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1
Introduction

1.1 Overview of Amorphous Silicon Nitride and

its Technological Applications

As it does not occur naturally, silicon nitride has first been synthesized by Deville and Wöh-

ler in 1857.[1] Due to its tendency to form amorphous phases incorporating various impu-

rities, it took several years before pure silicon nitride could be synthesized to identify its

stoichiometry.[2] It consists of silicon and nitrogen in a 3:4 ratio, where each Si atom is 𝑠𝑝3-

hybridized and hence form a tetrahedron with four surrounding N atoms, which in turn are

trigonal-planar coordinated. Accordingly, the structure can be described as a network of

corner-linked SiN4 tetrahedra. Up to now, three crystalline phases have been reported (𝛼, 𝛽,

𝛾), all with the composition Si3N4. The 𝛼- and 𝛽-phases crystallize in trigonal and hexagonal

unit cells (𝑃31𝑐, 𝑃63/𝑚),[3,4] whereby the 𝛼-phase is only stable when heavily doped.[5] The

𝛾-phase is a more recently discovered cubic high-pressure modification.[6] From its earliest

synthesis, Si3N4’s exceptional hardness and chemical inertness were apparent, though ini-

tially it was mainly regarded as an academic curiosity. Commercial interest emerged later

in the 1950s, when it was explored as a wear-resistant coating for highly stressed mechan-

ical components.[7] Around the same time, it was discovered that charge carriers injected

in amorphous silicon nitride (a-Si3N4) are trapped extremely efficiently[8,9] — an at first sur-

prising and still unusual phenomenon that has since opened up a multitude of technological

applications.

In modern microelectronic engineering, silicon nitride (Si3N4) is a ubiquitous wide-bandgap

dielectric distinguished by its exceptional thermal, chemical, and mechanical stability.[10–15]

1



11

1 INTRODUCTION

These properties made it an indispensable material in advanced silicon-based device fabrica-

tion, where thin a-Si3N4 films are routinely incorporated into complementary metal-oxide-

semiconductor (CMOS) building blocks. There, they function as gate spacers, sidewall iso-

lation layers, etch-resistant hard masks, and durable passivation coatings that shield device

surfaces from environmental degradation and ionic diffusion.[16–23] Beyond microelectron-

ics, silicon nitride has emerged as a key material in photonic integrated circuits (PICs). Its

wide optical transparency window, ranging from the visible to the mid infrared, combined

with low light wave propagation loss enables tightly confined waveguides and high-quality

optical components over a broad spectral range.[24–28]

Perhaps the most technologically significant property of a-Si3N4, however, is its unique

ability to trap charge carriers with extrapolated retention times approaching 10 years at

150 °C.[29–31] This feature forms the basis for a-Si3N4’s wide-spread usage as the charge-

trapping medium in non-volatile flash memory devices.[32,33] Typical architectures for such

devices are comprised of Si/SiO2/Si3N4/SiO2/Si (SONOS) and TaN/Al2O3/Si3N4/SiO2/Si

(TANOS) stacks, where charge carriers are injected into the nitride layer.[34–39] There,

they localize and remain stored also in the absence of an external bias, enabling reliable

data retention even after device power-down. In practice, these memory devices operate

by trapping and releasing charge carriers during write-erase cycles aided by tunneling

through shallow mid-gap states. The fact that this phenomenon is particularly pronounced

in a-Si3N4, but significantly weaker or not at all in other Si-based materials[40–42] suggests

that a-Si3N4 plays a key role in the process. However, despite decades of intense research,

the exact underlying mechanism remains unknown.

Understanding what chemical feature governs the charge trapping process is pivotal, be-

cause charge trapping and detrapping in Si3N4 are intimately linked to degradation mech-

anisms such as bias-temperature instability (BTI)[43–45] and stress-induced leakage current

(SILC),[46–48] making the microscopic nature of trap states a decisive factor in long-term

device performance.[49] Also, charge traps can act as recombination and scattering centers,

which are detrimental for controlling the flow of charge carriers. Hence, suppressing this

effect is critical for any other application when charge trapping is not explicitly desired.

