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Abstract

Amorphous silicon nitride (a-Si3Ny) is widely used as the charge storage layer of charge-trap flash
(CTF) memory devices, where its high density of deep localized electronic states enables long-term
data retention at room temperature. Despite its technological relevance, the microscopic nature of
the charge traps in a-SizNy is still controversial. In recent years, atomistic modeling has enabled
the characterization of intrinsic defects in a-Si3Ny, providing new insights into their structural
and electronic properties that are comprehensively discussed in this review. We demonstrate that
a variety of structural irregularities, including over- and undercoordinated atoms, Si—Si bonds,
vacancies and strained Si—N bonds, introduce localized electronic states in the amorphous net-
work, which act as precursor sites for trapping and retaining electrons. The associated charge tran-
sition processes at these trapping sites are analyzed within the framework of nonradiative multi-
phonon theory and evaluated in the context of macroscopic CTF functionality. Additionally, we
present a density functional theory-based computational approach to estimate electron capture
cross sections of intrinsic defect sites in a-SizNy.
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1. Introduction

Silicon nitride (Si3Ny4) is a ubiquitous dielectric distinguished by its exceptional thermal, chemical, and
mechanical stability [1-8], making it an indispensable material in advanced silicon-based device fabri-
cation, where thin amorphous silicon nitride films (a-Si3Ny4) are routinely incorporated into comple-
mentary metal-oxide-semiconductor architectures. In these devices, a-SizNy films can function as gate
spacers, sidewall isolation layers, etch-resistant hard masks, and durable passivation coatings that shield
device surfaces from environmental degradation and ionic diffusion [9-15]. Beyond microelectronics, sil-
icon nitride has emerged as a key material in photonic integrated circuits (PICs) [16-20], as a potential
anode material in conversion-type lithium ion batteries [21-30], and as a mechanical resonator used in
quantum cavity optomechanical devices, or nanomechanical sensors [31-33].

Among its various applications, a-SisNy plays a particularly important technological role as the
charge storage layer in charge-trap flash (CTF) memory. CTF technology has largely superseded floating-
gate memory due to its superior leakage control and reliability at the nanoscale, providing the scalability
required for densely stacked device architectures [34, 35]. The success of CTF is rooted in the excep-
tional charge-trapping capability of silicon nitride, facilitated by a high density of deep electron traps
(> 10" cm™3) [36-42], enabling extrapolated charge retention times approaching 10 years at 150°C
[43-45]. To meet the increasing demand for data storage capacity, which has been further driven by the
expansion of artificial intelligence architectures, a fundamental understanding of the microscopic ori-
gins of charge trapping is necessary to continue device scaling. However, experimental characterization
of these trapping sites remains challenging due to the amorphous nature of silicon nitride thin films and
the associated broad distribution of defect properties. Consequently, the microscopic nature of the charge
traps remains a subject of active debate.

To gain deeper insight into the underlying mechanisms, considerable efforts have been made by vari-
ous research groups over the last years to model amorphous silicon nitrides using atomistic methods. In
particular, the electronic structure of a-SisN, has been investigated in great detail using first-principles
methods such as density functional theory (DFT) [30, 46-58]. These studies suggest that the random
network in the amorphous structure of silicon nitride thin films gives rise to a remarkably broad variety
of possible charge trapping centers. This is because, in contrast to for example a-SiO;, [59, 60], a-SizNy4
has a considerable fraction of over- and undercoordinated atoms when compared to its crystalline coun-
terparts [61]. On top of common impurities such as O [62], Ti [63] or B [64], these structural defects
introduce localized electronic states which facilitate the localization of charge carriers [48, 49, 53, 57, 65].
Similarly, Si-Si bonds [55-57, 66, 67] and even fully coordinated Si with strained Si-N bonds [51-53]
have been proposed as suitable electron traps. Furthermore, hydrogen, which is inevitably incorporated
in a-SizNy thin films during growth, gives rise to additional H-related charge trapping centers [52, 54].

In addition to analyzing structural and electronic properties of defects, DFT is also a powerful tool
for characterizing the structural response upon charge trapping and the stability of a trapped charge
state. For the case of deep level defects in semiconductors and insulators, it has been shown that hybrid
DFT can capture charge transition probabilities with high accuracy, allowing for the evaluation of charge
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capture coefficients, defect levels, and line shape functions of charge traps, including the zero-phonon
lines, solely by means of first-principle calculations [68, 69]. Besides basic defect characterizations in
semiconductors and insulators, this methodology has also been employed to describe stochastic charge
trapping processes in metal-oxide-semiconductor field effect transistors (MOSFETs) [60, 70]. However,
in contrast to MOSFETs, where the trapping of electrons from the substrate at defects in the amorphous
dielectric poses a significant reliability problem [71-73], the trapping of electrons from the substrate in
the nitride layer is the fundamental mechanism to enable data storage in flash memories.

