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Bond breaking in the presence of highly energetic carriers is central to many important phe-
nomena in physics and chemistry, including radiation damage, hot-carrier degradation, activation
of dopant-hydrogen complexes in semiconductors, and photocatalysis. Describing these processes
from first principles has remained an elusive goal. Here we introduce a comprehensive theoretical
framework for the dissociation process, emphasizing the need for a non-adiabatic approach. We
develop the methodology and benchmark the results for the case of silicon-hydrogen bond dissoca-
tion, a primary process for hot-carrier degradation. Passivation of Si dangling bonds by hydrogen
is vital in all Si devices because it eliminates electrically active mid-gap states; understanding the
mechanism for dissociation of these bonds is therefore crucial for device technology. While the need
for a non-adiabatic approach has been previously recognized, explicitly obtaining diabatic states
for solid-state systems has been an outstanding challenge. We demonstrate how to obtain these
states by applying a partitioning scheme to the Hamiltonian obtained from first-principles density
functional theory. This approach enables us to identify the Si–H bonding (σ) and antibonding (σ∗)
states, from which we extract their energy eigenvalues and map the associated potential-energy
surfaces. Our results demonstrate that bond dissociation can occur when electrons temporarily
occupy the antibonding states, generating a highly repulsive excited-state potential that causes the
hydrogen nuclear wavepacket to shift and propagate rapidly. Based on the Menzel-Gomer-Redhead
(MGR) model, we show that after moving on this excited-state potential on femtosecond timescales,
a portion of the nuclear wavepacket can continue to propagate even after the system relaxes back to
the ground state, allowing us to determine the dissociation probability. By averaging over quantum
trajectories, we calculate a quantum yield that directly aligns with experimentally measured des-
orption yields. Our model effectively explains key experimental features—such as the 7 V threshold
bias for dissociation, as well as the presence of a finite dissociation probability even at lower bias
ranges, the high isotope ratio between the desorption yields of hydrogen and deuterium, and the
temperature independence of the dissociation process—observed in scanning tunneling microscopy
(STM) and low-energy electron injection experiments. Finally, we apply our approach to a rep-
resentative device scenario, demonstrating its capability to explain the degradation observed in
oxide-stress experiments. Our results provide essential insights into the fundamental processes that
drive carrier-induced bond breaking in general, and specifically elucidate hydrogen-related degrada-
tion in Si devices, with potential implications for improving device reliability and performance.

I. INTRODUCTION

It is well known that injection of energetic carriers can
lead to breaking of chemical bonds; the phenomenon is
at the heart of photocatalysis, and is known to create
radiation damage and other detrimental effects in semi-
conductor devices. An important example is dissocia-
tion of silicon-hydrogen bonds, a primary cause of de-
vice degradation [1–3]. Hydrogen passivates electrically
active mid-gap states, which can arise from silicon dan-
gling bonds in the bulk, on surfaces, at grain boundaries,
and at interfaces [4, 5]. However, during device opera-
tion, hydrogen dissociation can occur, depassivating the
dangling-bond (DB) states [4], as illustrated in Fig. 1.
Consequently, Si-H bond dissociation is considered to be
the origin of hot-carrier degradation in modern metal-
oxide-semiconductor field-effect transistors (MOSFETs),
a phenomenon that greatly influences the stability and
lifespan of these devices [6–9].

In spite of its importance, the exact mechanism by

which hydrogen detaches from passivated silicon dangling
bonds has remained unclear. An important experimen-
tal observation was provided by Lyding et al. [10], which
demonstrated that deuterium processing can significantly
suppress hot-electron degradation in MOSFETs. This
finding laid the groundwork for subsequent device en-
gineering efforts to incorporate deuterium, thereby en-
hancing the reliability of silicon devices [11–13]. Lyd-
ing et al. linked their observations to studies of Si–H/D
bond dissociation using scanning tunneling microscopy
(STM) [14, 15], which uncovered a giant isotope ef-
fect, showing that deuterium-passivated bonds are sig-
nificantly more resistant to dissociation compared to
hydrogen-passivated bonds. These studies proposed that
the Si-H bond dissociation can be induced by (i) electron
excitations from the Si–H bonding state (σ) to its anti-
bonding state (σ∗) or (ii) multiple vibrational excitations
driven by hot electrons.

The first mechanism originates from the observation
of a threshold bias voltage of around 7 V, beyond which
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the hydrogen desorption yield saturates—a phenomenon
reported in multiple STM studies [14–22]. This thresh-
old energy was initially attributed to the energy required
to excite an electron from the Si-H bonding state to the
Si-H antibonding state [14–16]. The desorption yield was
found to be independent of tunneling current [14, 15] and
also of temperature at bias voltages above 5 V [20], indi-
cating that the dissociation process is driven by a single-
electron process and does not require thermal activation.

The second mechanism stems from STM results [14,
15, 17] (which were subsequently disputed [23]) reporting
that at bias voltages below 3.5 V the bond dissociation
yield strongly depends on the tunneling current. This
led to the hypothesis that sequential inelastic scattering
by multiple electrons can gradually excite the vibrational
modes of Si–H bonds, eventually leading to bond disso-
ciation. In line with this hypothesis, it was proposed
that the significant differences in the stability of Si–H
and Si–D bonds could be explained by the excitation of
bending vibrational modes, as Si–D bending modes relax
much faster than those in Si–H bonds [24].

Beside STM, other experimental techniques have also
been applied with the aim of elucidating the Si-H bond
dissociation process. Electron-stimulated desorption
based on low-energy electron collisions [25, 26] resulted in
Si-H bond dissociation through electron injection, with a
maximum desorption yield around 7-8 eV. Additionally,
studies on the treatment of hydrogen-passivated silicon
surfaces with 7.9 eV lasers [27–30] reported dissociation
of Si-H bonds through laser-induced electronic excitation.
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FIG. 1. Schematic representation of (a) an intact Si-H bond
and the corresponding band structure with no states in the
band gap but resonant states in the valence band (VB) and
conduction band (CB) corresponding to bonding (σ) and an-
tibonding (σ∗) states; and (b) after dissociation, exposing an
electronically active Si dangling bond and introducing a mid-
gap state in the band structure. Isosurfaces of the Si-H anti-
bonding state and the Si dangling bond are shown.

All these observations suggest the existence of a bond dis-
sociation mechanism induced by an electronic process,
distinct from thermal processes.
A striking observation is that a similar threshold of

around 6–7 V also emerges in degradation experiments
performed on actual MOSFET devices. DiMaria’s oxide
stress experiments [31–33], which involved injecting hot
electrons from the Si channel across the oxide layer to
the poly-Si gate, reveal that the trap creation probabil-
ity saturates above 6–7 V and falls off sharply at lower
voltages. This parallel further supports the idea that the
process identified in STM measurements also takes place
in actual silicon devices.
The mechanisms inferred from the STM studies [(i)

direct excitation model and (ii) inelastic scattering] have
provided a basis for modeling strategies in device engi-
neering, invoking either single-electron or multi-electron
processes to describe bond dissociation by hot elec-
trons [6–9, 34]. However, both of these mechanisms have
encountered significant challenges when researchers at-
tempted to validate them through first-principles cal-
culations. A comprehensive theoretical explanation for
the dissociation process driven by electronic processes is
therefore still lacking, not only for the Si-H bond but
for chemical bonds in general. In the following subsec-
tions, we review the proposed mechanisms and discuss
the challenges in validating them.

A. Direct excitation model

Initial research efforts used computational studies on
small hydrogenated silicon clusters such as Si4H10 [15,
17]. These investigations revealed that within the spec-
trum of electronic eigenstates of Si4H10, there are spe-
cific occupied and unoccupied states whose energy levels
are highly sensitive to changes in the Si-H bond length.
These particular states were classified as the bonding and
antibonding states associated with the Si-H bond. Exci-
tation of an electron from the bonding state to the anti-
bonding state was proposed to create a repulsive poten-
tial, exerting a force on the hydrogen nucleus that can
lead to Si-H bond dissociation [Fig. 2(a)]. Many subse-
quent models of hot carrier degradation have been based
on the notion that the excitation of an electron from the
Si-H bonding state to the antibonding state is responsible
for the observed bond dissociation [6–9, 34].
As larger-scale calculations became feasible, re-

searchers extended their investigations to larger systems
that contain Si-H bonds [35–38]. However, even with
the application of advanced methods such as the time-
dependent density functional theory (TD-DFT) and the
Bethe-Salpeter equation (BSE), these studies have strug-
gled to offer a definitive theoretical explanation for Si-H
bond dissociation. A major challenge has been the dif-
ficulty in distinguishing the Si-H bonding and antibond-
ing states from the bulk electronic states because they
are resonant with each other. This resonance indicates
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FIG. 2. Schematic representation of the proposed mechanism for Si-H bond dissociation. Historically, two primary mechanisms
have been discussed: (a) electron excitation from the Si-H bonding state to the antibonding state, generating a repulsive
potential that leads to dissociation, and (b) inelastic resonant scattering by electrons, resulting in vibrational excitations that
accumulate and ultimately cause dissociation. (c) The electron injection mechanism presented in this work: injection into
the Si-H antibonding state produces a repulsive potential and drives the dissociation process. Mechanisms (b) and (c) could
likewise occur through the interaction of holes with bonding states.

the presence of electronic coupling between them, leading
to hybridized electronic eigenstates that become delocal-
ized throughout the entire structure in the calculation.
As a result, each electronic eigenstate is only weakly lo-
calized around the Si-H bond. Therefore, occupying one
of these delocalized hybridized states or transitioning be-
tween them has minimal impact on the Si-H bond and
does not lead to bond dissociation in the calculations.

The absence of identifiable localized states in the elec-
tronic eigenstates for larger systems, combined with the
inability of these calculations to reproduce dissociation
events, has called into question earlier conclusions de-
rived from small cluster models, which suggested that
electron excitation from bonding to antibonding states
would lead to Si-H bond dissociation [15, 17]. Some works
acknowledged that the states involved in the dissociation
process appear to be “non-adiabatic states” [36, 38], sug-
gesting that a fundamentally different approach may be
needed. However, a clear identification of these target
states within the bulk system is still lacking.

B. Inelastic scattering model

Several studies aimed to explain the dissociation pro-
cess by vibrational excitation of H due to inelastic scat-
tering [39–43]. They focused on the resonant aspect
of Si-H bonds, proposing that the electronic states of
Si-H bonds are broadened, allowing electrons to tunnel
through them over a range of energies via inelastic res-
onant tunneling. The resulting accumulation of vibra-
tional excitations would then lead to bond dissociation
[Fig. 2(b)].

