2.2 V for the nMOS device. To monitor
the degradation characteristics,�ID,lin traces up to 10 ks of
stress are recorded.

Due to the applied stress bias resulting in a nonequi-
librium carrier ensemble along the channel-oxide inter-
face, the carrier energy distribution function yields use-
ful information on the state of the charge carriers in
the semiconductor device. Hence, our framework cou-
ples our theoretical modeling approach to a solution of
the Boltzmann transport equation, see Sec. III. Interface
state profiles Nit(x, tstress) along the Si/SiON interface have
been calculated using the formalism described above and
subsequently the degradation trend has been calculated
using modern TCAD tools [71,72]. As a measure of hot-
carrier damage we experimentally extract the change of
the linear drain current of the devices, denoted as �Id,lin(t)
traces. The final results comparing the simulations of
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FIG. 8. Measurement (symbols) and simulations (lines) for
the model benchmark. The simulation framework is validated
against experimental data of a 65-nm nMOSFET and a 100-nm
pMOSFET subjected to three different hot-carrier stress con-
ditions each. The model shows very good agreement with the
measured characteristics for all bias conditions.

our framework with the respective experimental data are
shown in Fig. 8 and show a very good agreement with the
experimental data allowing for a reasonable optimization
of the extracted parameters.

V. DISCUSSION

We highlight some findings and features of our model.
Throughout this work a unique, albeit slightly optimized
parameter set is used to describe the effects of hot-carrier
degradation in both devices, see Fig. 9 and the table
therein. All parameters are within a reasonable range and
close to reported values in the literature and our own
DFT results (see Appendix B). Only two parameters are
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Parameter Units Model DFT
Results

Refs.

EB,f (eV) 2.7 2.57 [26] 2.83[91, 103]
σEB,f (eV) 0.12 0.20 [26] 0.08[91, 103]
εres,n (eV) 3.24 3.65 2.7 [39]–

4.10 [81, 90]
σεres,n (eV) 0.21 − −
Δres,n (eV) 0.17 − 1.0 [39]–

1.6 [81, 90]
Δqn (a0

√
m) 0.58 0.9 −

σΔqn (a0
√

m) 0.085 − −
εres,p (eV) 3.74 3.96 4.80 [38]
σεres,p (eV) 0.29 − −
Δres,p (eV) 0.12 − 0.6 [39]
Δqp (a0

√
m) 0.23 0.45 −

σΔqp (a0
√

m) 0.09 − −
τ1 (ns) 0.39 0.19 1 − 1.5 [75, 76,

78, 80]

FIG. 9. The different PECs together with the parameters for the
negative (subscript n) and positive (subscript p) ion resonance,
see Sec. III, used to represent the experimental data. Due to the
amorphous nature of the Si/SiO2 interface, quantities such as the
barriers are assumed to be normally distributed. Additionally, a
comparison to our own results obtained from DFT simulations as
well as literature values is given.
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associated with a higher degree of uncertainty for which
we have to rely solely on our own calculations or litera-
ture values. The first uncertain parameter is the resonance
width�εres, which was calculated by Stokbro et al. [39,39]
to be 1 eV for the anionic and 0.6 eV for the cationic
resonance state, respectively. However, for a typical reso-
nance lifetime [80,89,105] of τres = �/�res ∼ 1 − 2 fs, the
width is about 0.3 − 0.7 eV. The second difficult to ascer-
tain parameter is the shift of the equilibrium position of the
excited potential energy curves with respect to the ground-
state minimum. Our own calculations, see Appendix B,
suggest a shift of approximately 0.4 a0

√
m for the posi-

tively charged PEC and approximately 0.9 a0
√

m for the

negative PEC, which served as an input for our model.
Note that, due to the amorphous interface, an intrinsic dis-
tribution of these quantities is, however, to be expected.
Thus, in total 750 unique configurations with individ-
ual PECs and resonances are used by randomly selecting
normally distributed parameters, see Fig. 9, where the
resulting quantities are listed in the table.