1.1. Outline of the review

In this topical review, we provide a comprehensive discussion of insights from recent studies on the
structural and electronic properties of a-SizN,. Our discussion aims to shed light on the microscopic
origins of the outstanding charge trapping capabilities of silicon nitrides as utilized in non-volatile mem-
ory devices. We characterize the properties of structural defects in a-SisN4 and propose a methodology
to evaluate the electron capture properties of these defects. In the introductory section 2, we briefly dis-
cuss how electron localization in a-SizNy is used to store information in CTF devices. Section 3 is ded-
icated to the chemistry of silicon nitride, particularly on how it is fabricated, how its properties can be
fine-tuned, and its structural features on the microscopic level. These experimental observations serve as
a reference for the computational models introduced in section 4, where modeling techniques and the
electronic structure obtained from first-principles are discussed.

Building on this, the nonradiative multiphonon (NMP) model to describe electron capture at defect
sites from conduction band states is outlined in section 5 and we describe how the corresponding defect
parameters can be obtained with DFT. In section 6, we use the NMP framework to assess the charge
trapping energetics of various defect sites discussed in the literature. To complement the review of pre-
vious literature, this manuscript presents new first-principles calculations in section 6.4. Specifically,
we evaluate the electron capture cross sections of representative intrinsic defects within NMP, utiliz-
ing the mobility edge of a-Si3N, as the initial state of the charge transition. Based on these calcula-
tions, we argue that electron capture at this defect type is governed by a small classical energy barrier
at room temperature, while thermal emission is strongly suppressed. In section 6.5, we compare the
first-principles evaluations of electron traps with insights from experiment and device-scale simulations.
Additionally, we discuss the role of the common impurities hydrogen and oxygen in charge trapping.
Finally, we give a short outlook and perspective on remaining open questions in section 7.

2. Data storage in CTF devices

A CTF device allows for the storage of information by localizing and retaining charge carriers from

the substrate at specific atomic sites in the storage layer. The most basic CTF design is comprised of a
(poly-)silicon-oxide-nitride-oxide-silicon (SONOS) stack as illustrated in figure 1(a). The tunneling oxide
(silicon dioxide) is employed to control the electron migration between the substrate (silicon) and the
nitride during operation, while the blocking oxide (silicon dioxide) prevents the charges in the nitride
layer to escape to the metallic gate (polycrystalline silicon), thereby enabling long-term retention. Over
the last decades, significant efforts have been devoted to develop new technologies to enhance the perfor-
mance of CTE This includes, for example, TANOS stacks, where tantalum nitride (TaN) is employed to
improve the gate control, while alumina (Al,O3) substitutes silica as the blocking oxide to improve the
data retention [74]. Additionally, more sophisticated structures such as band gap engineered SONOS
(BE-SONOS), where an additional ONO stack is integrated between the silicon-oxide interface, have
been demonstrated to modulate the tunneling barrier, thereby suppressing direct tunneling at low elec-
tric fields [75, 76]. For the sake of simplicity, we will focus our discussion on SONOS in this work.

The CTF device is operated in three distinct cycles: program, erase and read. Initially, in an unbiased
device, no charge carriers are trapped from the channel in the storage layer, which corresponds to a logic
1 state of the device. In this state, the device can be turned on by applying a gate voltage above the low
initial threshold voltage Vi, , which is called the program cycle of the device. The effects of the positive
gate bias on the band diagram of a SONOS device is schematically shown in figure 1(a) [77]. Due to the
large electric field in the device, the electronic band edges of the insulator tilt towards a lower energy.
When the positive gate voltage is sufficiently large (~10MVcm™!) [78, 80, 81], electrons from the sub-
strate can tunnel through the tunneling oxide into the nitride. This elastic tunneling process through the
triangular potential barrier of the oxide is typically described by Fowler—Nordheim tunneling.
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Figure 1. (a) Schematic band diagram of a SONOS device during the program cycle with a positive applied gate bias. (b)
Threshold voltage of a planar SONOS device as a function of the program pulse for different program pulse widths. Data points
are electrical measurements, while the lines represent TCAD simulations of the process. Reproduced with permission from [78].
© 2023 The Authors. CC BY-NC-ND 4.0. (c) Extrapolation times of a SONOS at 100 °C and 150 °C for two different initial
threshold voltages. Reprinted from [79], Copyright (2008), with permission from Elsevier. (d) Threshold voltage as a function of
the erase pulse voltage for different initial program states. Reproduced with permission from [78]. © 2023 The Authors. CC BY-
NC-ND 4.0.