Based on this approach, Stokbro et al. [40] modeled

the dissociation yield observed in STM experiments [14]
by attributing it to inelastic resonant scattering via Si-H
antibonding states. The model could fit the STM data
in the low-bias regime (2-3 V) but could not explain des-
orption yields at higher biases. They also proposed that
inelastic resonant scattering by approximately 10 elec-
trons was required to lead to dissociation [40]. However,
subsequent STM experimental data indicated that only
1-2 electrons are needed to dissociate Si-H bonds even
in the low-bias regime [23]. Overall, the most distinctive
observation from STM experiments—where the desorp-
tion yield exponentially increases with bias voltage below
7 V and saturates above 7 V—remains unexplained.

Alternative approaches have also been proposed. Sei-
deman et al. [42, 43] proposed a current-driven desorp-
tion model, suggesting that the desorption yield is pro-
portional to the total rate of electron transfer into the
broadened surface-Si-H resonant state. They found that
by assuming a surface state around 7 eV above the Fermi
level of the silicon substrate, with a Gaussian broadening
(full width at half maximum) of approximately 0.6 eV,
they could accurately fit the measured desorption spec-
trum within the 5-10 V STM bias voltage range. This ap-
proach was noteworthy for its ability to accurately fit the
desorption spectrum at both below-threshold and above-
threshold energies. Nonetheless, resonant states exhibit-
ing such narrow electronic broadening have not been re-
produced by any first-principles calculations, suggesting
a significant unsolved challenge in elucidating the disso-
ciation mechanism.
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C. Issues related to charge capture

Some previous studies have assumed that carrier-
induced dissociation can be calculated by performing
TD-DFT [38] or constrained-DFT calculations [44] in
which, e.g., an electron is forced to occupy a resonant
state, and using atomic relaxations or molecular dynam-
ics to study the structural response. While the concept
of charge capture is appropriate for states with discrete
energy levels in the band gap, it should not be applied to
resonant states, because of the extremely short timescale
on which electrons interact with such states. Indeed,
the typical energy relaxation timescale for charge car-
riers in semiconductors is on the order of 1–100 fem-
toseconds [45–48]. Such short-lived occupation cannot
lead to effects such as lattice distortion or bond dissoci-
ation, which require phonon-related processes that occur
on much longer timescales. Consideration of strong elec-
tron–nuclear coupling and quantum-mechanical motion
of nuclei will turn out to be essential.

D. Our approach

1. A non-adiabatic formalism

The shortcomings of earlier approaches highlight the
outstanding challenge to identify the precise mechanism
of Si-H bond dissociation and develop accurate models.
In this study, we introduce a comprehensive theoretical
framework based on a non-adiabatic approach to uncover
the exact mechanism of the dissociation process, and
show it can consistently explain the experimental find-
ings. Our non-adiabatic approach is closely linked to
methods used to describe chemical processes at surfaces
and interfaces [49–51]. The description of non-adiabatic
processes is effectively formulated in a localized orbital
framework, such as atomic or molecular orbitals. Such
representations provide physical insight into the coupling
between electronic and nuclear motions and enable iden-
tification of resonant states that mediate this interaction.
This coupling is central to understanding processes like
bond dissociation, where changes in the electronic con-
figuration directly drive nuclear motion and determine
the reaction pathway. Identifying the relevant localized
orbitals is therefore essential not only in solids but also
in molecular systems, even though the latter are already
expressed in terms of molecular orbitals by construction.

In addition, we employ a fully quantum-mechanical
treatment of nuclear motion, in which the proton is rep-
resented by a wavepacket. The wavepacket formulation
naturally connects to the quantum mechanical extensions
of Marcus-type descriptions and Franck–Condon frame-
works [52, 53], in which the overlap between initial and
final nuclear states determines the transition probability.
This connection explains the finite dissociation probabil-
ity observed in the low-bias range and provides important
insight into degradation processes.

DFT, the most commonly used technique to describe
solid-state systems, employs the Born-Oppenheimer (or
adiabatic) approximation [54], which separates electronic
and nuclear motion by assuming that electronic changes
occur much faster than nuclear motion. This allows elec-
trons to instantly adjust to any shifts in nuclear positions.
Within DFT, the electronic eigenstates result from diag-
onalization of the Hamiltonian including all electronic
interactions: this leads to the hybridization of the bond-
ing and antibonding states of the Si-H bonds with the
continuum of the bulk Si electronic states. To differen-
tiate between the localized bonding/antibonding states
of the Si-H bond and the continuum states of silicon we
therefore need to use a partitioning method.

2. Partitioning

The partitioning process is naturally achieved when
starting with a local basis such as molecular orbitals,
which chemists often use to describe reaction mecha-
nisms, bonding properties, and photochemical processes.
We aim to establish a corresponding approach within the
field of condensed matter physics, using the Si-H bond
dissociation process as a prototype example. Our ap-
proach begins by deriving localized bonding/antibonding
states from the DFT eigenstates using the maximally lo-
calized Wannier function (MLWF) approach [55], which
is used in solid-state physics to define localized states
corresponding to atomic and molecular orbitals. By in-
tegrating the pseudo-atomic-orbital (PAO) method [56],
we define bonding and antibonding orbitals in a manner
analogous to the linear combination of atomic orbitals
(LCAO) theory.

3. Potential energy curves and nuclear dynamics

Based on the partitioning approach, we calculate the
energy of bonding and antibonding orbital states, which
agree with experimentally observed values. We then
construct potential energy curves (PECs) representing
the electronic excitation involving these states, allowing
us to explicitly consider the quantum-mechanical mo-
tion of the proton by propagating the nuclear wavefunc-
tion on these PECs. We employ the Menzel-Gomer-
Redhead (MGR) model [57, 58], which has been used
to describe non-adiabatic bond dissociation processes at
surfaces [50, 59, 60].

4. Dissociation probability

Direct electron injection into the Si-H antibonding
state generates a repulsive potential, exerting a force
on the hydrogen nuclei and ultimately leading to the
electron-stimulated dissociation of Si-H bonds [Fig. 2(c)].
This confirms that a single-electron process can induce



5

dissociation with a finite probability. Moreover, we ex-
plain how this process can occur at energy ranges much
lower than the 7 V threshold identified in STM exper-
iments. By comparing the dissociation probabilities for
hydrogen and deuterium, we can explain the giant isotope
effect observed in experiments, showing that deuterium
is much more resistant to dissociation than hydrogen due
to its greater mass. We also find that, up to room tem-
perature, the dissociation process is largely independent
of temperature, again consistent with experimental ob-
servations.

5. Distinctions

Our approach differs from previous theoretical treat-
ments in several ways. First, our non-adiabatic treatment
of the Si-H bond dissociation process stands apart from
previous methods that relied on the adiabatic approxi-
mation. In this context, adopting a partitioning method
is essential for calculating the Si-H bonding and anti-
bonding states, as well as the corresponding potential
energy curves—a key challenge in previous studies—since
these localized states are not directly accessible through
DFT calculations, which provide only adiabatic states.
Our mechanism also differs from previous hypotheses [6–
9, 34], which invoked electron excitation from the bond-
ing state to the antibonding state to generate a repulsive
potential that causes Si-H bond dissociation. Finally,
our approach is also distinguished from previous stud-
ies by the fact that we treat proton motion quantum-
mechanically. We explicitly calculate the propagation of
the nuclear wavepacket on the potential energy curves,
which is essential for understanding a key aspect of the
process: propagation of the proton wavepacket along the
repulsive excited-state potential can lead to bond disso-
ciation on an ultrashort timescale, even within the sub-
femtosecond range.

E. Beyond Si-H bonds

Processes involving strong electron–nuclear coupling
are not limited to silicon devices; similar phenomena have
been observed in other materials, but their underlying
mechanisms remain as poorly understood as those re-
lated to Si-H bond breaking. Examples include:
(a) Radiation-induced defects in materials. Radiation
often produces large concentrations of highly energetic
electron-hole pairs, and it has been suggested that hot
carriers directly lead to defect formation [61–63].
(b) Device degradation induced by Auger–Meitner recom-
bination. Energetic carriers can be generated in valence
or conduction bands as a result of Auger-Meitner recom-
bination in optoelectronic devices [64]. In wide-band-gap
semiconductors, the energy resulting from electron-hole
recombination could be large enough to lead to bond
breaking. This has been suggested to be a critical is-

sue in nitride-based ultraviolet light emitters [65–67].
(c) Activation of dopant–hydrogen complexes. Hydrogen
that is present during growth or processing of semicon-
ductors can passivate dopant impurities [68]. Dissocia-
tion of dopant-hydrogen complexes is essential for ren-
dering the dopants electrically active, and carrier injec-
tion has been demonstrated to achieve this. Examples
include P–H complexes in Si [69, 70], Si–H complexes in
GaAs [71, 72], and Mg–H complexes in GaN [73–75].
(d) Photodegradation. Degradation in optoelectronic ma-
terials, such as III-nitrides and hybrid perovskites, has
been linked to photo-generated hot carriers [67, 76, 77].
(e) Electron-stimulated desorption. Low-energy electron
collisions have been observed to lead to dissociation of
hydrogen-related bonds on surfaces other than Si. On
hydrogen-passivated diamond surfaces, dissociative elec-
tron attachment through resonant surface states has been
identified as a degradation pathway [78, 79].
(e) Photocatalysis. The transient occupation of surface
resonances by hot electrons is thought to trigger chemi-
cal reactions [80–82].
Proposed explanations of these processes frequently

rely on simplified models or illustrative energy-surface
sketches, lacking detailed potential-energy landscapes.
The type of first-principles framework we propose here
can straightforwardly be extended to these other prob-
lems.

F. Outline

Our paper is organized as follows. In Sec. II, we outline
the problem of describing resonant states and introduce
a precise method for calculating these states and deriving
the corresponding potential energy curve. In Sec. III, we
apply our methodology to the Si-H bond in silicon, calcu-
lating the probability of dissociation processes driven by
electron injection based on the derived potential energy
curves. We also offer an explanation for the experimental
observations obtained from STM and oxide-stress exper-
iments. In Sec. IV, we discuss the implications of our
findings and compare them with previous experimental
and theoretical studies. Section V concludes the paper.

II. METHODOLOGY

A. Definition of the problem

We build our framework based on the observation that
localized states—specifically the bonding and antibond-
ing states of Si-H bonds—play a crucial role in the bond
dissociation process [15, 17]. However, calculations of
large realistic systems that explicitly include the bulk
states have not been able to identify these states [35–38].
This is due to the fact that the bonding and antibond-
ing states of the Si-H bonds are resonant with the bulk
states, and interactions lead to hybridization. Standard
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DFT calculations, which rely on a diagonalized electronic
Hamiltonian (see left panel of Fig. 3), will therefore yield
eigenstates that are hybridized and delocalized. This in-
herent delocalization obscures the direct identification of
the distinct localized states necessary for analyzing the
mechanisms that lead to dissociation.