More recently, a-Si3N4 has also been explored as an anode material for conversion-type

lithium batteries. Early results suggest that it could become a pivotal component for next-
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generation energy storage systems, as it offers a significantly higher specific capacity than

conventional graphite electrodeswhilemitigating the severe volumetric expansion observed

in pure silicon anodes during lithiation.[50–54] In such systems, lithium insertion proceeds

through a conversion reaction rather than intercalation, leading to the formation of a Li-Si-N

matrix embedded within the amorphous phase.[55–57] The electrochemical performance and

cycling stability of a-Si3N4-based anodes appear to depend strongly on the Si:N ratio.[58,59]

Although a detailed reactionmechanism has not yet been fully established, nuclearmagnetic

resonance (NMR) studies suggest that lithiation transforms a-Si3N4 into a stable Li-Si-N

matrix accompanied by the formation of Si-rich SiN𝑥 regions.[60,61] It is well established

from memory-device research that amorphous silicon nitride is electronically active, with

the nature and density of mid-gap states being highly sensitive to both stoichiometry and

extrinsic defects. These electronic trap states, which govern charge capture and transport

in microelectronic devices, may also influence the electrochemical processes in conversion-

type anodes. It is therefore plausible that these phenomena in a-Si3N4 play a key role in

conversion-type batteries.

1.2 Electronic Structure and

Defect-Mediated Charge Trapping

Most of the applications discussed above either rely on or are strongly influenced by charge-

trapping phenomena in a-Si3N4. Charge trapping refers to the capture of charge carriers, i.e.,

electrons (e– ) or holes (h+), in localized electronic states that contrast with the delocalized

band states typically present in a solid. Once captured, carriers remain localized until they

are re-emitted into delocalized states or transferred to another trap.

The trapping behavior is governed by the interplay between capture kinetics, emission kinet-

ics, and the thermodynamic depth of the associated state. Carrier mobility in wide-bandgap

insulating materials proceeds through several mechanisms,[62,63] including Shockley–Read–

Hall-type thermal emission,[64] field-lowered thermal emission of Poole-Frenkel pairs,[65,66]

trap-assisted tunneling, as well as photo- and non-radiative emission.[67,68] The rates of these

processes depend on the energetic position of the trap relative to the band edges and to

other accessible localized states as well as on the capture cross-section. For this reason, it
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is common to distinguish between deep and shallow traps.[69] Deep traps lie far from the

transport levels and require a substantial activation energy for emission, resulting in long

carrier lifetimes. In contrast, shallow traps lie energetically close to extended states or adja-

cent defects, enabling rapid carrier exchange under moderate thermal conditions or modest

external fields.[70–73] In the context of memory devices, an appropriate balance between deep

and shallow traps is essential: Shallow traps facilitate efficient write-erase cycling, whereas

overly shallow traps raise concerns regarding long-term data retention.

Understanding how local bonding environments and stoichiometry govern charge localiza-

tion and transport is therefore crucial for optimizing a-Si3N4 across both electronic and

electrochemical applications. The electronic behavior of a-Si3N4 is strongly influenced by

its disordered bonding network and the prevalence of locally irregular atomic environments.

In general, amorphous silicon nitride exhibits a wide band gap of approximately 4.2 eV to

5.4 eV,[74–76] which is smaller than that of its crystalline counterpart (around 6.0 eV[32]). Cru-

cially, the amorphous phase is prone to charge trapping,[8,9] a property that enables its use

in non-volatile flash memory devices but can be detrimental in optical and electronic ap-

plications. In photonics, trapped charges introduce absorption and scattering losses, while

in CMOS devices they may act as recombination centers for free carriers with potentially

catastrophic consequences for device reliability. Whether advantageous or harmful, charge

trapping remains a defining feature of a-Si3N4 and must be understood at a microscopic

level to harness or mitigate its effects.