Finally, to give insights into the degradation processes,
Fig. 10 shows the rate matrix of one Si—H bond poten-
tial with 20 eigenstates localized in the left well together
with the EDFs and the time-dependent populations of the
density matrix. Three selected spatial positions along the
channel-oxide interface, from source to drain, for both
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FIG. 10. The density matrix projected onto the left well of a full model potential containing 20 eigenstates φL evaluated at three
different positions along the silicon-oxide interface, namely the source side (S) of the devices, the channel region (C) and the drain
(D) end. Both, the pMOSFET (left) and nMOSFET (right) are shown in the graph. The total matrix is split into contributions from
electrons (�tot

n ) and holes (�tot
p ) for a better representation of their respective contribution. Clearly visible are the small upward rates

due to minority carriers at the source side and in the channel region. On the other hand, the accumulation of energetic carriers at the
drain end results in the formation of a temporary excited state due to the resonance-mediated excitation process. Secondary generated
carriers, which have been accelerated towards the source side, compare the EDFs in the third line, seem to dominate the Si—H
dynamics in the respective regions in the pMOS, whereas the contributions of holes in the nMOS device is rather negligible. The
lower panels show the time propagation of the full density matrix (green, left-well localized eigenstates; orange, right-well localized
eigenstates, from dark to light: φL/R,0..φL/R,i), which, due to the eigenstate representation can be considered as the populations. The
bond-breakage rates are calculated as the change of the populations with time, �break = dPR(t)/dt, assuming a negligible back flow.
One can clearly see that electrons are more efficient in triggering excitations of the vibrational eigenstates of the Si—H bond and hence
result in an enhancement of the dissociation rate.
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MOSFETs are shown in Fig. 10. Minority carriers—holes
in the pFET and electrons in the nFET—at the source
side of the device are close to equilibrium, see the EDFs
in Fig. 10, and thus are not able to scatter into either
electronic resonance. Hence, the upper triangle of the
rate matrix, which represents excitation, is mainly deter-
mined by dipole-induced upward rates and the detailed bal-
ance condition at the given temperature. However, along
the channel carriers are accelerated by the electric field
and exchange energy via various scattering mechanisms,
resulting in a substantial fraction of hot carriers at the
drain side. These carriers have a strongly nonequilibrium
EDF as seen from the solution of the Boltzmann transport
equation. Such a high energy tail enables the formation
and transient occupation of an ionic resonance, allowing
for excitations to higher-lying eigenstates visible as large
off-diagonal elements in the rate matrices, see Fig. 10.
Additionally, the effect of impact ionization aids the exci-
tation and dissociation of Si—H bonds at the interface
via energetic secondary generated carriers, see Fig. 10,
which shows the electron rate matrices for the pMOS and
the excitation rates �tot

p induced by holes in the nMOS
device. Whereas for the nMOS this component is rather
weak and negligible, see the right panels of Fig. 10, sec-
ondary generated electrons in the pMOS account for a
major contribution to the overall excitation rates. Partic-
ularly in the channel region and towards the source side,
electrons with sufficient energy to scatter into the available
anionic resonance state are present, see the left panels of
Fig. 10.

The disparity between electrons and holes is a direct
consequence of a key ingredient in the modeling frame-
work introduced in Sec. III, namely the impact of different
electronic resonance states accessible for electrons and
holes. The available electronic scattering state for elec-
trons is approximately 0.4 eV lower in energy compared to
the hole resonance. Furthermore, the minimum of the PEC
for the excited anionic complex is shifted twice as much
with respect to the ground-state minimum compared to the
cationic equilibrium position. This enhances the probabil-
ity of overtone transitions due to the overlap integral of the
wave functions included within the resonance-mediated
formulation, see Eq. (17) in Sec. III. Hence, electrons,
despite having a similar EDF, are more efficient in excit-
ing and breaking Si—H bonds. This is particularly visible
at the drain end of both devices. Although the EDFs for
electrons and holes are comparable within this region, see
the respective panels in Fig. 10, the rates calculated from
the time propagation of the density matrix, see the lower
panels in Fig. 10 [blue lines are the populations of the
vibrational eigenstates in the left well φL, purple lines
represent the right-well populations, and the black line
shows PR(t)], differ by 2 to 3 orders of magnitude. Addi-
tionally, secondary generated holes in the channel region
of the nMOS do not contribute at all to the creation of

damage, while electrons generated by impact ionization
in the pMOS clearly dominate the degradation in this
region.

VI. CONCLUSIONS

Advances in processing and fabrication have enabled
the relentless downscaling into the nanometer regime and
have opened the way for alternative device structures and
materials. Approaching the atomic scale, understanding
individual defect properties and their interaction with the
surrounding start to become a decisive factor for device
reliability and device performance. Keeping pace with the
technological progress on the theoretical simulation side,
hence, requires an in-depth description of the reliability
phenomena including the involved mechanisms.