The analysis of bond dissociation processes is compli-
cated by the need to determine whether they should be
addressed within an adiabatic or non-adiabatic frame-
work. Previous studies attempted to describe bond dis-
sociation by utilizing DFT eigenstates, i.e., adiabatic
states, and formulating a model within an adiabatic
framework. However, the strong electron–nuclear inter-
actions that drive bond dissociation processes require the
use of a non-adiabatic framework to capture the dynam-
ics [49–51]. Non-adiabatic processes are more appropri-
ately described using localized molecular orbitals, which
differ from DFT eigenstates and better represent the dy-
namic interactions between electrons and nuclei. Our
first aim is therefore to obtain such localized states.

Physical and chemical processes involving a localized
electronic state resonant with continuum levels have been
discussed in various contexts, such as magnetic impurities
in metals [83, 84], chemisorption and desorption [85–88],
and resonant tunneling in semiconductor quantum-well
structures [89–92]. Partitioning the system into an iso-
lated (localized) state embedded within the continuum
of (delocalized) bulk states [93–95] has proven to be an
effective strategy. This approach is often represented by
a Newns-Anderson-type Hamiltonian [85–87]:

He =
∑
k

ϵkc
†
kck + ϵac

†
aca +

∑
k

(
vakc

†
ack + c.c.

)
, (1)

where k denotes the index of the bulk (continuum) states
and a the isolated (localized) state (see right panel of
Fig. 3). The Newns-Anderson Hamiltonian is block diag-
onal, as indicated by the presence of off-diagonal terms
vak, which represent the one-electron hopping parameter
between states a and k. If we start from a DFT calcula-
tion, a conversion process which transforms the diagonal
DFT Hamiltonian to the Newns-Anderson Hamiltonian
is therefore required.

B. Partitioning and derivation of bonding and
antibonding states of Si-H bonds

We implement the partitioning process discussed in the
previous section by adopting the MLWF approach [55,
96, 97], which has been extensively applied across var-
ious systems to delineate localized bonding orbitals
and elucidate chemical bonding properties. The ap-
proach converts the extended Bloch orbitals from a first-
principles calculation into a unique set of Wannier func-
tions through an optimization of their spatial spread.
This procedure is formally equivalent to determining Fos-
ter–Boys localized molecular orbitals [98–100], thereby
providing a direct connection between the solid-state and

molecular-chemistry descriptions of electronic structure.
Consequently, the MLWF method effectively generates
localized molecular orbitals from DFT calculations on
periodic systems. Specifically for our study, the Si-H
bonding and antibonding states are not identifiable as
separate eigenstates due to extensive hybridization with
the Si valence and conduction bands. By creating lo-
calized orbitals, we can identify the specific molecular
orbital states of interest and distinguish them from other
states which comprise the continuum bath.
For instance, applying the MLWF method to the va-

lence bands of a bulk Si unit cell uniquely defines the
bonding orbitals of Si-Si bonds [96]. Similarly, applying
this approach to the valence-band manifold of a struc-
ture containing Si-H bonds enables us to obtain a Wan-
nier function localized at the Si-H bond of interest, rep-
resenting its bonding orbital. Additionally, we obtain
other states localized at Si-Si bonds, corresponding to
their bonding orbitals. This Wannierization procedure
can be expressed as:

|Rn⟩ = V

(2π)
3

∫
BZ

dke−ik·R
J∑

m=1

U (k)
mn |ψmk⟩ , (2)

where Rn refers to the Wannier function in cell R asso-
ciated with orbital index n, J represents the total num-
ber of Bloch bands included in constructing the Wan-

nier functions, and U
(k)
mn is the unitary rotation matrix

obtained from the localization procedure. This process
partitions the system, in a way that accurately repre-
sents the physical characteristics of the system, into the
target bonding state of Si-H bonds and the other states
associated with Si-Si bonds.
In a similar way, the antibonding orbital of the Si-

H bonds can be derived from conduction bands, but
this process requires additional considerations. Unlike
the valence-band manifold, which is an isolated group of
bands, the conduction bands extend into an infinite con-
tinuum of energy levels. This continuum is often referred
to as “entangled bands”. Consequently, defining a finite
set of MLWFs necessitates a disentanglement procedure
using a projection method [55, 97]. We choose a trial or-
bital gn and project it onto the DFT Bloch wavefunctions
to obtain:

|ϕnk ⟩ =
J∑

m=1

|ψmk ⟩ (Ak)mn . (3)

where (Ak)mn = ⟨ψmk|gn⟩ are the projection coeffi-
cients. Next, we calculate the overlap matrix (Sk)mn =

⟨ϕmk|ϕnk⟩ =
(
A†

kAk

)
mn

and then apply the Löwdin or-

thonormalization procedure to obtain Bloch-like mani-

folds ψ̃nk:

∣∣∣ψ̃nk

〉
=

J∑
m=1

|ϕmk ⟩
(
S
−1/2
k

)
mn

. (4)



7

0…0!!
0…!"0

…………

!#…00

!!

!"

…

!#

DFT Hamiltonian Newns-Anderson Hamiltonian

"!,%…"!,""!,!
……"",""",!
…………

"%,%……"%,!

#!,%…0$!
#",%…$"0

…………

$%…#%,"#%,!

"!	

""

…

"%

!!&

!"&

…

"%

Tight-binding Hamiltonian 

FIG. 3. Schematic representation of the electronic Hamiltonian with its basis set and transformation process. The blue shaded
region indicates the diagonal elements of the Hamiltonian, corresponding to the energy of the respective basis states. The
areas shaded in grey represent the off-diagonal terms that can have non-zero electronic coupling values. The conversion from
the tight-binding Hamiltonian to the Newns-Anderson Hamiltonian leaves the local state itself unchanged (ta,a = ϵa), while
modifying the subspace associated with the bulk states and their coupling to the local state.

Finally, we can obtain a unique set of Wannier functions
from these Löwdin-orthonormalized Bloch-like manifolds
using the maximal localization procedure [55].

Equations (3) and (4) indicate that there is an inher-
ent arbitrariness in selecting trial orbitals and obtaining
Wannier functions through the projection method for en-
tangled bands. One effective strategy to define orbitals
consistently and mitigate the arbitrariness is to use accu-
rate atomic orbitals as a projection basis, known as the
pseudo-atomic-orbital (PAO) method [56, 101]. This ap-
proach directly employs atomic orbital projectors derived
from the pseudopotential of each atom, enabling us to
accurately extract the target orbital characteristics from
the entangled conduction-band manifolds. For our pur-
poses, we use pseudo-atomic s and p orbitals of a Si atom
and the s orbital of a H atom as projectors for the disen-
tanglement procedure. Since these orbitals contribute to
both the valence and conduction bands of the system, we
then apply a block diagonalization scheme [102] to obtain
antibonding states composed exclusively of conduction-
band states. This ensures that the antibonding orbitals
are free of valence-band character, maintaining their or-
thogonality and independence.

We note that this approach aligns with the linear com-
bination of atomic orbitals (LCAO) method for describ-
ing bonding and antibonding states. The bonding or-
bital is derived from the valence-band manifold, com-
posed solely of the s and p orbitals of Si and the s orbital
of H. By using the PAO method, the antibonding orbital
can now be extracted from the same set of orbitals.

By employing the MLWF approach along with the
PAO method, we can identify localized orbital states
and derive a tight-binding Hamiltonian (middle panel of
Fig. 3). Analyzing the diagonal elements of this Hamil-
tonian allows us to determine the energies associated
with the localized bonding and antibonding states of Si-
H bonds (noting that ta,a = ϵa). Furthermore, by diag-
onalizing the subspace that includes interactions among
Si-Si orbitals, we construct the Newns-Anderson Hamil-
tonian as expressed in Eq. (1). The overall procedure is

schematically illustrated in Fig. 3.

C. Electronic transitions and lifetime

The Newns-Anderson Hamiltonian allows us to iden-
tify one localized state of interest and a set of delocal-
ized bulk states. The off-diagonal terms vak represent the
electronic coupling between the localized state a and each
delocalized state k. These coupling terms determine the
electronic transition rate between the localized and delo-
calized states, which can be described by Fermi’s Golden
Rule [103, 104].
The electron transfer rate from bulk states to an empty

resonant state, Γk→a, is given by:

Γk→a =
2

h̄

∫
fk(E)∆k(E)δ(E − Ea)dE . (5)

Here, fk represents the occupation probability of the bulk
states, and ∆k(E) is a coupling function weighted by the
density of bulk states gk(E) (per unit energy and per unit
volume) [50, 103]:

∆k(E) = π|vak(E)|2V gk(E) , (6)

where V is the volume of the system. Since the bulk
states are normalized over the system volume V , the cou-
pling elements vak naturally scale with 1/

√
V .

In practice, one performs first-principles calculations
for a supercell of volume Vcell. The calculated matrix
element vcellak scale to the bulk coupling via

vak = vcellak

√
Vcell
V

(7)

Using this scaling, one calculates

∆k(E) = π|vcellak (E)|2Vcellgk(E) . (8)

For localized states that are strongly coupled to lo-
cal vibrations, such as the Si–H antibonding states dis-
cussed in the subsequent section, the interaction with
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vibrational modes significantly influences the energy of
the localized state. This coupling causes the energy level
of the localized state to fluctuate, effectively broadening
its energy distribution. As a result, the delta function
in Fermi’s Golden Rule, which assumes a discrete energy
level, is no longer adequate to describe the transition
rate. Instead, the delta function must be replaced by a
probability distribution Pa(E) that accounts for how the
vibrational ground state modulates the localized level:

Γk→a =
2

h̄

∫
fk(E)∆k(E)Pa(E)dE . (9)

Pa(E) is equivalent to a Franck-Condon lineshape func-
tion. Similarly, the electron transfer rate from the oc-
cupied resonant state to the bulk states, Γa→k, can be
expressed as

Γa→k =
2

h̄

∫
[1− fk(E)]∆k(E)Pa(E)dE , (10)

where this rate characterizes the lifetime τ = 1/Γa→k

of the resonant state. This lifetime plays a key role in
determining how long the excitations persist that can
trigger the movement of the hydrogen nucleus.

In principle, ∆k, which represents the electronic in-
teraction between bulk and localized states, depends on
both energy and nuclear configuration. However, it is
commonly assumed that the energy dependence of the
electronic coupling is negligible [91, 92, 105]; we will
therefore approximate it as being energy-independent.
In addition, we will assume that the dependence on nu-
clear coordinates is negligible. The electronic coupling
will thus remain invariant and constant throughout the
process. With these assumptions, and in the limit where
the bulk states are mostly unoccupied (1 − fk(E) ≈ 1),
Eq. (10) simplifies to:

τ =
1

Γa→k
=

h̄

2∆k
, (11)

This simplification facilitates our analysis of nuclear dy-
namics, which we discuss in more detail in the next sec-
tion.