Based on extensive electron paramagnetic resonance (EPR) studies, Robertson and others

identified dangling silicon bonds, so-called K-centers, as the primary intrinsic electron traps

in amorphous silicon nitride.[81–85] These are localized Anderson-states[86] that introduce de-

fect levels approximately 1.7 eV below the conduction band minimum (CBM).[72,87–90] Analo-

gous defects associated with twofold-coordinated nitrogen atoms (N-centers) have also been

reported.[91–93] A schematic band diagram of a commonly employed MANOS stack (metal-

alumina-nitride-oxide-silicon) is depicted in Figure 1.1a: Using Al as the gate electrode and

a-SiO2 as the tunnel oxide, the valence band maximum (VBM) and the CBM of a-Si3N4 are

positioned between the corresponding levels of the electrodes and oxide layers. The rela-

tive energies of the N- and K-centers are such that in the absence of an external bias, the

N-centers are below the Fermi level and, therefore, are occupied while the K-centers are
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Figure 1.1: a) Band diagram of a typical MNOS-structure with a-Si3N4 embedded between SiO2 and
a metal electrode (here Al). The hole and electron trap precursor states are drawn in blue and red,
respectively. Adapted from Reference [77]. b) Illustration of the dependence of defect formation en-
ergy (𝐸form) on the Fermi level (𝐸F). The intersections between lines corresponding to different charge
states indicate the charge transition levels (CTLs), where one charge state becomes energeticallymore
favorable than another. The less stable charge state acts as a donor or acceptor, depending on the
direction of the transition. The energy separation between successive CTLs defines the correlation
energy 𝑈 . When 𝑈 < 0, the defect exhibits negative-𝑈 behavior, favoring paired charge transitions.[78]

c) Band diagram of aMNOS stack during charging/writing. d) Band diagram of aMNOS stack during
discharging/erasing. Adapted from References [79, 80].
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empty. Consequently, N-centers serve as precursors for holes, whereas K-centers are capa-

ble of taking up electrons. Both K- and N-centers exhibit negative-𝑈 behavior (Figure 1.1b),

whereby the charged configuration is energetically favored over the neutral one according

to[92,94]

K0 + N0 −−−→ K+ + N− . (1.1)

This also implies that any charge transition occurs via a two-electron process

K− −−−⇀↽−−− K+ + 2 e− . (1.2)

A write operation in the memory device is performed by applying an external electric field

via the Al electrode, inducing electron tunneling through the a-SiO2 layer into localized

stateswithin the a-Si3N4 layer (Figure 1.1c). Within a-Si3N4, electrons retain limitedmobility

through mechanisms described above, and charge leakage remains a concern for long-term

data retention. The erase operation proceeds by reversing this process (Figure 1.1d).

Curiously, an increased concentration of EPR-active centers has been observed in Si-rich re-

gions, motivating the use of sub-stoichiometric SiN𝑥 films to tune trap densities and energy

levels.[33,95] This raises an important question: Does the enhanced trap concentration in

Si-rich compositions originate primarily from a higher density of nitrogen vacancies and as-

sociated K-centers, or do Si−Si bonds themselves contribute to the formation of trap states?

To gain deeper insight into the underlying mechanisms, extensive efforts have been devoted

to the computational modeling of amorphous silicon nitride (a-Si3N4).
[96–99] The principal

bottleneck for such studies has been — and to some extent remains — the significant com-

putational resources required. Because amorphous materials lack long-range order, large

simulation cells are necessary to mitigate finite-size effects, and algorithms for generating

realistic amorphous networks typically demand long molecular dynamics trajectories. This

makes ab initio simulations computationally expensive, often requiring a brute-force ap-

proach in which potential artifacts are tolerated under the assumption that the accuracy of