If the electrons are not captured by defects at the Si/SiO, interface [82] or inside the SiO, tunnel-
ing oxide [60], they are injected into the Si3;N, conduction band. Due to the high kinetic energy of
the injected electrons, they migrate through the nitride layer where they lose energy through scattering
events. This causes the carriers to relax toward lower-energy delocalized states near the mobility edge of
the conduction band, where they transition to a localized state at a suitable trapping site [78, 83]. Due
to the inherent structural disorder of amorphous thin films, the associated trapping states are not dis-
crete, but rather their energies are distributed across a broad spectrum within the band gap, as indicated
by the Gaussian-like distribution around the electron trapping level. The thermalization and migration
process results in the majority of electrons getting trapped behind the tunneling oxide-nitride interface
and accumulate near the blocking oxide interface [37, 78, 84, 85], as for example observed in the trap
density profile obtained with trap spectroscopy by charge injection and sensing (TSCIS) (shown also in
figure 10(c) [37]). Technology computer-aided design (TCAD) simulations suggest that electrons near
the tunneling oxide-interface are more likely to be lost to the channel by trap-to-band tunneling [78,
86]. Consequently, a high trapped electron density further away from this interface is considered bene-
ficial for charge retention. While the migration of electrons from these trapping sites toward the gate is
theoretically possible, this leakage is suppressed by the thick blocking oxide, which reduces the tunneling
rate to the gate.

The presence of localized charges in the nitride layer substantially alters the electrostatics of the
device, because electrons from the substrate are repelled by the negative electric field of the trapped elec-
trons. At the device level, this manifests as an increase of the threshold voltage to th. The shift of Vi,
with positive gate bias is shown in figure 1(b), where the threshold voltage as a function of the program
pulse is measured (data points) and simulated (full lines) for different pulse widths [78]. The change of
the threshold voltage results in a change of the logic state of the device to 0. In the absence of an exter-
nal bias, the oxides on both sides of the storage layer prevent charge escape, enabling reliable data reten-
tion even when the device is powered off. The retention characteristics of a SONOS device at elevated
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temperatures are shown in figure 1(c) for two different initial threshold voltages [79]. At 100°C, the
programmed Vy, only changes slightly even after 107 s. In contrast, at 150°C, Vy, begins to decrease
already after 10°s, which is attributed to thermionic emission and trap-to-band tunneling [78]. At room
temperature, however, Vy, of the same device remained practically constant with time, demonstrating
excellent long-term retention capabilities even for basic SONOS stacks [79].

It should be noted that lateral migration of trapped charge carriers can introduce significant reli-
ability issues in CTFs due to fluctuating threshold voltages. In particular, the retention performance
in dense three-dimensional architectures like 3D-NAND flash memories is known to be negatively
affected by lateral migration mechanisms [87, 88]. Moreover, during the program cycle, trapped elec-
trons can be partially emitted due to the high electric field and laterally migrate through the nitride
layer [39, 81, 89, 90].

The logic state of the device can be probed during the read cycle by sensing the channel conductivity
under applied reference voltages. Early implementations of flash memories relied on binary Single-Level
Cell storage, where a single reference voltage Vie,q between the Vi, of a programmed and an erased cell
(Vi < Viead < Vi) is applied. If the trapping layer is empty, the applied Vie,q is high enough to create
a conductive channel, allowing current to flow through the bit line. Conversely, if electrons are trapped
in the nitride layer, the transistor remains off with applied Vie.q, preventing current flow and identifying
the logic state as 0. Modern high-density 3D NAND flash technologies predominantly utilize multi-level
cell technologies, where the total Vi, window is partitioned into 2" distinct threshold voltage distribu-
tions, where # is the number of bits stored per cell. While this architecture allows for a higher informa-
tion storage density, the device also becomes more sensitive to bit errors induced by microscopic charge
redistributions or loss within the trapping layer.

Finally, the logic state of the device can be reset during the erase cycle by applying a negative gate
bias. This negative bias facilitates the removal of electrons from the nitride back to the substrate and,
simultaneously, can lead to the injection and localization of holes [91-94], thereby resetting the logic
state. The decrease of the threshold voltage as a function of the negative gate voltage (erase pulse) of a
planar SONOS device is shown in figure 1(d) [78]. In this plot, the voltages in the legend correspond to
different AVy, targets to which the devices were previously programmed.

3. The chemistry of silicon nitride

Silicon nitride occurs in both crystalline and amorphous phases, each offering distinct physical proper-
ties and technological utilities. While the amorphous phase allows for variable stoichiometry, the crys-
talline forms are restricted to a stoichiometric Si:N ratio of 3:4. Understanding the structural differences
between these two forms is essential, as the transition from long-range crystalline order to the amor-
phous state, i.e., short-range order with long-range disorder, fundamentally impacts the nature of the
charge-trapping sites.