In this work, we develop a fundamental understanding
of a particularly detrimental reliability issue in modern
semiconductor technology known as hot-carrier degrada-
tion [20,21,23]. HCD is known to create defects at the
channel-oxide interface triggered by the interaction of
energetic (hot) carriers with Si—H bonds and their subse-
quent breakage. We identify a resonance-based excitation
mechanism being responsible for this interaction, where a
temporarily charged Si—H complex is formed and upon
inelastic electronic relaxation induces multiple vibrational
excitations in its ground state. Such a process has also been
found and described in previous studies using dedicated
experiments such as scanning tunneling microscopy [40,
43,44,46,53,57]. Its strong current dependence together
with the moderate carrier energies needed to trigger this
excitation channel agree well with the characteristics of
HCD. Our quantum kinetic approach is based on the
open-system density-matrix theory to describe hot-carrier-
induced interactions and damage in electronic devices.
Useful system-bath interactions such as vibrational relax-
ation, dipole scattering as well as resonance scattering, are
included in our model formulation. The essential parame-
ters entering the calculations of the individual rates can be
extracted (or approximated) from ab initio studies. Com-
bined with a thorough transport simulation, the presented
approach allows an accurate microscopic description of
HCD at the device level and the performed simulations are
in very good agreement with experimental trends.

Besides the physical meaningful interpretation our
results provide, we want to highlight another finding,
which is a direct consequence of our approach: our derived
formulation allows for an intuitive understanding of a
peculiarity of HCD. Occasional reports show that the
degradation caused by HCD in nMOS devices is larger
than that of their pMOS counterparts [9,106–108]. Tak-
ing into account that the available resonance states for
holes is higher in energy than for electrons, as suggested
by our own DFT results and previous literature stud-
ies [23,38,39], it is less likely for holes to trigger bond
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excitation and dissociation, which provides a physically
reasonable explanation of this observation.

Finally, we would like to mention that the complete
framework derived and described within this work is free
of empirical or phenomenological parameters. Thus, it
can easily be generalized to describe the interactions of
emerging material combinations, e.g., HCD-related issues
in Si-Ge–based devices [109] or the interaction of hydro-
gen graphene [110], and hence is applicable also for future
technologies.
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APPENDIX A

In the following we discuss additional simulation results
such as the formation of an anionic or a cationic sys-
tem as well the interaction of an electric field with the
Si—H dipole moment vector along the reaction coordi-
nate. Furthermore, we explicitly calculate the vibrational
decay rates for the Si—H system based on a perturbation
theory approach according to Fermi’s golden rule. For our
calculations we use a combination of classical interatomic
potentials and DFT applied on the Si—H bond within a
realistic Si/SiO2 environment. The DFT calculations are
carried out within the CP2K package [111], which uses
a mixed Gaussian and plane-wave approach to represents
the electrons within the three-dimensional periodic Si/SiO2
system. The PBE functional in conjunction with a double-ζ
Gaussian basis set and the Goedecker-Teter-Hutter (GTH)
pseudopotentials is used, with the plane-wave cutoff set to
1200 Ry. Additionally, calculations employing the classi-
cal ReaxFF force field [78] are conducted using the molec-
ular dynamics engine LAMMPS [112]. Further informa-
tion and technical details are discussed in our recent work,
see Ref. [26].

APPENDIX B: POTENTIAL ENERGY CURVES
AND RESONANCES

A major ingredient of the proposed model is the poten-
tial energy curve along the reaction coordinate of the
Si—H dissociation process. In surface science individual
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FIG. 11. Potential energy curves along the reaction coordinate,
see Ref. [26]. Two approximations are used to construct the reso-
nance profiles for the excited complexes V∗: Koopmans’ theorem
using the energies of the ten lowest unoccupied α- and β-spin
orbitals, and the method of constrained density-functional theory
to directly assess the respective diabatic states.

dynamics like H dissociation or switching on Si sur-
faces can be selectively monitored by carefully tuning the
STM parameters and sample preparation [38,43,89,105].
Conversely, understanding the trajectory of Si—H bond
breakage at an Si/SiO2 interface is more complex and
still an active research topic. In a recent theoretical study
[26], we propose a mechanism where in an initial step the
hydrogen bends towards an adjacent silicon atom, and sub-
sequently moves into a bond-center site on the Si side of
the interface between the next-nearest Si—Si bond. The
ab initio-derived potential energy curve together with the
model potential along the mass-weighted reaction coordi-
nate, which is a combination of the Si—H bending and
stretching mode, is shown in Fig. 11.