D. Potential energy curves for non-adiabatic
dynamic processes

Based on the electronic energy levels of the Si-H bond-
ing and antibonding states, we investigate how electronic
excitations involving these states can trigger hydrogen
nucleus movement and lead to bond dissociation. Chem-
ical bond dissociation processes are extensively studied
in surface chemistry and are typically analyzed within a
non-adiabatic framework due to the significant electron-
nuclear coupling [49–51]. Such studies need potential en-
ergy curves to map the energy landscape as a function of
nuclear coordinates, which is crucial for identifying reac-
tion pathways and activation energies. Generating such

potential energy curves is a key issue which we address
here based on the methods described in Secs. IIA and
IIB.
We start by calculating the ground-state potential en-

ergy curve, which is directly obtained from the total en-
ergy provided by DFT calculations. We adjust the po-
sition of the hydrogen atom along the stretching mode
of the Si-H bond while keeping all other silicon atoms
fixed, to obtain the potential energy as a function of
the nuclear coordinate. The rationale for this approach
stems from the significant mass difference between silicon
and hydrogen (28 amu and 1 amu for the dominant iso-
topes, respectively), resulting in the reduced mass of the
stretching vibrational mode being primarily determined
by the mass of hydrogen.
For the excited-state potential energy curve, we inves-

tigate several scenarios. Early work suggested that the
fundamental mechanism for Si-H bond dissociation was
electron excitation from the Si-H bonding orbital to the
antibonding orbital [15, 17]. In contrast, direct carrier in-
jection—where an electron or hole is introduced directly
from the STM tip into the surface state—is more com-
monly considered in other cases [49, 106]. Here we aim to
explicitly compare the direct electronic excitation process
with the carrier injection process.
For electron excitation, we obtain the excitation en-

ergy by calculating the difference between the antibond-
ing and bonding orbitals and adding this to the ground-
state potential energy surface. For electron injection into
the antibonding orbital we add the target orbital energy,
referenced to the valence-band maximum (VBM) of the
Si host, to the ground-state potential energy surface.

E. Dynamics of the nuclear wavepacket

We are now in a position to investigate the movement
of the proton by explicitly solving the time evolution
of the nuclear wavefunction along the non-adiabatic po-
tential energy curve for the excited state. We employ
the Menzel-Gomer-Redhead (MGR) approach [57, 58], a
theoretical framework designed to model desorption pro-
cesses triggered by electronic transitions, such as photo-
desorption or electron injection [50, 60, 107, 108]. Within
this framework, we solve the time-dependent Schrödinger
equation for the nuclear wavefunction Ψ(z, t):

i
∂Ψ(z, t)

∂t
= ĤΨ(z, t) . (12)

Figure 4 shows a schematic representation of the
wavepacket propagation described within the MGR ap-
proach. Initially, the system is in its ground state, repre-
sented by the nuclear wavefunction, Ψ(z, 0). According
to the MGR model, the desorption process consists of
three key stages. First, a sudden Franck-Condon tran-
sition occurs, shifting the system from the ground-state
potential energy curve to the excited-state potential en-
ergy curve (step 1 in Fig. 4). This transition means that
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the initial nuclear wavefunction Ψ(z, 0), originally a so-
lution of the ground-state Hamiltonian Hg, transitions
to evolve on the excited-state potential energy curve, de-
scribed by He. Second, the nuclear wavefunction evolves
and propagates along the excited-state potential for a du-
ration that reflects the lifetime of the excitation (step 2
in Fig. 4). Third, eventually the excitation decays as the
wavefunction transitions back to the ground-state poten-
tial curve, continuing its evolution there (step 3 in Fig. 4).
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FIG. 4. Schematic representation of the wavepacket propa-
gation described within the MGR approach. The hydrogen
nuclear wavefunction starts in the ground-state potential and
undergoes excitation, transitioning to the excited-state poten-
tial. It propagates in this excited state for a period of time
before eventually decaying back to the ground state.

In this framework, Si-H bond dissociation occurs when
the proton gains sufficient kinetic energy while moving
along the repulsive excited-state potential energy curve.
If the kinetic energy gained by the proton is sufficient to
overcome the energy barrier it encounters on the ground-
state energy curve, the proton can proceed to move fur-
ther away from the Si atom, resulting in Si-H bond disso-
ciation. Within this framework, the dissociation proba-
bility p(τR) is determined by how long the nuclear wave-
function evolves on the excited-state potential, a dura-
tion we refer to as the residence time (τR). To calculate
the dissociation probability, we continue propagating the
wavepacket after it returns to the ground state and deter-
mine the fraction of its amplitude that extends beyond
the bond region, where the ground-state Morse potential
ultimately becomes flat.

Lastly, to compute a quantum yield that can be com-
pared with experimental values, it is essential to in-
corporate an incoherent average of quantum trajecto-
ries [28, 29, 109]:

Q (τ) =

∫
p (τR) e

−τR/τdτR∫
e−τR/τdτR

, (13)

where p (τR) is the dissociation probability described in
the previous paragraph, and τ represents the lifetime of
the excited state. The integration over τR, weighted by
e−τR/τ , accounts for the variability in residence times of
each excitation event through an exponential distribu-
tion. This method accounts for the statistical distribu-
tion of residence times and the probabilistic nature of the
dissociation process, thereby providing a comprehensive
evaluation of the quantum yield.
The MGR approach with averaging using an exponen-

tial weighting factor has been shown to be equivalent
to the stochastic Monte Carlo (MC) method [110, 111].
In MC simulations, one explicitly calculates each exci-
tation event with an excited electronic Hamiltonian that
includes a decay term. For extremely rare events, such as
the present bond dissociation process, this requires sim-
ulating millions of excitations to observe a single bond
dissociation, which is computationally prohibitive. The
MGR approach allows performing significantly fewer sim-
ulations by utilizing a weighting factor, enabling cost-
efficient calculations without the need to simulate every
individual excitation event.
We note that the decay rate that determines the life-

time can in principle be obtained from Eq. (9) and de-
pends on the nuclear coordinates. By calculating the
Newns-Anderson Hamiltonian for varying nuclear coordi-
nates, we could account for the nuclear configuration de-
pendence of the decay rate. However, incorporating this
dependence is not directly compatible with the averaging
method of Eq. (13), as discussed in Ref. [110, 111]. For
this reason, we assume a coordinate-independent fixed
decay rate, leading to a constant lifetime. This assump-
tion simplifies our calculations while still providing rea-
sonable results.

F. Computational methods

We perform DFT calculations with norm-conserving
pseudopotentials using the Perdew-Burke-Ernzerhof
(PBE) [112] exchange-correlation functional, as imple-
mented in Quantum Espresso [113]. A 40 Ry plane-wave
energy cutoff was sufficient to converge the total energy.
We employed a force convergence criterion of 1.0× 10−3

Ry/Bohr. Using this setup, we obtained a lattice con-
stant of 5.468 Å for bulk silicon. This value overesti-
mates the experimental lattice parameter (5.431 Å [114])
by 0.69%, which is typical for PBE. The calculated band
gap for bulk silicon is 0.61 eV. With this relaxed lat-
tice parameter, we constructed a Si supercell containing
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Si-H bonds. To obtain the Si-H bonding and antibond-
ing states, we used the MLWF approach and the PAO
method as implemented in Wannier90 [115].

III. RESULTS

A. Geometry

As noted in the Introduction, Si-H bond dissociation
is relevant both in the context of surfaces (where de-
tailed STM experiments have been performed) and for
bonds embedded in a bulk environment. Our results will
demonstrate that, while minor quantitative differences
occur, the key conclusions are independent of the precise
geometry. We will provide our most detailed discussion
of the calculations for the case of Si-H embedded in bulk,
and refer to results for surfaces where relevant.

To address the dissociation of the Si-H bond embed-
ded in bulk Si, we perform DFT calculations for a super-
cell that includes an isolated Si-H bond. We construct a
4×4×4 supercell based on the conventional (8-atom) cell
of Si. Simply removing a single Si atom and passivating
the resulting four dangling bonds with H atoms results in
four Si-H bonds that are closely packed, with a distance
between hydrogen atoms of less than 1.4 Å. This setup
would fail to accurately represent the behavior of an iso-
lated Si-H bond due to the strong interactions between
neighboring hydrogen atoms. To simulate an isolated Si-
H bond, we instead remove four Si atoms and introduce
ten H atoms for passivation [5]. This strategy allows us
to achieve an isolated Si-H bond in which the H atom is
positioned more than 3 Å away from the other H atoms
(Fig. S1 in the Supplemental Material [116]). We then
perform a structural relaxation calculation, allowing the
H atoms and their first and second nearest Si atoms to
relax.

To address Si-H bonds on silicon surfaces, we investi-
gate two different hydrogen-passivated surfaces, Si(001)-
(2×1):H and Si(111)-(1×1):H. For H-passivated Si(001)
surfaces, we construct a 14-layer Si(001)-(2×1) structure
and passivate the surface Si dangling bonds with hydro-
gen. We include a vacuum thickness of 20 Å to prevent
interactions between periodic images. We relax the H
atoms and their first and second nearest neighboring Si
atoms to obtain the relaxed Si(001)-(2×1):H structure.
We then construct a 2×4 multiple of the 2×1 slab struc-
ture, resulting in a 4×4 supercell (Fig. S2 in the Sup-
plemental Material [116]), and adjust the position of one
specific H atom on the surface to obtain energy levels
and potential energy curves. This ensures sufficient in-
plane separation between periodic images of the hydro-
gen atoms. For H-passivated Si(111) surfaces, we follow
a similar approach by constructing a 12-layer Si(111)-
(1×1) orthorhombic structure and passivating the sur-
face Si dangling bonds with hydrogen. A 20 Å vacuum
thickness is again included, and all H atoms and their first
and second nearest neighboring Si atoms are relaxed. We

then utilize a 3×2 supercell of the slab structure (Fig. S3
in the Supplemental Material [116]) and focus on one
specific H atom on the surface.

B. Bonding and antibonding states

1. Si-H bond in bulk

Based on DFT calculations for the relaxed supercell
structures (Fig. S1), we obtain Bloch wavefunctions. We
then use the partitioning method of Sec. II B to isolate
the bonding and antibonding states of the Si-H bonds.
For the bonding orbital, we apply the MLWF method
to the entire valence band manifold, converting it into a
uniquely defined set of Wannier functions. We can then
identify the one Wannier function that is localized along
the Si-H bond, corresponding to the Si-H bonding orbital
(Fig. 5). The center of the bonding orbital and its charge
distribution lean slightly towards the hydrogen atom at
the equilibrium bond length (dSi−H = 1.5Å), reflecting
the somewhat higher electronegativity of hydrogen (χH =
2.20) compared to silicon (χSi = 1.90) [117]. The other
Wannier functions, which correspond to the Si-Si bonding
orbitals, are precisely centered on the Si-Si bonds.