3.1. Crystalline Si; N4
For SizNy, three distinct crystalline phases have been reported («, 3, v). The a- and B-phases crystallize
in a trigonal and hexagonal unit cell, respectively (P31c, P63/m, see table 1) [96, 118, 119]. Both crystal
structures are comprised of corner-linked SiNj tetrahedra, with each N atom adopting a trigonal-planar
configuration (NSi3).

a-Si3Ny is prone to impurities (primary C and O) and transforms irreversibly to the 5-phase upon
annealing above 1500°C [120]. Furthermore, the heat of formation for this conversion scales with impu-
rity concentration, approaching 0kjmol " for nearly phase-pure samples [121]. These findings, com-
bined with the structural similarity of the phases differing primarily by a mirror plane, have sparked a
debate regarding whether the a-phase is a unique modification or merely an inverted ABAB stack of the
(B-Si3Ny structure [95]. The y-phase is a more recently discovered cubic high-pressure modification, for
which practical applications are not identified yet [97, 98, 122].

According to DFT calculations, the nitrogen vacancy (Vy) in 5-Si3zNy is a deep trap that triggers
the formation of an Si—Si bond upon electron localization [66, 123—127]. However, growing phase-pure
crystalline phases is challenging in practice [128, 129]. If the growing process is not controlled carefully,
crystalline silicon nitride forms nanocrystallites that are often embedded within an amorphous matrix
and consequently, material properties are frequently compromised by an abundance of grain bound-
aries [105, 130-132]. For this reason, charge trapping in phase-pure crystals cannot be distinguished
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Table 1. Key properties of crystalline -, 3-, and y-phase as well as amorphous a-Si3Ny including the space group, crystal system,
lattice constants a, ¢, the density p, the bulk modulus B, and the band gap E,.

a-SizNy B-SizNy ~-SizNy a-Si3Ny
space group P31c [95] P63 /m [96] Fd3m [97] —
cryst. system trigonal [95] hexagonal [96] cubic [98] —
a(A) 7.55 [95] 7.60 [95] 7.73 [97] —
c(A) 5.62 [95] 2.91 [95] — —
p(gem™?) 3.15 [96] 3.20 [96] 3.75 [97] 2.6—3.0 [99]
B (GPa) 240 [100] 259 [101] 290 [102] 150 — 180 [103]
E; (exp.) (eV) ~5.00° [104] ~5.00° [105] 5.05 [106] 42-54 [107]
E; (PBE®) (V) 4.7—48 [108,109]  4.3—4.5 [108-110] 3.4-3.6 (108, 111] 3.5—4.3 [48]
E; (hybrid) (eV) 5.37 [112] 5.3 [113] 4.80 [114] 3.5—5.0 (53, 65]

2 - and [3-Si3Ny are difficult to grow phase-pure and have an indirect optical band gap. Therefore, literature sources are not consistent

and probably affected by varying degrees of defects. Quantum chemical calculations [110, 115] and UV absorption measurements on
low-defect a-Si3sNy4 [116] indicate the actual band gap is between 5 eV to 6 eV.

b GGA functionals are known to systematically underestimate band gaps [114, 117]. The listed values vary slightly across the literature
depending on the exact settings (supercell size, pseudo potentials, etc).

from trapping at grain boundaries, amorphous domains etc. Thus, the lack of experimental accessibility,
combined with the difficulties in crystal growth, currently renders crystalline silicon nitride unsuitable
for use in memory devices.

3.2. Amorphous SiN,

For technological applications, amorphous silicon nitride (a-SiNy) is the preferred form due to its favor-
able chemical, optical, and electrical properties, combined with its relative ease of fabrication. Usually,
a-SiN,, is employed as a thin film, which can readily be grown on Si-wafers and other substrates, allow-
ing its usage in a wide range of architectures. To this end, several growth protocols have been developed
that affect the properties of the film and must therefore be taken into account when a-SiNj is used as a
charge-trapping medium.

3.2.1. Thin film growth and fine-tuning

a-SiN,, films are commonly grown via chemical vapor deposition (CVD), where volatile gaseous precur-
sors react at elevated temperatures forming a solid film on a surface of a substrate. Typical precursor
combinations include silane (SiH4) or dichlorosilane (SiH,Cl,), which decompose at high temperatures
between 700°C — 900°C and condense with N, or ammonia (NH3) on the substrate forming a solid
a-SiN, film [133-136].

In similar fashion, atomic layer deposition (ALD) relies on sequential, self-limiting surface reac-
tions to achieve layer-by-layer film growth [137, 138]. In each cycle, the substrate is alternately exposed
to a silicon precursor and a nitrogen source, separated by purge steps, enabling precise control of film
thickness and composition. These processes yield high-quality, low-stress films with near-stoichiometric
composition and angstrom-level thickness control. In particular, ALD provides excellent conformal-
ity on high-aspect-ratio structures, making it well suited for complex three-dimensional device archi-
tectures [139—141]. Nevertheless, the relatively low growth per cycle and, in some cases, elevated ther-
mal requirements mean that CVD methods remain attractive for high-throughput industrial fabrication
[142, 143].