Furthermore, the theoretical treatment of resonance-
induced excitations requires the knowledge of the involved
excited state. An electron (or hole) scattering into a reso-
nance forms a temporary anionic (cationic) system, which
evolves within its lifetime on the excited potential V∗.
Thus, three parameters need to be known which enter the
calculation of �res

i, f in Eq. (17): the energetic position of
the resonance εres, its lifetime τres and the excited potential
energy curve V∗ along the reaction coordinate. Unfor-
tunately, excited-state properties and dynamics are very
difficult to calculate and hardly accessible within standard
density-functional theory. A popular method of approx-
imating excited anion or cation potential energy curves
is to apply Koopmans’ theorem [80,113]. Within Koop-
mans’ theorem the negative of the energies of the HOMOs
and LUMOs can be related to the ionization potentials
and electron affinities, respectively. Therefore, the orbital
energies EHOMO-LUMO can be used to approximate the res-
onance energy and the exited PECs. The cluster model
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used within this calculation consists of 10 Si atoms and
22 H atoms, needed to passivate the Si atoms, addition-
ally to the H representing the Si—H bond. 150 single-point
calculations along the reaction coordinate, calculated in
Ref. [26], are carried out. The resulting ten lowest unoc-
cupied α and β-spin states are used to construct adiabatic
resonance PECs, see Fig. 11.

The approximated energies of the corresponding res-
onance states at q = 0 is between 2.7 and 4.2 eV for
the anionic states, whereas the cationic state is approx-
imately 0.5 eV higher in energy. These results are in a
reasonable agreement with previous findings [38,39,43,
89,105]. All resonance profiles, for the negatively and
positively charged state, have in common that their tran-
sition barrier is lowered compared to the ground-state
potential as well as a shifted minimum configuration for
the left well with respect to the neutral PEC. While the
anionic PECs V−(q) possess barriers of approximately
1.4 − 1.7 eV together with a shifted minimum of the left
well by �q = 0.74 − 0.96 a0

√
m towards the transition

barrier, the cationic resonances V+(q) are only shifted
by around �q = 0.45 a0

√
m with an activation energy

of approximately 2.0 eV. However, these calculations
provide only a qualitative understanding of the excited
resonance curve.

In order to directly construct the diabatic potential
energy curves we use the method of constrained density-
functional theory) [114,115] as implemented in the CP2K
package [111,116,117]. Within the CDFT calculations
we use a Si/SiO2 interface model containing 472 atoms
and restrict the additional charge (negative and posi-
tive) including the α-spin channel to be localized on the
Si—H bond, see Fig. 12. First, single-point CDFT cal-
culations with fixed atomic positions along the neutral
bond-breaking trajectory are performed. The effect of lat-
tice relaxations is explicitly neglected due to the short
resonance lifetime [39,105], which is on the order of a few
femtoseconds. These calculations are restricted up to the
transitions’ state, where the Si—H bond can be consid-
ered to be broken, to ensure that the charge can actually
be localized on the Si—H complex.

The results for both charge states are shown in Fig. 11
(symbols). The diabatic PECs agree well with the results
obtained using Koopmans’ theorem and again show a
shifted minimum configuration for the anionic and cationic
resonance as well as reduced transition barriers. At the
equilibrium position of the neutral state the charge-
localized states are 3.64 (negative) and 3.96 eV (positive)
higher in energy. Similar results have been obtained in
previous studies [38,39,43,89,105].

In order to understand the constructed charge-localized
states, Fig. 12 shows the spin density of the α channel
(spin up, red) and β channel (spin down, blue) for the
negatively (left) and positively (right) charged configura-
tion at the equilibrium position of the neutral state (at q =

Negative resonance Positive resonance

FIG. 12. The spin densities for the α– (spin up, red) and the
β–channel (spin down, blue) of the negatively (left) and posi-
tively (right) charged Si—H complex. Clearly visible is that one
unpaired electron in the α–channel is localized on the central
Si—H bond. However, the electronic structure in the direct vicin-
ity adjusts differently for both charge states, which indicates new
structural equilibrium configurations for the charged system.