the electronic-structure method outweighs shortcomings in the structural model.[99,100] An

alternative and more practical strategy employs a two-step procedure: Amorphous struc-

tures are first generated using classical interatomic potentials and subsequently refined

and analyzed using ab initio methods such as density functional theory (DFT).[99,101–104]
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Although neither approach completely resolves the computational challenges inherent to

amorphous materials, both have yielded meaningful insights into the electronic properties

of a-Si3N4. DFT calculations have reproduced the localized Anderson states associated with

threefold-coordinated silicon atoms and confirmed their characteristic negative-𝑈 behav-

ior.[99] Similar features, however, also arise when Si−Si bonds are present in the model,[105]

leaving the question unanswered of whether experimentally observed defect states in SiN𝑥

originate primarily from dangling bonds, Si-Si pairs, or a combination thereof.

1.3 Composition and Chemistry in Si–N–O Systems

Up to this point, the discussion has focused primarily on point defects and the intrinsic

properties of pristine amorphous silicon nitride. In practical applications, however, a-Si3N4

rarely exists in isolation; it is typically embedded within complex multilayer stacks where

interfacial interactions and impurities are unavoidable. The synthesis route itself plays a de-

cisive role in determining the structural and electronic properties of the material. A holistic

understanding of a-Si3N4 therefore requires consideration of its rich chemical variability and

how processing conditions influence its microscopic structure and defect landscape. Most

technological applications rely on amorphous thin films, partly because crystalline Si3N4

cannot be epitaxially grown on silicon substrates.[106] The substantial lattice mismatch and

the resulting high density of grain boundaries render crystalline films mechanically and

electronically unsuitable for device integration. Consistent with this, charge-trapping phe-

nomena have not been reported in crystalline Si3N4. In contrast, a-Si3N4 can be readily de-

posited on silicon by chemical vapor deposition (CVD), yielding smooth, uniform thin films.

Various synthesis strategies exist, but they generally rely on reactions between gaseous

silicon- and nitrogen-containing precursors, such as silicon chlorides and ammonia, under

controlled thermal or plasma conditions, for example:[107]

3 SiCl4(g) + 4NH3(g) −−−→ a-Si3N4 ↓ + 12HCl(g) (1.3)

The network of a-Si3N4 is built upon the same fundamental bonding motif found in other

silicon-based materials such as crystalline silicon (𝛼-Si), silicon dioxide (SiO2), and silicon

carbide (SiC). Each silicon atom is tetrahedrally coordinated by four nitrogen atoms, while
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nitrogen atoms are typically threefold coordinated by silicon. Similar to amorphous silica

(a-SiO2), this arrangement forms a three-dimensional, corner-linked network of tetrahedra.

However, because nitrogen has a higher valence than oxygen, a-Si3N4 is significantly denser

and structurally more complex. In a-SiO2, oxygen forms twofold-bridging bonds that pro-

duce a uniform and well-characterized glass network, whereas nitrogen’s threefold coor-

dination introduces additional configurational freedom. The resulting structure is denser

and more rigid, with greater distortion of the coordination polyhedra and a non-negligible

concentration of intrinsic defects. So overall, the structurally diverse environment shows

enhanced variation in bond angles, ring statistics, and network connectivity, which lead to

a wide variety in properties across Si-based compounds (Table 1.1). These features allow

a-Si3N4 to accommodate substantial local disorder without catastrophic structural instabil-

ity, yet it facilitates the formation of sub-stoichiometric bonding motifs and defects that

strongly influence the electronic and functional properties of the material. Such structural

adaptability is central to device engineering but also represents a fundamental source of

complexity in understanding and controlling the behavior of amorphous silicon nitride.

Since Si3N4 and SiO2 are not only structurally related but also frequently used in conjunc-

tion with one another, it is instructive to examine the Si-N-O phase diagram (see Figure 1.2).