Both CVD and ALD can be performed at elevated temperature at low pressure (LP) or plasma
enhanced (PE), where the exact route has a significant impact on the result. LP-CVD and -ALD yield
smoother films with good control over the hydrogen content and film stoichiometry. However, LP proto-
cols provide slow growth rates and require high temperatures, which constrains the thermal budget when
integrating LP-CVD a-SiN, in device architectures containing temperature sensitive materials. PE vari-
ants mitigate both limitations as plasma-activated species grow faster at lower temperatures (~300°C to
400°C) [134], though lead to substantial incorporation of hydrogen, increasing the porosity and lower-
ing the density. For these reasons, PE-grown films usually require post-deposition annealing.

A third technique is radiofrequency (RF) magnetron sputtering, where energetic ions (commonly
Ar™) bombard a silicon target, ejecting atoms that subsequently react with nitrogen and deposit on
the substrate to form a-SiN, [144, 145]. This technique requires only low processing temperatures,
enableshydrogen-free deposition (given that the Ar/N, is free of impurities), and considerable flexibility
in tuning film composition and properties through parameters such as substrate temperature, nitrogen
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Figure 2. (a) The pair distribution function g(r) determined from neutron diffraction measurements [165] and from struc-
tures generated with the MG2 force field with subsequent optimization at the HSE06 hybrid-DFT level (see section 4) [53]. For
comparison, the Si—N nearest neighbor distance, the Si—Si bond length, the N—N second-nearest neighbor distance, and the
Si—Si second-nearest neighbor distance are added. (b) g(r) in the range 2A < r < 4A determined from neutron [165] and x-
ray diffraction [61] with the respective fits for the N—N and Si—Si second-nearest neighbor distribution. Reprinted from [165],
Copyright (1979), with permission from Elsevier. (c) Illustration of two corner-linked SiN, tetrahedra with the Si—N bond
length, the Si—N—Si bond angle, and the Si—Si second-nearest neighbor distance.

partial pressure and flow rate [146], RF power [147], and chamber pressure [148]. However, sputtering
is inherently a line-of-sight deposition technique, which limits film conformality on substrates with com-
plex topography or high aspect-ratio structures [149].

The deposition techniques described above allow to systematically tune the structural and electronic
properties of a-SiN, films through variations in process parameters, e.g., the process temperature [150],
deposition rate, gas phase composition [151], and annealing. Additionally, the composition of the reac-
tant gas mixture plays a central role, as it directly determines the resulting film stoichiometry. Nitrogen-
rich conditions in the gas phase (N/Si > 4) yield near-stoichiometric films (x < 1.33), whereas reduc-
ing the N/Si ratio facilitates in the formation of Si—Si bonds. These silicon-rich films span a contin-
uous compositional range, with 0.4 < x < 1.33 being reported [152, 153]. The film density decreases
with increasing Si content, ranging from 3.0gcm ™ for stoichiometric a-Si;Ny to 2.4gcm ™ for a-SiNj 7,
approaching the density of elemental silicon (2.1gcm™> [154]). Accordingly, higher Si fractions lead to
a gradual reduction of the band gap from around 4.6eV in the stoichiometric case down to ~2.0eV at
x=0.5 [155-157], eventually approaching 1.5eV for a-Si:H [158]).

Furthermore, hydrogen incorporation is unavoidable (except for H-free sputtering) and elevated
hydrogen concentrations lead to a reduced film density and lower mechanical strength as it interrupts
the network connectivity [159, 160]. This is especially prevalent for plasma enhanced methods (PE-
CVD and PE-ALD), which yield films containing between 5% and 20% hydrogen with densities between
2.0gcm ™ and 3.0gem ™3 [142, 151, 161-163]. A substantial fraction of hydrogen can be removed
by post-deposition annealing at 800°C to 900°C [164], although residual hydrogen is often retained.
During annealing, the thermally less stable Si—H bonds dissociate preferentially, forming either Si—Si
bonds (2SiH — Si— Si+ H;,) or creating a defect. This leaves predominantly N—H configurations, while
the film undergoes densification and surface smoothing. The role of hydrogen in the context of mem-
ory devices remains ambiguous. Hydrogen passivation is known to change the trapping characteristics,
presumably due to passivating defects and thus their associated electronic states [52]. However, passiva-
tion and annealing affect multiple properties at once and the fact that charge trapping still occurs post
passivation hints towards a more complex interplay between H incorporation, structural modification
and charge trapping. Given the wide range of process parameters, it is therefore crucial to understand
charge trapping processes on the atomic scale in order to predict the material behavior and to optimize
the device performance.