0 a0
√

m). One can see that one unpaired electron (spin up)
is indeed localized on the Si—H complex. Further inves-
tigations using the method of Bader charge analysis show
a difference between the neutral and the charged complex
of �(QSiH − QSiH−) = −0.93 e for the negative complex,
and �(QSiH − QSiH+) = 0.86 e for the positive system,
respectively. However, the electronic structure in the direct
vicinity adjusts differently to the negative and positive
charge state of the Si—H bond, see Fig. 12. Whereas the
spin density, and hence the charge distribution, is rather
asymmetric on the adjacent Si—Si bonds for the nega-
tive charge state, the restructuring of the charge is much
more symmetric in the positively charged configuration.
This suggests that structural reconfigurations of the system
due to the introduced charge are more pronounced in the
negative charge state compared to the positively charged
Si—H complex.

A more complete picture is provided by Fig. 13, which
shows the results of full geometry optimizations within
our CDFT simulation setup for both charge states. As to
be expected, for the negatively charged Si—H complex
the bonding distance changes from 1.48 Å to 1.75 Å and
the Si—Si—H angle opens from approximately 109◦ to
141◦. Such a structural reconfiguration forces the H atom
towards the dissociation path and the transition barrier, see
Figs. 13 and 11. The positive charge state, on the other
hand, does not undergo such pronounced relaxation effects.
The reconfigurations are mainly determined by the Si atom
slightly moving out of its plane and thereby stretching
the nearby Si—Si bonds and also the Si—H bond itself,
see Fig. 13. This, however, potentially suggests a different
bond-breakage trajectory in the positive charge state.
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Negative resonance Positive resonance

FIG. 13. Effects of structural relaxations for the charged Si—H
complex including the bond–breaking trajectory for the neutral
charge state, indicated as gray, transparent atoms, for a bet-
ter comparison. For the negative charge state (left) the Si—H
distance as well as the Si—Si—H angle increase, forcing the
hydrogen in the direction of the (neutral) bond-breaking tra-
jectory [26]. The positively charged configuration (right) does
not show pronounced reconfigurations where only the central Si
atom moves, which alters the bond lengths in the direct vicinity.

APPENDIX C: VIBRATIONAL LIFETIMES

Expanding on the results in Sec. III, here we show calcu-
lation details and give a systematic analysis by comparing
our approach to well-known values in the literature. Fol-
lowing Refs. [74,77,118] and in particular Ref. [79], the
one-phonon coupling term in Eqs. (12) and (13) yields the
following rate expressions:

�
(1),↓
i, f = π

∑
k

|〈φi|λk(q)|φf 〉|2 〈nk〉 + 1
ωk

δ(εi − εf − �ωk),

�
(1),↑
i, f = π

∑
k

|〈φi|λk(q)|φf 〉|2 〈nk〉
ωk

δ(εi − εf + �ωk),

(C1)

where 〈nk〉 = ∑
n npn,k(T) is the thermally averaged quan-

tum number of the kth bath mode with pn,k(T) being the
thermal population of its nth level. However, if �E1,0
is greater than ωmax, the highest phonon frequency, two-
phonon terms become relevant. The corresponding rates
for the simultaneous (de)excitation of two different bath
modes are given by

�
(2a),↓
i, f = π�

8

∑
k �=l

|〈φi|�k,l(q)|φf 〉|2 〈nk〉 + 1
ωk

〈nl〉 + 1
ωl

δ(εi − εf − �ωk − �ωl),

�
(2a),↑
i, f = π�

8

∑
k �=l

|〈φi|�k,l(q)|φf 〉|2 〈nk〉
ωk

〈nl〉
ωl

δ(εi − εf + �ωk + �ωl), (C2)

whereas the expression for two identical bath modes is

�
(2b),↓
i, f = π�

8

∑
k

|〈φi|�k,k(q)|φf 〉|2
〈
n2

k

〉 + 3
〈
n2

k

〉 + 2

ω2
k

δ(εi − εf − 2�ωk),

�
(2b),↑
i, f = π�

8

∑
k

|〈φi|�k,k(q)|φf 〉|2
〈
n2

k

〉 − 〈
n2

k

〉
ω2

k

δ(εi − εf + 2�ωk). (C3)

For the sake of completeness it should be mentioned that
two-phonon processes also give rise to the simultaneous
creation and annihilation of phonons, however, this con-
tribution can be neglected. For all practical applications,
the δ functions in Eqs. (C1)–(C3) need to be replaced by
functions with a finite broadening, e.g., Lorentzians