FIG. 5. Wavefunctions of the bonding state (left) and anti-
bonding state (right) of Si-H bonds obtained from the parti-
tioning process.

For the antibonding orbital, we combined the MLWF
approach with the PAO method as described in Sec. II B.
The antibonding orbital (Fig. 5) is characterized by a
node between the Si and H atoms, distinguishing it from
the bonding orbital and highlighting its antibonding na-
ture. The overall distribution of the wavefunction shifts
toward the Si atom, in contrast to the Si-H bonding state,
again consistent with the lower electronegativity of the
Si atom.
Now that we have identified the Si-H bonding and an-

tibonding states we can examine the changes in their en-
ergy levels as the hydrogen atom moves along the direc-
tion of the stretching mode (Fig. 6). At the equilibrium
Si-H bond length, the energy of the bonding state is 5.5
eV below the VBM of the Si host, while the antibond-
ing state is 7.0 eV above the VBM. Changing the Si-H
bond length causes a significant energy level shift for both
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states. An increase in the bond length by 1 Å leads to
an upward shift of over 3 eV for the energy level of the
bonding state and a downward shift of 4 eV for the an-
tibonding state. Decreasing the Si-H bond length, on
the other hand, results in different trends for the bond-
ing and antibonding levels. The bonding energy level
consistently decreases as the bond length shortens, while
the antibonding energy level initially increases and then
slightly decreases. These differing behaviors stem from
their spatial charge distributions (see Fig. 5). For the
bonding orbital, the charge is localized mainly around
hydrogen, so changing the hydrogen position primarily
affects the bonding orbital without influencing other Si-Si
orbitals. For the antibonding orbital, however, the charge
is more concentrated around the silicon atom. Conse-
quently, when the bond length becomes shorter, nearby
Si-Si antibonding orbitals are also affected, leading to
changes in their energy levels as well.

In addition to examining motion along the stretch-
ing mode, we also investigated changes in the bond-
ing/antibonding levels as the hydrogen atom moves along
the Si-H bending mode (see Supplemental Material [116],
Fig. S4). In this scenario, the energy levels of both
the bonding and antibonding states remain almost un-
affected, indicating their sensitivity is primarily to bond
length. This observation supports our approach in the
following analysis, where we will focus on the stretching
mode and develop the potential energy curve along this
path to describe the bond dissociation process.

We note that the energy levels of the other Wannier
functions obtained through the partitioning approach re-
main unaffected by changes in the Si-H bond length
(Fig. 6). These results emphasize the highly localized na-
ture of the derived Si-H bonding and antibonding states,
while the remaining states accurately represent the con-
tinuum bulk Si states.

2. Si-H bond on the surface

The results presented above are for an isolated Si-H
bond in bulk Si; they turn out to be very similar to re-
sults for a Si-H bond on the surface. For the slab geome-
tries described in Sec. IIIA we modified the position of
a specific H atom at the surface to obtain energy levels
and potential energy curves. Explicit calculations of the
Si-H bond states on silicon surfaces (Fig. S5 in the Sup-
plemental Material [116]) showed that they are nearly
identical to those for the Si-H bond in bulk silicon. The
states derived from our partitioning method thus exhibit
consistent characteristics across different systems. This
observation confirms that it is sufficient to conduct fur-
ther analysis using the energy levels obtained for the Si-H
bond in bulk Si.
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FIG. 6. Energy levels of the bonding (blue) and antibonding
(red) states of Si-H bonds, obtained through the partitioning
method using the MLWF approach combined with the PAO
method, as a function of Si-H bond length. Other states as-
sociated with Si-Si bonds and additional Si-H bonds are also
displayed (gray). The vertical dashed line represents the equi-
librium length of the Si-H bond, while the horizontal solid line
marks the VBM of silicon, set as the reference energy level at
0 eV.

3. Si-H bond in a small cluster

We also performed DFT calculations on the Si4H10

cluster as examined in Ref. [17, 35, 38]. In agreement
with this earlier research, we find that changing the
length of a single Si-H bond in the cluster results in no-
table change in the energy of some of the DFT eigenstates
[states 1–4 in Fig. 7(a)]. The previous studies suggested
that this allows identifying the bonding and antibonding
states. However, as shown in Fig. 7(b), the wavefunctions
of these states (which are consistent with those reported
in Ref. [38] and were identified there as bonding and an-
tibonding states) extend across the entire cluster, rather
than being confined to a single Si-H bond. This delocal-
ization is in sharp contrast to the localized bonding and
antibonding states we identified using our partionining
procedure (Fig. 5), and indicates these DFT eigenstates
should not be used to model excitation processes. The
delocalization observed in the Si4H10 cluster is exemplary
of the issues faced when attempting to use DFT eigen-
states obtained in larger clusters or slab structures [35–
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FIG. 7. (a) Energies of the DFT eigenstates of the Si4H10 cluster (open symbols). Blue and red dots denote the energy of
occupied and unoccupied states, respectively. Filled symbols correspond to the bonding (blue, EB) and antibonding orbitals
(red, EAB) obtained through the partitioning process. (b) Wavefunctions of specific DFT eigenstates (1-4), along with wave-
functions of the bonding and antibonding orbitals obtained with the partitioning process, all at a Si-H bond length of 1.5 Å.
Isosurfaces are plotted at 16% of the maximum value.

38], where electronic eigenstates are similarly delocalized
throughout the supercell. We emphasize that the ob-
served delocalization is not a manifestation of some in-
herent DFT error, but correctly reflects the nature of the
states within the adiabatic DFT framework.

The delocalization problem can be overcome by apply-
ing our partitioning framework described in Sec. II B, as
shown in Fig. 7. We observe that both the energy gap
between bonding and antibonding orbitals (∼12 eV) and
the shape of the corresponding wavefunctions are very
similar to those found for the Si-H bond in bulk Si (Fig. 6)
and on the Si surface (Fig. S5). We can understand this
similarity across different systems based on two reasons.
First, the bonding and antibonding orbitals derived from
the partitioning method possess physical significance as
molecular orbitals (unlike the DFT eigenstates), ensuring
consistency across different systems. Second, the highly
localized nature of these orbitals renders them insensi-
tive to the details of the bonding environment, ensuring
that their characteristics remain similar across various
systems.

We thus conclude that previous attempts [15, 17, 35–
38] to interpret and analyze the bond-dissociation process
solely within the framework of DFT eigenstates, while in-
sightful, are limited in their ability to describe the non-
adiabatic coupling mechanisms underlying the observed
phenomena. The states previously identified as localized
orbitals do not capture non-adiabatic effects, and their

behavior as a function of bond length is likely to merely
result from the inherent localization effects of the small
cluster itself. We argue that a correct understanding of
non-adiabatic dynamic processes, such as bond dissocia-
tion, requires proper identification of the involved states
(through our partitioning process), rather than simply
relying on the electronic eigenstates of the system.

C. Potential energy curves

Based on the electronic energy levels of the bonding
and antibonding states, we can construct the potential
energy curves for the ground and excited states, as illus-
trated in Fig. 8. We examine three different excitation
scenarios: (i) an electron is excited from the bonding
orbital to the antibonding orbital; (ii) an electron is in-
jected into the antibonding orbital of Si-H bonds; and
(iii) a hole is injected into the bonding orbital of Si-H
bonds. Scenario (i) was initially proposed for the single-
electron bond dissociation mechanism [15, 17], whereas
scenarios (ii) and (iii) were considered as potential mech-
anisms for multi-electron dissociation processes and dis-
cussed within the framework of inelastic resonant scat-
tering [15, 17, 39–41].

First, we note that the ground-state potential energy
curve of the Si-H bond is anharmonic and well described
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FIG. 8. Potential energy curves for the ground state and for
the excited state in three scenarios. Black symbols represent
the ground-state DFT potential energies, fitted with a Morse
potential [Eq. (14)]. Case i (green symbols): an electron is
excited from the Si-H bonding state to the antibonding state.
The corresponding excited-state energy is obtained from the
Newns–Anderson Hamiltonian, as discussed in Sec. IID. Case
ii (red symbols): an electron is injected into the antibonding
state. Case iii (blue symbols): a hole is injected into the
bonding state. The excited-state potential curves are fitted
with exponentially decaying functions [Eq. (15)], highlighting
the repulsive nature of these excitations.

by the Morse potential [118]:

Vg (z) = D
(
1− e−a(z−z0)

)2

. (14)

The fit to the Morse potential is shown in Fig. 8, with
parameters: D = 3.351 eV, a = 1.548 Å−1, and z0 =
1.508 Å.
In contrast, the excited state potential energy curves

exhibit an exponentially decaying trend, indicating their
repulsive nature. This repulsion can cause the proton
to move away, potentially leading to Si-H bond dissocia-
tion. Such bond dissociation processes driven by repul-
sive potentials are frequently discussed in contexts such
as electron-stimulated desorption, desorption induced by
electronic transitions, and dissociative electron attach-
ment [59, 119, 120].
The excited-state potential energy curve for case (i)

lies at significantly higher energy compared to the other
two cases. Starting from the Si-H bond at its equilibrium
bond length (1.5 Å), the energy needed to excite an elec-
tron from the Si-H bonding state to the Si-H antibonding
state exceeds 12 eV. This observation conflicts with the
assumptions made in earlier studies, which attributed the
7 eV threshold observed in STM experiments to the en-
ergy required to excite an electron from the Si-H bonding
state to the antibonding state [15, 17].
Our calculations indicate that the potential energy for

an electron injected into the Si-H antibonding state is
close to 7 eV (again starting from the Si-H bond at
its equilibrium length) [Fig. 8, case (ii)]. Considering
that STM studies report a 6–7 V threshold voltage on
n-type Si[14, 15, 17, 18]—–implying a threshold energy
of approximately 7–8 eV relative to the valence band
maximum—–our result is in good agreement, albeit with
a slight underestimation. This difference is likely due to
the underestimation of energy levels by the PBE func-
tional employed in our calculations. Our findings thus
indicate that electron injection into the Si–H antibond-
ing state is responsible for the bond dissociation observed
in these experiments.
For the excited state corresponding to an electron in-

jected into the antibonding state, we fit the potential en-
ergy curve with an exponentially decaying curve (Fig. 8):

Ve (z) = D′e−a′(z−z′
0) + E0 , (15)

with fitting parameters: D′ = 1.301 eV, a′ = 2.115 Å−1,
z′0 = 1.803 Å, and E0 = 4.490 eV.
Hole injection into the bonding orbital also exhibits a

repulsive potential energy curve. The mechanism of hole-
injection-induced dissociation is relatively unexplored; to
our knowledge, Ref. 39 is the only paper reporting dis-
sociation via a hole resonance, showing a maximum des-
orption rate at a bias voltage of −7 V. Since the bias
voltage is referenced to the Fermi level, and Ref. 39 used
n-type samples in which the Fermi level is close to the
conduction-band minimum (at an energy Eg=1.12 eV
above the VBM), this observation closely matches our
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prediction of the bonding orbital at 5.5 eV below the
VBM (case iii in Fig. 8). Due to the limited experimental
evidence available for hole injection, the following analy-
sis will focus on electron injection.