3.2.2. The microscopic structure of a-SiNy

The microscopic structure of a-SiN, has primarily been investigated using x-ray and neutron scattering
techniques. As is characteristic of amorphous solids, the pair correlation function g(r) approaches unity
at interatomic distances r > 6 A, indicating the absence of long-range order [61]. In contrast, pronounced
short-range order is evident from distinct features in g(r) at smaller distances (figures 2(a) and (b)). The
first sharp peak in g(r) corresponds to the nearest-neighbor shell and is located at r & 1.75A, which is
in good agreement with the Si—N bond length in crystalline 3-Si3N,. The second nearest-neighbor peak
appears at approximately 3.05A, consistent with the Si—Si distance inferred from an average Si—N—Si
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bond angle of about 120°. Similarly, assuming a tetrahedral N—Si—N bond angle of 109.47°, the corre-
sponding N—N pair distance of 2.84 A is observed in neutron scattering experiments [165]. In the pres-
ence of Si—Si bonds, for example in silicon-rich silicon nitride, a peak appears at the corresponding pair
distance of 2.35A [49, 58].

Quantitative analysis of the first coordination shell shows a relatively narrow bond-length dis-
tribution, though the distribution has a long tail approaching 2 A indicating the presence of highly
stretched bonds. Fitting a Gaussian function to the first-neighbor peak yields a root-mean-square dis-
placement of Argn = 0.071A [165]. The second nearest-neighbor peaks exhibit broader distributions
(Arsisynn = 0.16A), as the variations in bond lengths and angles progressively increase the disorder at
medium ranges. Structural correlations beyond the second coordination shell are not discernible, indi-
cating a complete loss of positional order at larger length scales due to the absence of constraints on
Si—N—Si—N dihedral angles in the amorphous network [166].

Experimental evidence suggests that similar to 3-Si3Ny4, the amorphous phase is comprised of corner-
linked SiNy-tetrahedra, but with the difference that their relative orientation is random such that they
do not exhibit any long-range order (figure 2(c)). Accordingly, it has been suggested that a-SisN4 can
be reasonably well described as a continuous random network (CRN) [167]. The CRN model is defined
as a three-dimensional, interconnected network of randomly oriented coordination polyhedra with all
atoms being fully coordinated in accordance with their coordination shells being isostructural to their
crystalline counterparts. Importantly, the CRN allows to systematically define ‘defects’ in the context of
amorphous solids, such that vacancies correspond to missing nodes in the network, substitutions are
nodal atoms that are replaced by another element, and interstitials are atoms that are placed in local cav-
ities within the network.

In practice, even smooth a-SiN,, ;3 films grown by LP-CVD deviate measurably from the ideal
CRN. Integration of the nearest-neighbor peak of g(r) yields average coordination numbers between
3.63 and 3.87 for silicon and between 2.72 and 2.91 for nitrogen, respectively [61, 165]. Hence, the
coordination numbers deviate from the ideal coordination of 4 for silicon and 3 for nitrogen in crys-
talline Si;N,. Accordingly, the mass density is found to vary ranging from approximately 3.0gcm > to
2.6gcm > [99], suggesting the presence of microvoids and internal surfaces within the amorphous net-
work. It is conceivable that a significant fraction of the apparent undercoordination arises from residual,
network-terminating hydrogen, which is consistent with the broader range of densities and hydrogen
concentrations observed in films grown using plasma-enhanced techniques. However, electron param-
agnetic resonance (EPR) and photolumesence (PL) measurements reveal unpaired spin states that are
associated with dangling Si and N bonds, which are commonly referred to as K- and N-centers, respec-
tively [168—172]. Importantly, such EPR-active sites persist even in hydrogenated films, despite hydrogen
being considered a passivation agent for dangling bonds.

In non-stoichiometric a-SiN,, nitrogen deficiency is partially compensated by the formation of Si—Si
bonds, such that the primary local bonding motifs are mixed tetrahedra of the form Si(N,_,Si,) with
x € [0,4]. These configurations are stable at room temperature; however, laser or thermal annealing
above 1000°C can induce phase separation, resulting in the formation of amorphous or crystalline sil-
icon nanoparticles embedded within an amorphous silicon nitride matrix [173, 174].

4. Atomistic modeling of a-SiN,

Understanding the origin of charge trapping processes in amorphous materials requires reliable models
of the local atomic environments and its topological disorder. As defect properties are fundamentally
linked to the local bonding configurations, it is crucial to generate computational models that accurately
capture the structural features of a-Si3N, thin films. Generating such models is challenging due to the
inherently disordered atomic structure; therefore, we briefly review state-of-the-art modeling techniques.

4.1. Generating amorphous structures

Computational models of amorphous silicon nitride are most commonly generated by mimicking the
vitrification process of a glass by melt-quenching (MQ) the system using molecular dynamics (MD) sim-
ulations [175—178]. In this approach, an initially crystalline supercell is heated above its melting tem-
perature and equilibrated until all structural correlations associated with the starting configuration are
lost. Loss of memory of the initial state can be verified, for example, by monitoring the decay of the
positional autocorrelation function or by ensuring via the mean square displacement that atoms have
diffused beyond a certain threshold, e.g. beyond the length of the simulation box. Subsequently, the sys-
tem is cooled to room temperature at a well-defined quenching rate (dT/d¢), typically on the order of
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10! Kps—! down to 1072Kps~!. The quench is usually performed under either constant-volume (NVT)
or constant-pressure (NpT) conditions, with the latter being generally preferred, as it allows the sim-
ulation cell to relax freely and reduces the risk of forcing the system into artificially strained or high-
pressure configurations during the glass transition. Finally, the amorphous structure is equilibrated at
room temperature, after which structural, vibrational, or electronic properties can be evaluated using
first-principles calculations.