δ(E) → 1
π

γ

γ 2 + E2 , (C4)

with the broadening parameter γ .
The systems studied here are (a) a H-passivated

Si(100) surface (500-atom model) and, on the other hand,
(b) a Si(100)/amorphous SiO2 interface system (472-atom
model). Both systems are investigated using DFT to iden-
tify the system mode of interest. For (a) we perform a
normal-mode analysis and select one of the 24 normal
modes, which could be classified as Si—H bending modes,
see Fig. 14. We choose a Si—H bending mode due to its
comparability to recent theoretical studies [74,77,79] and
in order to ultimately benchmark our approach. Frequen-
cies up to around ωmax = 530 cm−1 (65 meV) correspond
to bulk Si phonons, in accordance with the Debye fre-
quency of Si(100). A second group of collective motions,
the red shaded area in Fig. 14, represents the Si—H bend-
ing modes between 580 and 650 cm−1. The Si—H system
mode for (b) has been identified in our recent work [26].
The phonon spectrum of (b) together with the Si—H sys-
tem mode energy and the largest bulk phonon mode ωmax
is also shown in Fig. 14.

The vector eq, which serves as the degree of freedom
for the system mode q and is used in the subsequent cal-
culation of the system-bath coupling elements, is set up
in the following way: the 3N components representing
the system motion are restricted to atoms with displace-
ments of at least 5% of the maximum displacement, all
the other entries are set to zero. This is done to avoid an
artificially large coupling due to the finite cluster sizes.
In order to ensure orthogonality between the system-mode
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FIG. 14. Phonon spectrum together with the corresponding
system-mode energies for (a) H-passivated Si(100) surface
(upper panel) and (b) a Si/SiO2 interface system (lower panel).
The results are obtained using the classical force-field ReaxFF.

vector eq and the environment modes eQ, we select 3N − 1
random 3N -dimensional vectors ui, orthogonalized the
system (eq, ui), and constructed a (3N − 1)× 3N transfor-
mation matrix U using the orthogonalized vectors ui. The
matrix U is further used to transform the 3N × 3N Hessian
H = (∂V/∂x∂x)|0 into a constrained (a subspace orthog-
onal to the system mode) (3N − 1)× (3N − 1) Hessian
given by

H′ = UHUT, (C5)

which upon diagonalization yields 3N − 1 constrained
bath normal modes e′

Q, each of length 3N − 1. Using the
inverse transformation

eQ = UTe′
Q, (C6)

finally gives 3N − 1 bath-mode vectors with a length
of 3N . This approach guarantees one anharmonic sys-
tem mode, represented by eq, and 3N − 1 harmonic bath
modes, eQ, all being orthogonal to each other, eQieQj = δi,j
and eQieq = 0.

All linear and quadratic coupling terms are calculated
using a classical ReaxFF force field [78] implemented in
the LAMMPS code [112]. We conduct the calculations
along the anharmonic system DOF eq at 31 displacements
q = qeq within the interval [−0.75, +0.75]a0

√
m, which is

sufficient to cover at least the lowest eigenstates. The final
results for both studied systems, (a) Si—H bending on a
surface and (b) Si—H breakage at a Si/SiO2 interface, are
summarized in Table II. One can clearly see that the total
lifetime τ total

1 for (a) and (b) is dominated by a two-phonon
relaxation process, which is intuitive to understand follow-
ing that the energies of both system modes are greater than
the largest bulk mode, ωsystem > ωmax. One-phonon transi-
tion rates are orders of magnitude smaller due to the small
broadening value γ , which is set to 0.1 cm−1 for both cal-
culations. Hence, these energy forbidden transitions, are
effectively suppressed in our perturbation theory approach.
The parameter γ , however, can only be chosen in an empir-
ical way. In previous studies its value has been related to
the mean energy level spacing of the phonon bath [77,79],
which in our study is around approximately 0.3 cm−1.
Nevertheless, the dependence of the lifetime τ1(γ ) on the
broadening width γ shows a nonmonotonous behavior, as
can be seen in Fig. 15, rendering it difficult to derive a
reasonable criterion for this parameter. We further moti-
vate our choice of γ = 0.1 cm−1 by comparing our result
for the Si—H bending mode lifetime of 793 fs to previous
studies [77,79] which suggest τ1 = 1600 fs. To overcome
the shortcomings of Fermi’s golden rule one would have
to go beyond the perturbation theory approach used here,
which is outside of the scope of this work.