D. Dynamics of dissociation

Our analysis of the potential energy curve suggests
that electrons temporarily occupying Si-H antibonding
states generate a repulsive potential, exerting force on
the proton. If the electron remains in the antibonding
state long enough, the proton may experience significant
displacement, potentially leading to the dissociation of
the Si-H bond. This underscores the need to explicitly
consider both electronic processes and nuclear motion.

In this section, we explore the quantum dynamics of
the nuclear wavepacket within the framework discussed
in Sec. II E. Using the MGR model and the potential
energy curves obtained in Sec. III C, we explicitly solve
the time-dependent Schrödinger equation for the hydro-
gen nucleus under electronic excitation, where an elec-
tron is injected into the Si-H antibonding state. This
approach enables us to observe the evolution of the nu-
clear wavepacket across varying residence times on the
excited-state potential energy curve.

1. Dissociation probability

To quantify the dissociation probability, we define a
cutoff distance Zc = 12 au = 6.350 Å; a fraction of the
wavefunction beyond Zc at the final time step (t = 300 fs)
is considered dissociated. Justification for these values is
provided in Figs. S6 and S7 in the Supplemental Mate-
rial [116]. To prevent numerical issues at the boundary,
we used a broad spatial grid that extends from 0.5 au
to 200 au. We checked that a time step of 1 attosecond
and a spatial grid increment of 0.025 au are sufficient for
obtaining converged results. For the residence time τR,
we considered a range from 0.01 fs to 20 fs with incre-
ments of 0.01 fs, resulting in a total of 2000 data points.
We select the lowest vibrational eigenstate of the ground-
state potential energy curve as the initial condition for
the time-dependent wavefunction calculation, akin to as-
suming low temperature. Figure 9 displays the resulting
dissociation probabilities for hydrogen and deuterium as
a function of their residence times.

Figure 9 shows that the dissociation probabilities for
hydrogen and deuterium exhibit a sharp rise around 6
fs and 8 fs, respectively. The distinction between hydro-
gen and deuterium originates from the difference in how
fast their wavefunctions move along the excited-state po-
tential energy curve. Although they share identical elec-
tronic properties, the disparity in their masses leads to
different dynamics. The heavier deuterium exhibits a
slower response, leading to a lower dissociation probabil-
ity for the same residence time.
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FIG. 9. Dissociation probability of hydrogen and deuterium
as a function of the residence time. Vertical dashed lines
denotes the classical limit.

From a classical mechanics perspective, it is antici-
pated that there is a specific threshold time: if the propa-
gation time along the excited-state potential energy curve
exceeds this threshold, the hydrogen atom will dissociate.
Within the classical mechanics framework, the desorption
probability would thus be a step function, as depicted
by the dotted lines in Fig. 9. In contrast, our explicit
calculation of the nuclear wavefunction incorporates the
quantum-mechanical aspects of the dissociation process,
resulting in a more gradual curve for the desorption prob-
ability, shown by the solid lines in Fig. 9.
The probabilistic nature of the dissociation process be-

comes clear when examining the time evolution of the nu-
clear wavepacket. Figure 10 depicts this time evolution
for three different residence times. (a) For short residence
times (τR = 2 fs), most of the nuclear wavepacket remains
near its initial position, indicating that the bond dissoci-
ation probability is small. (b) At intermediate residence
times (τR = 6 fs), the nuclear wavepacket splits into two
parts: one part stays near the initial position, while the
other moves forward, suggesting a significant dissociation
probability. (c) For long residence times (τR = 10 fs), the
majority of the nuclear wavepacket propagates forward,
indicating an almost certain dissociation.

2. Quantum yield

Following our analysis of dissociation probability, we
now examine the quantum yield. In experiments, the
quantum yield is defined as the ratio of the number of dis-
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Case 1: !R = 2 fs

(a)

(b)

(c)

Case 2: !R = 6 fs

Case 3: !R = 10 fs

FIG. 10. Time evolution of the nuclear wavepacket for three
different residence times: (a) τR = 2 fs, (b) τR = 6 fs, and
τR = 10 fs, plotted as a function of the coordinate along the
Si-H stretching mode.

sociated bonds to the total number of injected electrons.
Observing bond dissociation typically involves millions of
excitation events, each characterized by its own residence
time. Therefore, it is crucial to implement an averaging
process that accounts for the statistical distribution of
residence times across all these excitation events. This
approach, known as incoherent averaging of quantum tra-
jectories [Eq. (13)], allows us to calculate the quantum
yield in a manner that aligns with experimental observa-
tions.
Figure 11 shows the quantum yield of hydrogen (QH)

and deuterium (QD) and the isotope ratio I = QH/QD as
a function of lifetime (τ). We observe that the quantum
yield of both H and D increases exponentially as a func-
tion of lifetime. Importantly, the isotope ratio sharply
rises when the lifetime is reduced, which can be at-
tributed to the different propagation speeds of hydrogen
and deuterium wavefunctions. Within a short lifetime (in
the femtosecond range), the nuclear wavefunction prop-
agates only a short distance. Consequently, only a small
portion of the wavefunction, particularly the tail part
that has gained enough kinetic energy for dissociation,
can overcome the dissociation barrier and contribute to
the quantum yield. Under these conditions, H and D ex-
hibit a significant disparity in quantum yields because the
differences in their propagation speeds result in markedly
different fractions of the tail part gaining enough kinetic
energy for dissociation. The isotope ratio declines as the
lifetime increases and eventually converges to one. This
is because, at long lifetimes, a relatively larger fraction
of the wavefunctions of both H and D will gain enough
energy for dissociation.
We compared our computational results with exper-

imental data and found that the isotope ratios ex-
tracted from STM experiments, ranging from 50 to
200 [17, 18, 20, 21], correspond to electron lifetimes of
approximately 0.40 to 0.55 fs. Within this range of life-
times, our calculations predict a hydrogen quantum yield
between 4 × 10−6 and 7 × 10−5. These quantum yield
values are slightly higher than desorption yields mea-
sured in STM experiments above the threshold, which
are on the order of 10−6 electrons per incident elec-
tron [14, 15, 17, 18, 20, 21]. This difference can be ex-
plained by considering that, in STM experiments, not all
electrons from the STM tip are injected into the Si-H
antibonding states. A more detailed analysis of the des-
orption yield spectrum obtained from STM experiments
is presented in Sec. III E.

3. Temperature dependence

So far, we have examined the desorption probability
and yield at zero temperature, with the lowest vibrational
eigenfunction as the initial state. At finite temperatures,
higher vibrational states can be occupied, and their im-
pact on the dissociation dynamics must be taken into
account. We therefore conduct the time-dependent wave-
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FIG. 11. Quantum yield (left y-axis) of hydrogen (blue) and
deuterium (red) as a function of the lifetime τ . Black dashed
line corresponds to the isotope ratio (right y-axis). The green
shaded region marks the experimentally reported range of iso-
tope ratios, and the green vertical dotted lines mark the cor-
responding range of quantum yields.

function calculations for higher vibrational states; see
Fig. S8 in the Supplemental Material [116]. These states
also exhibit a sharp rise in the dissociation probability
curves (Fig. S9), similar to the lowest vibrational state
analyzed above, but they show intermediate steps due to
the presence of nodes in their wavefunctions (Fig. S8).

We then calculate the quantum yield as a function
of temperature by taking the thermal average of these
states, and assuming a lifetime τ of 0.5 fs. The results in
Fig. 12 show that up to room temperature, the quantum
yield remains nearly the same as when considering only
the lowest vibrational state. In this temperature range,
higher vibrational states are barely occupied due to their
relatively high energy levels (with the second and third
eigenstates lying 0.248 eV and 0.486 eV above the first
vibrational state, respectively, as shown in Fig. S8 in the
Supplemental Material [116]). As a result, their contri-
bution to the quantum yield is negligible up to room tem-
perature range. Only at much higher temperatures does
occupation of higher states noticeably affect the quan-
tum yield, but at these temperatures thermal dissocia-
tion may become more important.

E. Bias dependence

So far, our focus has been on one aspect of the degra-
dation process: what happens once an electron is injected
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FIG. 12. Temperature dependence of the quantum yield, with
each curve obtained by considering only the first 1, 2, or 3
vibrational eigenstates, assuming a lifetime of 0.5 fs.

into the Si-H antibonding state, leading to potential dis-
sociation. To make a connection with experimental ob-
servations, it is essential to also examine the process of
electron injection into the Si-H antibonding states, ad-
dressing the energy range over which this occurs (and
hence the dependence on applied bias) and the associ-
ated rate.
A calculation of the injection rate allows us to address

key experimental quantities, including desorption yields
measured in STM studies [14, 15, 17, 18, 20, 21] and
trap creation probabilities estimated in oxide stress ex-
periments [31–33]. In both cases, the measured quantity
is determined by the ratio between the dissociation rate
and the total carrier injection rate:

Measured quantity =
Γtotal ×Q

Φtotal
. (16)

Here Γtotal is the rate of electron injection into the local-
ized resonant state, Q is the quantum yield, which quan-
tifies the probability of bond dissociation per injected
electron [Eq. (13)], and Φtotal is the total carrier injec-
tion rate.
To quantify the injection rate Γtotal, we employ Fermi’s

golden rule [Eq. (9)]. As discussed in Sec. II C, the Si–H
antibonding state is modulated by the vibrational wave-
function; electron injection into the Si-H antibonding
state therefore does not occur at a single, discrete en-
ergy. Rather, Si-H antibonding states span a range of
energies shaped by the ground-state nuclear wavefunc-
tion [see Fig. 13]; therefore electron injection can take
place at energies below the energy of the antibonding
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state, albeit with a small probability . We can address
this quantitatively using our calculations of the Si–H an-
tibonding energy levels (Sec. III B) and potential energy
curves (Sec. III C).
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FIG. 13. Potential energy curves for the ground (blue) and
excited (red) states, taken from Fig. 8. The ground-state
hydrogen nuclear wavefunction is illustrated as a gray filled
area. Adjacent to this, the probability distribution for the
excited-state energy, PAB(E), is displayed as a green area.