This approach implicitly assumes that the short-range structure of the amorphous solid evolves
continuously from that of the corresponding liquid, since the melt-quench MD procedure necessarily
involves a continuous glass transition without discontinuities in density or local coordination [179]. As a
result, amorphous materials whose structure is strongly shaped by non-equilibrium growth mechanisms,
such as ion bombardment, sol-gel processing, or CVD, typically cannot be reproduced quantitatively by
MQ simulations. In the specific case of a-Si3Ny4, however, SiN, tetrahedra dominate both MQ-MD gen-
erated structures and the films deposited from the gas phase, justifying this approach to be represen-
tative. The structural fingerprints obtained from MQ-MD models, including pair correlation functions
and density, are in good agreement with the experimental data discussed in section 3.2.2, see figure 2.
However, features like g(r) or the density average over hundreds or thousands of atoms and therefore
may mask nonphysical outliers. Therefore, it is crucial to also benchmark local features like coordina-
tion numbers and symmetry and derived quantities like vibrational spectra, bulk modulus, etc to validate
the model. Given that these requirements are met, three-dimensional bulk melt-quench structures are
assumed to provide a reasonable representation of dense amorphous a-SizNy films grown under thermal
conditions and exhibiting low to moderate defect concentrations.

When applying a MQ-MD protocol, it is essential to carefully benchmark the simulation settings,
as amorphous systems are particularly sensitive to finite-size effects arising from the use of periodic
boundary conditions. Periodic boundary conditions are required to represent bulk behavior, but they
also impose an artificial translational periodicity that is absent in a truly amorphous solid. As a result,
the simulation cell must be sufficiently large to prevent spurious self-correlation across periodic images.
In practice, this requires the size of the simulation box to exceed the characteristic length scale of struc-
tural correlations, e.g., at least twice the distance at which the pair correlation function approaches unity.

Similarly, the time scale of the quenching process has a major impact on the resulting amorphous
structure. Cooling rates typically employed in MQ-MD simulations still exceed those achievable in
experimental vitrification by many orders of magnitude, where effective cooling rates are on the order of
10719 Kps™! to 10712 Kps~! [180]. As a consequence, the simulated system can persist in metastable,
relatively high-energy configurations, as the structure does not have sufficient time to relax during the
glass transition [181]. MQ-MD structures therefore have larger positive formation energies compared to
real samples [182, 183] (referenced against the crystalline phase). This incomplete structural relaxation
leads to a broadening of both global and local structural distributions of observables across an ensemble
of independently generated amorphous models, including density, bond lengths, and bond angles [184].
Critically for charge-trapping studies, this also affects the concentration of over- and undercoordinated
atoms [185]. While this limitation cannot be fully eliminated, careful benchmarking of the simulation
cell size and cooling rate allows the modeling protocol to be tuned such that key structural observables
fall within the experimentally observed range.

These considerations also affect the choice of the interatomic interaction model. First-principles
methods such as DFT are, in principle, applicable [50]; however, the computational cost associated with
evaluating forces at each MD step severely constrains their use to small simulation cells and very rapid
quench rates. This limitation often results in unphysically high concentrations of coordination defects
and other artifacts in melt-quench simulations. For this reason, classical interatomic potentials have been
widely employed to generate amorphous silicon nitride structures, as they enable MD simulations with
larger system sizes and longer trajectories, thereby mitigating many of the finite-size and quench-rate
related artifacts discussed above. For a-SizNy, several classical potentials have been developed, including
parameterizations based on the Tersoff [186—188], Vashishta [189], Stillinger-Weber [190], and Morse
formalisms [191]. A comprehensive benchmark comparing these interaction models is provided in [192].
Because amorphous structures are intrinsically metastable and their structural observables are distributed
over finite ranges, the reduced accuracy of classical potentials plays a relatively minor role, provided that
the average pair interactions are described reasonably well. The main limitation of classical interatomic
potentials, however, is their restricted transferability: they are typically parameterized for monoatomic
or binary systems and lack the flexibility required to accurately capture a wide variety of local bond-
ing environments. This limitation may be alleviated by the rapid development of machine-learned inter-
atomic potentials, with several recent studies highlighting their potential to combine near first-principles
accuracy with the efficiency required for large-scale amorphous simulations [193—197].