Further insight into the dissipation mechanism can be
gained by analyzing the two-phonon process in detail.
Therefore, Fig. 16 shows the individual contribution of

TABLE II. Calculated vibrational lifetimes (τ total
1 , τ (1)1 , and τ (2)1 ) together with the corresponding rates (�(1)1,0 , �(2a)

1,0 , and �(2b)
1,0 ) for the

first excited system mode of the H-passivated Si surface (a) and the Si/SiO2 system (b) and two different temperatures (in brackets are
the upward rates). The units for the Si—Hbend mode rates is ps−1, while the ns−1 is used for Si—Hbreak. Note the good agreement for
the Si—H bending mode with well-established values in the literature [74,77,79]. The last line shows the one- and two-phonon rates
and lifetime calculated for the Si—Hbreak mode for the 2 → 1 transition.

Mode T (K) τ total
1 (ps) �

(1)
1,0 (ps−1/ns−1) τ

(1)
1 (ps) �

(2a)
1,0 (ps−1/ns−1) �

(2b)
1,0 (ps−1/ns−1) τ

(2)
1 (ps)

Si–Hbend 0 0.793 1.28 × 10−3 775.29 1.259 7.45 × 10−5 0.793
Si(100) 300 0.572 2.49 × 10−3 601.09 1.743 1.05 × 10−4 0.573

(8.29 × 10−4) (3.78 × 10−5) (3.79 × 10−6)
Si—Hbreak 0 218.33 2.44 × 10−3 4.09 × 105 4.571 6.00 × 10−3 218.45
(Si/SiO2) 300 190.59 2.59 × 10−3 3.95 × 105 5.237 6.45 × 10−3 190.69

(6.53 × 10−5) (6.61 × 10−6) (1.45 × 10−6)
Si—H2→1

break 0 80.165 6.23 × 10−3 1.60 × 105 12.432 0.035 80.20

014026-18



QUANTUM CHEMISTRY TREATMENT OF SILICON-HYDROGEN... PHYS. REV. APPLIED 16, 014026 (2021)

10−3 10−2 10−1 100 101

γ (cm−1)

200

300

400

500

600

700

800

900
L

if
et

im
e 

(p
s)

Si—HSi/SiO2
system mode

τ 1 (0K)

10−3 10−2 10−1 100 101

γ (cm−1)

0.3

0.4

0.5

0.6

0.7

0.8

Si—HSi(100) system mode

τ 1 (0K)

FIG. 15. The lifetime τ1 for both systems studied here as a
function of the broadening parameter γ . This parameter repre-
sents a Lorentzian and replaces the Dirac δ function in Fermi’s
golden rule for the numerical calculations.

phonon pairs {ωk,ωl} within a two-dimensional histogram
with a bin size of 5 cm−1 × 5 cm−1. One can see from the
upper panel, which corresponds to the Si–surface system
(a), that the energy is transferred along the diagonal �ωk +
�ωl = �E1,0, as to be expected, with the largest contribu-
tion comprising one low- and one high-energy phonon in
the range of 21–26 meV and 52–57 meV. Furthermore, also
ratios of ωk/ωl ∼ 1/6, 1/1.5 yield non-negligible contri-
butions to the total rate �(2)1,0 , whereas ωk/ωl ∼ 1/1 (�(2b)

1,0 )
only plays a minor role. On the other hand, for the Si—H
system mode at a Si/SiO2 interface (b), shown in the lower
panel of Fig. 16 the dissipation pathway via two similar
phonons (ωk ∼ ωl) is more pronounced, see also Table II.
As an alternative, again two phonons, which in total fit
�E1,0 can be seen in Fig. 16.

As already outlined in Sec. III, ideally it would be pos-
sible to calculate lifetimes for all vibrationally excited
states for the system-mode potential using the approach
described here. However, for the problem at hand, the
next vibrational state yields�E2,0 > 2�ωmax, which would
require a three-phonon process and is thus outside of our
model. Instead, we use a harmonic approximation and
allow only for neighboring transitions �n = ±1 with a
simple linear scaling law �

↓
i,i−1 = i�↓

1,0. Such a simple
model was proposed and used in several theoretical models
[42,74,80] and shows reasonable agreement with accu-
rate calculations even for anharmonic system modes. In
order to estimate the introduced error and further moti-
vate this approximation, we also calculate the one- and
two-phonon rates and lifetimes for the 2 → 1 transition,
see Table II. Since the energy difference �E2,1 is still out-
side the phonon band, �(2)2,1 again dominates the resulting
lifetime. Furthermore, we believe that the direct transi-
tion 2 → 0 is less relevant, due to the fact that at least
three bath modes are necessary to dissipate the energy.
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FIG. 16. Composition of the transition rate �(2),↓1,0 for pairs of
phonons {ωk,ωl} with a bin size of 5 cm−1 × 5 cm−1. The upper
panel shows the two–phonon dissipation for the Si—H bending
mode (a), and the lower panel the Si—H breaking system mode
at the Si/SiO2 interface (b), respectively.