1. STM experiments

As mentioned in the introduction, STM experiments
have shown measurable desorption yields even for bias
voltages below 7 V, which we will refer to as the sub-
threshold regime. We aim to explain the desorption yield
spectrum at both subthreshold and above-threshold en-
ergies.

First, the STM junction is modeled by a resonant-level
Hamiltonian [Eq. (1)], where the index k ∈ {t, s} repre-
sents either tip states (t) or Si substrate states (s). Elec-
trons are assumed to be injected from the occupied tip
states into the antibonding state, as described in other
STM analyses [42, 43]. The STM measurements are con-
ducted in constant-current mode, i.e., Φtotal is kept fixed.
We can then write Eq. (16) for the desorption yield Pd

as a function of bias VB as follows:

Pd ∝
∫
ft(E)∆t(E)PAB(E)dE ×Q , (17)

where ∆t(E) represents the electronic coupling between
the tip states and the antibonding state [as defined in

Eq. (8)], and PAB represents the distribution of the an-
tibonding state energy. Q denotes the quantum yield
discussed in Sec. II E and calculated in Sec. IIID 2. For
the occupation function ft(E), we consider all tip states
occupied up to the energy EF+eVB , with EF correspond-
ing to the Fermi level of the n-type Si substrate and VB
representing the applied bias. Under the assumption that
∆t(E) does not significantly depend on energy, the yield
equation becomes:

Pd(VB) ∝
∫ EF+eVB

EF

PAB(E)dE ×Q . (18)

Based on Eq. (18), we aim to model the experimentally
measured desorption yield from STM experiments [17]
[symbols in Fig. 14]. Since neither the experiments [17]
nor our model provide an absolute value for the desorp-
tion yield, we adjusted the magnitude of our calculated
desorption yield to match the experimental yield in the
above-threshold regime. In addition, a +0.9 eV shift was
applied to align the threshold behavior, a correction that
accounts for the underestimation of energy levels by the
PBE functional. Our model successfully captures two
key features: the saturation of the desorption yield at
bias voltages above the threshold of approximately 7 V,
and the exponential decrease in desorption yield observed
as the bias voltage drops below 7 V.
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FIG. 14. Desorption yield derived from Eq. (18), where the
blue and red solid lines correspond to H and D, respectively.
Experimental data (from Ref. [17]) for H and D are depicted
by blue and red circle symbols.
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2. Oxide stress experiments

Our quantum yield calculations also allow us to ad-
dress the degradation process observed in silicon devices.
DiMaria [31–33] conducted controlled oxide stress ex-
periments by injecting carriers uniformly across metal-
oxide-semiconductor structures, applying a bias voltage
between 2 and 8 V. The trap generation probability, Pg,
was determined using the following expression [31]:

Pg =
q∆Ns

∆Qinj
, (19)

where ∆Ns is the total number of generated traps and
∆Qinj is the total injected charge. DiMaria [31] at-
tributed the trap generation to hydrogen release from the
poly-Si/oxide interface, where poly-Si is the gate. The re-
sulting Pg spectra exhibited a threshold near 6 V relative
to the Fermi level of poly-Si. A decrease in dissociation
probability was observed with decreasing bias voltage;
values were measured down to 2 V. The sensitivity at low
voltage was much higher than what could be achieved in
the STM experiments discussed in Sec. III E 1.

We will again model Si-H bond dissociation based on
electron injection into Si–H antibonding states. For the
quantitative analysis, we adopt two key assumptions as
in Refs. 31–33: (1) All measurements were conducted
under Fowler–Nordheim injection conditions. Hence, we
assume that electron injection takes place at the energy
level corresponding to the bias voltage relative to the
Fermi level of the n+poly-Si. (2) Because the oxide layers
have a thickness of less than 5 nm, electron transport is
ballistic. Therefore, we assume the injected electron dis-
tribution remains unchanged upon reaching the SiO2/n

+

poly-Si interface. Hence, we assume that monoenergetic
electron injection takes place at the energy level corre-
sponding to the bias voltage relative to the Fermi level
of the n+poly-Si.
Under these assumptions, we show that the trap gen-

eration probability [Eq. (19)] is determined by the ratio
between the monoenergetic electron flow rate across the
bulk oxide–poly-Si region, and the rate at which these
electrons are captured by the antibonding states. First,
the total injected charge, ∆Qinj, in Eq. (19) is given by

∆Qinj = q × Φtotal ×∆t , (20)

where Φtotal represents the total number of electrons
flowing per unit time across the entire poly-Si surface
area A containing Si–H bonds, and ∆t denotes the in-
jection duration. Next, the total number of generated
traps, ∆Ns, is calculated as

∆Ns = NSi−H ×A× Γk→AB ×Q×∆t , (21)

whereNSi−H denotes the areal density of Si–H bonds near
the poly-Si/SiO2 interface, Γk→AB represents the rate at
which electrons are injected into each Si–H antibonding
state, and Q represents the quantum yield (determined

as discussed in Secs. II E and IIID 2). Using Eqs. (20)
and (21), the trap generation probability simplifies to

Pg = NSi−H × Γk→AB

ϕtotal
×Q . (22)

Here, the total electron flux ϕtotal = Φtotal/A is given by

ϕtotal =

∫
fk(E)gk(E)v(E)dE , (23)

where fk(E) denotes the electron distribution function,
gk(E) the density of states, and v(E) the velocity, all
specific to the poly-Si surface. The electron capture rate
Γk→AB follows from Fermi’s Golden Rule [Eq. (9)]:

Γk→AB =
2

h̄

∫
fk(E)∆k(E)PAB(E)dE . (24)

We note that in device modeling, the same process is
commonly expressed through an energy-dependent cap-
ture cross section σAB [6–9]:

Γk→AB =

∫
fk(E)gk(E)v(E)σAB(E)dE , (25)

For a monoenergetic electron beam, the ratio
Γk→AB/ϕtotal reduces to an areal quantity that
corresponds to the capture cross section σAB(E) at the
injection energy E = EF + eVB . Utilizing Eq. (11) with
constant ∆k, this cross section is given by:

σAB(E) ≡ PAB(E)

gk(E)v(E)τ
. (26)

Thus, the trap generation probability simplifies to

Pg(VB) = NSi−H × σAB(EF + eVB)×Q . (27)

For NSi−H, we assume a typical value of 1012/cm2 for
the Si/SiO2 interface [121–123]. For the quantum yield,
we again use τ = 0.5 fs and find Q = 3.24 × 10−5

(Sec. IIID 2). To evaluate σAB(E), we assume a car-
rier velocity of v = 107 cm/s [124]. For density of states
gk(E), we used the following expression :

gk(E) =
1

2π2

(
2m∗

e

h̄2

)3/2 √
E − Ec, (28)

with the conduction-band density-of-states effective mass
of silicon taken as m∗

e = 1.08m0 [125, 126]. Additionally,
a +0.9 eV shift was applied, consistent with the proce-
dure used in the STM analysis (Sec. III E 1.).
Figure 15 shows the trap creation probability Pg cal-

culated from Eq. (27). We emphasize that no fitting
was used; given the uncertainties in some of our assump-
tions and approximations, the agreement with the exper-
imental results from Ref. [31] is very gratifying. Our re-
sults show a decrease in probability from approximately
10−5 at 7 V bias to below 10−21 at a 2 V bias voltage,
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consistent with the experimental observations. The ob-
served deviations are no doubt due to the crudeness of
some of our approximations, which could be improved
upon by performing a more comprehensive device-level
simulation. Some additional discussion is included in
Sec. IVA3. A major conclusion, however, is that we
are able to account for the finite probability of trap gen-
eration even at biases as low as 2 V on the basis of a
single electron model, i.e., injection of an electron into
a Si-H antibonding state—something that no previous
model had been able to address.
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FIG. 15. Trap generation probability calculated using
Eq. (27) depicted by solid blue lines, with experimental data
from Ref. [31] represented by circle symbols.

IV. DISCUSSION

A. Interpretation of experimental data

1. STM experiments

In Sec. III E 1, we demonstrated that our approach suc-
cessfully reproduces the strongly bias-dependent desorp-
tion yield observed in STM experiments. Here, we dis-
cuss key experimental observations and how they can be
interpreted within the framework of our approach.

First, our method captures the small but finite desorp-
tion yield in the sub-threshold regime—a phenomenon
that has remained poorly understood. Previous stud-
ies [42, 43] attempted to explain this behavior purely
through fitting, without explicitly identifying the tar-
get orbital states or providing potential energy curves
based on first-principles calculations. We attribute the
finite probability for dissociation to the modulation of
the Si-H antibonding state by the ground-state nuclear
wavefunction, which enables electron injection (and sub-
sequent dissociation) at bias levels below the energy of
the anitbonding state. This argumentation aligns with

analyses found in dissociative electron attachment stud-
ies [120, 127], which state that the cross section for exci-
tation or electron attachment depends on the vibrational
wavefunction of the ground state.
Second, our calculated spectra show saturation of the

desorption yield above the threshold. In STM measure-
ments, all the occupied states of the STM tip can con-
tribute to electron injection. Therefore, even if the Fermi
level of the STM tip surpasses the energy of the antibond-
ing state of Si-H bonds, there are still occupied states
below the Fermi level that allow direct electron injection
into the antibonding state. We note that similar satura-
tion behavior is observed in desorption experiments using
STM on other systems [42, 128], suggesting that our ap-
proach could be useful for understanding and analyzing
other cases.
Finally, our approach successfully explains the giant

isotope effect observed between hydrogen and deuterium.
We demonstrate that it arises from the extremely short
timescale of the electronic excitation process, which mag-
nifies any effect due to the mass difference between H and
D (see Sec. IIID 2).

2. Low-energy electron collision experiments

While STM studies have reported saturation of the
desorption yield with increasing bias voltage, low-energy
electron collision experiments have shown a peak in the
desorption yield around an energy similar to the thresh-
old voltage observed in STM experiments [25, 26]. We
attribute these differing results to the different carrier
injection methods.
In low-energy electron collision experiments [25, 26],

electrons are injected with a specific energy, explaining
why the desorption yield peaks when the bias voltage
reaches 7–8 V (aligning with the energy level of the anti-
bonding states of Si-H bonds) and decreases as the bias
voltage deviates from this range.
The estimated full width at half maximum of the

desorption yield spectra is about 2.5 eV, somewhat
broader than the width of the distribution we presented
in Fig. 13. We believe the difference results from limita-
tions of the experimental setup, as the energy dispersion
of the injected electrons can be significantly wider than
the intended injection energy, an issue acknowledged in
Ref. [25].