Although Si3N4 is thermodynamically less stable than SiO2, it exhibits remarkable oxida-

tion resistance owing to the strength of the Si-N bond and the formation of a thin protective

oxide layer. In amorphous films, oxygen can be readily incorporated in virtually any N:O ra-

tio, for instance by introducing oxygen-containing species such asNO𝑥 into the gas mixture

Table 1.1: Overview of Si-based solids: The density 𝜌, bulk modulus 𝐵, defect concentration 𝑐d, co-
hesive energy 𝐸coh, the heat of formation Δf𝐻 , the band gap 𝐸𝐛𝐠, and the dielectric constant 𝜀r for
crystalline silicon in the diamond cubic phase (𝛼-Si), amorphous silicon (a-Si), amorphous silicon
dioxide (a-SiO2), and amorphous silicon nitride (a-Si3N4).

property 𝛼-Si a-Si a-SiO2 a-Si3N4

𝜌 g cm−3 2.33 [108] 2.10 [109] 2.20 [110] 2.6 − 3.0 [9]

𝐵 GPa 98 [111] 71 − 77 [112] 35 − 40 [113] 150 − 180 [114]

𝑐d % ≳ 0 [115] 12 [116] ≳ 0 [117] 23 − 32 [118]

𝐸coh eV f.u.−1 4.66 [119] 4.59 [120] 54.5−56.5 [97]

Δf𝐻 kJmol−1 0.0 6.74 [120] −902.9±1.2 [121] −760±12 [122]

𝐸bg eV 1.13 [123] 1.5 − 2.0 [124] 8.0 − 10.0 [125] 4.2 − 5.4 [76]

𝜀r 11.68 [126] 11.8 [127] 3.9 [128] 7.0 − 10.5 [99]

[a] f.u. = formula unit.
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Figure 1.2: Phase diagram of the ternary Si-N-O system with the stoichiometric polymorphs are
marked by red circles and are labeled. Left: crystalline 𝛽-Si3N4, amorphous Si3N4, and the coordina-
tion geometries of Si and N. Right: crystalline 𝛼-Si (diamond structure) and amorphous SiO2. The
condensed phases under ambient condition are colored blue. The gaseous phase is gray. Not true to
scale for visibility.

during the CVD process. Among the ternary Si-N-O compounds, only Si2N2O forms a well-

defined crystalline phase, but its demanding synthesis conditions and limited compositional

tunability preclude widespread technological use. Oxygen impurities or mixed Si-O-N re-

gions can also form unintentionally during high-temperature annealing of freshly deposited

a-Si3N4 layers in semiconductor processing. In either case, the incorporation of oxygen sub-

stantially alters the electronic structure of the material:[129–134] Si−O bonds widen the band

gap and can passivate defect states, while mixed bonding environments (Si−O−N) or sub-

stoichiometric regions may introduce new trap levels. Consequently, oxygen incorporation

can be both beneficial and detrimental, depending on the local bonding configuration and

the intended device application.[134–140]

Another degree of freedom arises from the ability of silicon to bond with other silicon atoms

without compromising the structural or chemical integrity of the film. Although the cohe-

sive energy of elemental silicon is lower than that of Si3N4 or SiO2 (see Table 1.1), the rigid-

ity and low permeability of a-Si3N4 allow the formation of Si−Si bonds in regions of local

stoichiometric imbalance.[141] In practice, synthesizing perfectly stoichiometric amorphous

silicon nitride is challenging; thus, the composition is more accurately described as SiNx≲1.33.

The presence of Si−Si bonds strongly influences the electronic and charge-trapping prop-

erties of the material, and increasing their concentration is often associated with enhanced
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trap densities. Consequently, adjusting the Si:N ratio is a common strategy to fine-tune the

electrical and optical characteristics of a-SiN𝑥 .
[142,143] Nevertheless, this thesis focuses on

stoichiometric a-Si3N4 and addresses the challenge of modeling its structural and electronic

properties at the atomic scale.