Finally, one can see in Table II that the resulting lifetime of
τ2 = 80.1 ps agrees well with the simple model prediction
of τ2 = τ1/2 = 109.1 ps.

APPENDIX D: DIPOLE EXCITATIONS

Application of an electric field can have manifold impli-
cations onto the dissociation behavior of a chemical bond.
First, an external electric field can indeed change the bond
potential as well as the bonding strength. Such effects
are of particular relevance for STM experiments where
field strengths typically reach values of 1 V/Å [40,41,119].
Moreover, it was shown in a recent study that even in
electronic devices, where much lower fields are present
(approximately 10 MV/cm = 0.1 V/Å), defect creation
mechanisms can be substantially affected [120]. Further-
more, an electric field can directly act upon the vibrational
states and induce excitations. The field generated by mov-
ing electrons couples to the dipole moment µ of the bond
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FIG. 17. Components of the dipole moment vector µ along the
reaction coordinate. Components μx and μy are parallel to the
Si/SiO2 interface, while μz is perpendicular to the interface.

and triggers transitions between the vibrational eigenstates.
In order to determine the effect of the field on the bond-
ing and the contribution of dipole-induced excitations, the
dipole moment vector µ along the dissociation path must
be known.

As shown in Ref. [120], one can approximate the dipole
moment vector and its components along the reaction coor-
dinate also from zero-field calculations. Following this
approach by defining an effective dipole moment µeff =
µinit − µtrans, which is defined as the difference between
the initial µinit and transition state µtrans dipole moment,
the change of potential due to an applied field is given by
�E = −µeff · E. The results for the x, y, and z component
along the reaction path are shown in Fig. 17.

In order to account for static fields during normal oper-
ation of a MOSFET, we use the calculated electric field
vector at the channel-oxide interface using our TCAD
tools. The results of the device simulations for both, the
nMOS and the pMOS at the worst-case stress conditions,
are given in Fig. 18. As one can see, the field F is mainly

nMOSFET
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Source Channel Drain

F F⊥ |F|
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FIG. 18. The electric field within the MOSFET device struc-
tures (upper panels) and directly at the channel-oxide interface
(lower panels) for the worst-case stress conditions. One can see
that the electric field is mainly perpendicular to the interface with
field strengths around 5 MV/cm, which does not affect the Si—H
bond characteristics.
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FIG. 19. Comparison of dipole-induced upward rates �dip
i, f (red

and blue bars) and vibrational upward rates �vib
i, f (black bars)

for direct neighboring transitions �n,n+1. Only at a high cur-
rent density with carriers being in equilibrium this process is
dominant, however plays only a minor role in the degradation
characteristics, see Fig. 10.

oriented perpendicular to the interface and the maximum
field strength is around approximately 5 MV/cm, leading
to a reduction of the transition barrier of less than 0.05 eV.
Hence, the bonding potential in the ground state V(q) is
virtually unaffected and its change can be neglected within
our calculations.

Furthermore, the calculated current density in the chan-
nel region of the devices in conjunction with the dipole
moment components μ‖ are used to estimate the con-
tribution of the dipole-induced excitation rates caused
by the current density in a MOSFET. We calculate the
transition rates �dip

i, f using Eq. (16) for different currents
and compare them to the vibrational upwards rates �vib

i, f
at T = 300 K, see Fig. 19. Current densities in scaled
MOSFETs already exceed 100 nA/nm2, which is of a sim-
ilar 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 upward rates for �n = +1 are mainly
determined by dipole-induced scattering at T = 300 K.
Although Fig. 19 shows a non-negligible contribution of
�

dip
i, f , the relevance 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 play a minor
role, see Fig. 10. However, starting from the middle of
the channel, carriers have already gained enough energy to
scatter into the available resonance, which dominates the
upward transitions with typical values of �res between 109

and 1010 s−1.
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