3. Oxide-stress experiments

In Sec. III E 2, we computed the trap generation prob-
ability spectra as a function of bias, allowing direct com-
parison with oxide stress experiment results. Again,
our calculations successfully reproduce the dependence
of trap generation probability on bias voltage, down to
the very low bias of 2 V. These findings align with the
assessment in Ref. [129] that hot-carrier degradation in
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these experiments is driven by a single-electron process,
since the low current densities under stress make multi-
electron scattering models less likely to explain the ob-
servations.

However, a seeming disagreement with the experimen-
tal results occurs at bias voltages above ∼7 V, where ex-
perimental results show a continued increase in the trap
generation probability (albeit with a significantly reduced
slope), while our results fall off sharply. The discrep-
ancy is due to the fact that we only consider the process
of electron injection into antibonding states of Si-H; the
decrease in the computed Pg values is then due a de-
crease in PAB(E) at higher energies. However, in actual
devices with thin oxides, additional degradation mecha-
nisms become active at higher biases. DiMaria [31–33]
noted that hot-hole-induced degradation processes occur
above 7 V [129, 130].

In deriving Eq. (27) we made the simple approximation
that electrons are injected at a single discrete energy. In
actual experiments, the injected electrons exhibit a dis-
tribution of energies. Given that the energy relaxation
length in SiO2 is only 3 nm [131, 132], some amount of
phonon scattering will occur, resulting in a broadening
of electron energies towards lower energies. In particu-
lar, thicker oxides are more likely to lead to a broader
distribution of electron energies, and we note that the
experimental data in Fig. 15 was collected from samples
with oxide thicknesses between 1.4 and 5.0 nm. In addi-
tion, the assumption of Fowler-Nordheim injection at a
single energy may not strictly hold. Detailed modeling of
these effects (if it is actually feasible) would probably im-
prove the agreement between our calculated Pg(E) and
the experimental data in Fig. 15.

In summary, our model reproduces key experimental
features of the device degradation process, even account-
ing for the small but finite probability of trap creation at
biases as low as 2 V.

B. Reassessing models for hot-carrier degradation

As mentioned in the Introduction, models for hot-
carrier degradation used in silicon device engineering fall
into two main categories [6–9, 41]: (1) a single-electron
process [associated with electron excitation from bond-
ing to antibonding states, Fig. 2(a)] and (2) a multi-
electron process [associated with inelastic resonant scat-
tering leading to vibrational excitation, Fig. 2(b)], both
of which originated from findings and interpretations of
STM experiments [14–22]. Based on the results of the
present work, we reexamine the validity of these ap-
proaches.

1. Single-electron mechanism

The threshold behavior observed in STM results
was initially attributed to one-electron excitation from

the bonding to the antibonding states of Si-H bonds
(Fig. 2a) [15, 17]. This interpretation was subsequently
widely adopted as the single-electron dissociation mech-
anism in device modeling [6, 7, 9, 41]. However, clear
and consistent evidence for this process has been lacking.
Our findings conclusively show that the single-electron
process involves electron injection into the antibonding
states of Si-H bonds (Fig. 2c), rather than electron ex-
citation from the bonding to the antibonding states of
Si-H bonds.
Furthermore, we challenge the validity of the empirical

equations used in device modeling. Historically, the rate
of single-electron process ΓSE has been modeled by the
following equation [6–9]:

ΓSE =

∫
fk(E)gk(E)v(E)σSE(E)dE , (29)

where fk, gk, and v are defined as in Eq. (23), and σSE
is a cross section that is assumed to be of the form :

σSE(E) = σ0(E − Eth,SE)
PSE . (30)

The parameters σ0 and Eth,SE in these models were of-
ten inconsistent, varied widely across different studies,
and were frequently adjusted without adequate justifi-
cation. More importantly, the exponential factor PSE,
often set to 11, lacks a physical basis. In contrast,
our model for the dissociation presented in Sec. III E is
grounded in physics and can explain yield spectra ob-
served in both STM (Sec. III E 1) and oxide-stress exper-
iments (Sec. III E 2), eliminating the need for empirical
approaches.

2. Multi-electron mechanism

The multi-electron mechanism, which assumes inelas-
tic resonant scattering, was originally proposed as an ex-
planation for the dissociation observed in the low-bias
regime of STM experiments (down to 2 V) [14, 15, 40,
41]. It was suggested that electron resonant tunneling
through an electronically broadened Si-H bond state de-
livers energy to Si-H vibrational modes, leading to an
accumulation of vibrational excitations that eventually
results in dissociation [Fig. 2(b)]. The multi-electron na-
ture of the process seemed to be supported by STM ex-
periments reporting that the desorption yield depended
on current I according to a power law Iα, with α = 10 in
Ref. [14] and α = 15 in Ref. [40]. These values suggested
that at least 10 electrons are needed to “climb the vibra-
tional ladder”, ultimately leading to bond dissociation.
However, this proposed mechanism has critical issues.
First, on the experimental side, Soukiassian et al. [23]

pointed out the inherently large error margin in desorp-
tion measurements and emphasized the importance of
averaging multiple measurements to achieve statistically
reliable results. They also noted the potential influence
of other factors, such as the effect of the metal tip on
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desorption yield, the possibility of the dissociated atom
reflecting off the tip apex, and the chance of readsorption
onto the surface. Their careful experiments and analy-
sis at a bias voltage of 2.5 V produced a dependence Iα

with α=0.3 –1.3, very different from the earlier results,
and more consistent with a single-electron mechanism.
These findings suggest that clear experimental evidence
to support the multi-electron or the “climbing the vibra-
tional ladder” mechanism is still lacking.

Second, we comment on the empirical equations used
to describe multi-electron process [6–9]. The assumed
cross section for multielectron processes follows the same
functional form as that for the single-electron process
[Eq. (30)]:

σME(E) = σ0(E − Eth,ME)
PME . (31)

Assumed values for the exponent pME have ranged from
0.1 to 1. The choice of Eth,ME has been inconsis-
tent as well, with some studies assuming it to be the
same for both single-electron and multi-electron pro-
cesses (Eth,SE = Eth,ME), while others interpreting it as
the phonon vibrational energy (Eth,ME = h̄ω). Notably,
some papers explicitly acknowledge their inability to pro-
vide a physical justification for these assumptions [7].

3. Assessment

In Sec. IVB2 we critiqued a number of aspects of the
multi-electron model, but the most relevant considera-
tion is that, based on our present work, we see no need
for invoking such a model to explain experimental ob-
servations. The multi-electron model was originally in-
troduced because it appeared that a single-electron ex-
citation mechanism could not possibly explain dissocia-
tion at low bias voltage. In our present work, we have
demonstrated that a mechanism based on single-electron
injection can lead to finite dissociation rates even at low
bias, and agrees with experimental measurements both
from STM and oxide-stress experiments.

To the best of our knowledge, no first-principles cal-
culations had previously been able to quantitatively ex-
plain the observed defect generation at biases as low as
2 V based on a single-electron process.

One aspect that may require further attention is the
role of the bending modes of Si-H bonds. While we
demonstrated in Sec. III B 1 (and Supplemental Mate-
rial [116], Fig. S4) that bending modes do not play a
direct role in the process of dissociation, they could af-
fect the spreading of the nuclear wave packet that enters
into the dissociation probability [Fig. 13 and Eqs. (18)
and (26)]. Our current analysis is based on the standard
MGR approach, where the reaction pathway is described
using a 1D diagram that follows the stretching mode of
the Si-H bond. A more complete description could be
obtained by incorporating nuclear dynamics across the
full 3D potential energy surface, accounting for both the
stretching and bending modes. While this refinement

would not alter our key results, it could affect the de-
tailed shape of the desorption or trap-generation rate as
a function of bias (Figs. 14 and 15). Incorporating these
effects could improve the quantitative accuracy of the
dissociation probability.
Finally, we note that in the present work the ap-

plied bias enters the yield and transition-rate expressions,
whereas the potential-energy surfaces were computed at
zero external field. Although an electric field can, in prin-
ciple, modify the Si–H potential and shift the energy of
the antibonding resonant states, such effects are expected
to be small and not affect the overall qualitative con-
clusions [41]. Future first-principles calculations could
explicitly include such electric-field effects—for example,
by using finite-field or slab-based DFT calculations—and
evaluate the corresponding field-dependent non-adiabatic
couplings.

V. CONCLUSION

In summary, using first-principles approaches we have
investigated the mechanisms involved in carrier-induced
bond dissociation, a phenomenon that is critically im-
portant for radiation damage, photodegradation, pho-
tocatalysis, and degradation of Si devices. Taking the
latter as our case study, we focused on Si-H bond dis-
sociation, which directly impacts the performance and
reliability of silicon-based devices. In contrast to ear-
lier computational studies that assumed the Si-H bond-
ing and antibonding states involved in the dissociation
process exist as electronic eigenstates of the system, our
approach is based on a fundamentally different premise:
these states are instead transient, non-adiabatic states.
Based on this perspective, we developed a non-adiabatic
framework for the bond dissociation process, consistent
with approaches used to describe chemical reactions in-
volving strong electron–nuclear coupling. First, we em-
ployed a partitioning method using MLWFs to extract
these localized states from DFT calculations. Then, we
applied the MGR approach, which explicitly accounts for
the quantum mechanical aspects of nuclear dynamics, al-
lowing us to capture the probabilistic aspect of the bond
dissociation process.
We demonstrate that the Si-H bond dissociation ob-

served in various experiments [14–21, 25–29] is consis-
tently explained by the electron-stimulated dissociation
process [Fig. 2(c)], in which direct electron injection into
the antibonding orbital of the Si–H bond generates a
repulsive potential that exerts a force on the hydrogen
nucleus, ultimately leading to bond cleavage. We of-
fer a comprehensive explanation for several key obser-
vations, including the physical origin of the threshold en-
ergy for dissociation, the occurrence of dissociation at
significantly lower energies with a finite probability, the
high isotope ratio, and the temperature independence of
the dissociation process. Our conclusion contrasts with
the previously accepted hypothesis, which assumed that
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electron excitation from the bonding orbital to the anti-
bonding orbital caused bond dissociation. Our approach
is equally applicable to hole-injection-induced dissocia-
tion process. We offer a direct explanation for the Si-
H bond dissociation observed in STM measurements, as
well as the hot-carrier-induced trap creation observed in
oxide-stress experiments, along with modeling the disso-
ciation spectrum as a function of bias.

Given the significance of hot carrier degradation in
modern silicon devices, our framework offers a deeper
understanding of the Si-H bond dissociation process and
can lead to improved engineering and reliability in silicon-
based technologies. More generally, our framework can
be readily applied to other bond-breaking processes in-
volving strong electron–nuclear coupling, thus offering a
comprehensive approach to hot-carrier-induced nuclear
dynamics.
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