1.4 The Aim of this Thesis

In contrast to crystalline dielectrics, where symmetry constrains the defect chemistry lead-

ing to a finite set of defect states, the electronic states in amorphous Si3N4 arise from a broad

spectrum of local structural motifs. The inherently amorphous and chemically flexible char-

acter of a-Si3N4 means that its electronic properties emerge from the interplay of structural

disorder, local compositional variations, and charge carrier-induced relaxation. Although

a-Si3N4 has been extensively studied and is widely used commercially, several critical ques-

tions remain unanswered. After introducing the relevant methodology in Chapter 2, this

thesis addresses four key unknowns by means of state-of-the-art electronic structure calcu-

lations:

1. How can amorphous materials and defects therein be modeled? As discussed earlier,

computational modeling of a-Si3N4 has been limited by the large system sizes and extensive

configurational sampling required. Advances in high-performance and exa-scale computing

gradually diminish these limitations and open up new possibilities to improve the compu-

tational modeling of amorphous materials. In Chapter 3, I present a novel methodology for

systematically sampling amorphous configurations, ensuring comprehensive coverage of

relevant structural and electronic descriptors. This approach is further extended to extrin-

sic defects, enabling efficient exploration of the configuration space while carefully tracking

potential gaps in the sampling. To address the vastness of the configurational space, a hi-

erarchical strategy is required beginning with comprehensive large-scale sampling using

classical potentials followed by targeted ab initio calculations. To enable the former, I inves-

tigate in Chapter 4 how Bayesian optimization can be used to tailor force-field parameters

for these specific applications.
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2. Which chemical feature governs charge trapping? EPR and photoluminescence experi-

ments, supported by computational models, attribute charge trapping to undercoordinated

silicon. However, because trapping occurs preferentially in Si-rich regions, it remains un-

clear whether K-centers or Si−Si bonds are the primary origin. Critically, dangling Si

bonds are inherently unstable and prone to oxidation or hydrogen passivation. Thermal

annealing during device fabrication is expected to further reduce their prevalence. Never-

theless, a-Si3N4-based memory devices exhibit exceptional lifetimes, implying a yet-to-be-

discovered mechanism that reconciles these observations. In Chapter 5, a hitherto unknown

mode of intrinsic polaronic trapping of electrons in a-Si3N4 is identified: Charging generates

a K-center or Si-Si-type defect while discharging recovers the original network structure.

Thus, it is the reversible structural response of a-Si3N4 that allows to trap charge carriers.

3. How do external defects (H, O) affect the electronic properties? a-Si3N4 is often-times

exposed to impurities, particularly hydrogen and oxygen, either through ion migration dur-

ing annealing of SONOS stacks or as a byproduct of deposition (see Equation 1.3). These

extrinsic species alter the electronic properties by modifying defect concentrations, passi-

vating mid-gap states, and affecting mechanical stability. Understanding the chemistry of H-

and O-related defects and their interaction with intrinsic mid-gap states is therefore crucial

for predicting and fine-tuning material properties. Chapter 6 bridges the previously frag-

mented understanding of charge trapping and hydrogen incorporation. We demonstrate

that hydrogen plays a dual role: It can repair coordination defects, healing the network,

yet also promotes Si−N bond breaking in strained areas, thus compromising the network

integrity.

4. What is the interplay between charge trapping and the initial stages of lithium incor-

poration? As discussed in length up to this point, the material properties of a-Si3N4 are

highly sensitive to external defects. In particular, the edge states and therefore the trapping

characteristics can change dramatically. It therefore stands to reason that these effects may

also play a role when a-Si3N4 is employed in conversion-type anodes for next-generation Li-

ion batteries. Chapter 8 demonstrates that the initial transformation of a-Si3N4 is controlled

by charge trapping through polaron and bipolaron formation, which drives the emergence

of Si-rich active regions and a stabilizing Li–Si–N matrix within the anode.
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