9



10P Publishing

J. Phys.: Condens. Matter 38 (2026) 333002 C Wilhelmer et al

E
o) b S ¢
)
— PDOSg,g(N
0.10 - a8 _)
PDOS,, 4(Si)
0.08 4 . |or
£ 0.06 -

0.04 A

0.02 A Iﬂd“ l

0.00 1 T
-4 -2 0 2

E —Enomo[eV]

Figure 3. Upper panel: Illustration of the highest occupied/lowest unoccupied Kohn—Sham state above the VBM/below the
CBM, respectively. Middle panel: The projected electronic density of states (PDOS) of nitrogen (blue) and silicon (yellow)
relative to the HOMO (Enomo) in a neutral, 280 atoms supercell. Lower panel: The inverse participation ratio (IPR) of the
associated eigenstates. The shaded energy ranges mark the delocalized valence and conduction band states, with the boundary
between localized and delocalized states being considered the mobility edge. All data is obtained from DFT calculations at the
HSEO06 level. Reproduced from [53] CC BY 4.0.

4.2. The electronic structure of a-Siz Ny
The calculated band gap of a-SizN, typically lies between 3.5eV and 5.0eV [53, 65], which is in good
agreement with the experimentally reported range of 4.2eV to 5.4eV [107, 156, 198]. Closer inspection
of the band edges reveals that both the valence band maximum (VBM) and the conduction band min-
imum (CBM) are dominated by localized Anderson states. The VBM has predominantly N-character,
whereas the CBM is primarily composed of Si-dominated states [46, 47, 53]. These states are referred to
as N- and K-centers, respectively.

The electronic ground state of these models is typically low-spin, such that the edge states are either
fully occupied or unoccupied, consistent with the negative-U behavior of dangling-bond centers, i.e.,
N and K-centers undergo donor—acceptor compensation via N’ + K — N~ + K™ leading to a low-spin
ground state configuration [172]. A representative example of the electronic density of states (DOS) is
shown in figure 3. The localized states near the band edges are associated with structurally distorted
nitrogen and silicon sites, ranging from moderately deformed coordination polyhedra to fully broken
bonds resulting in undercoordinated atoms. Owing to the amorphous nature of the network, the transi-
tion from a distorted to a truly defective coordination environment is continuous: the bond-length dis-
tribution exhibits a long tail (figure 2(a)), such that a threshold solely based on pair distance to distin-
guish an elongated bond from a broken one does not exist. More in-depth electronic structure analysis
using maximally-localized Wannier functions [199] has shown that Si—N pairs approaching 2.0A can
still be covalently bonded [46, 52] and can play an important role for the reversible capture of charge
carriers in a-SizNy (section 6.2). In addition, a correlation between the degree of angular opening of a
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coordination polyhedron and the presence of localized states has been reported [53], with more open
sites coinciding with stronger localization. However, the ubiquity of such deformed polyhedra prevents
predicting electron localization solely based on geometric criteria.

Employing first-principles calculations, the degree of localization of an electronic state i in a system
of N atoms can be quantified from the coefficients of the associated wave function in an atom-centered
(Gaussian) basis set using the inverse participation ratio (IPR), defined as

R I : (1)

where ¢ denotes the coefficients of the wave function of state i projected onto the basis functions of
atom j. In the fully localized limit, where the wave function is confined to a single atom, the IPR
approaches 1, whereas in the completely delocalized case it approaches 1/N, with N being the number
of atoms in the supercell. As illustrated in the lower panel of figure 3, states deep inside the valence and
conduction bands exhibit low IPR values, consistent with their extended, delocalized character in a peri-
odic supercell representation. In contrast, states near the band edges show progressively larger IPR val-
ues, reflecting increased localization. The strongest localization is typically observed for states located
deepest within the band gap [47].

As the band edges are dominated by defective localized states, their frequency and relative energy
level vary from cell to cell as they arise from different defect configurations, which are further influ-
enced by the varying chemical environment. Consequently, the highest occupied states reside on different
defective nitrogen sites in different configurations. Strictly speaking, this renders the highest occupied
molecular orbital (HOMO) level non-transferable between individual supercells, as it is determined by
configuration-specific localized states rather than by an extended band edge. The same considerations
apply for the lowest unoccupied molecular orbitals (LUMO) centered on Si atoms.

Moreover, strongly localized states near the band edges are not fully compatible with the conven-
tional band picture of crystalline solids, which assumes well-defined, extended Bloch states. A more
coherent description is therefore obtained by interpreting these states as part of an Urbach-like tail [200]
extending from the band edges into the gap. Within this framework, the HOMO and LUMO determined
from computational models should not be considered as the VBM and CBM, respectively. Instead, the
mobility edge [201] can be defined using an IPR threshold that distinguishes extended from localized
states [176]. An unambiguous numerical value for this threshold cannot be specified, since the decay
of the IPR is continuous and the energy range of localized and delocalized states overlap (see figure 3,
lower panel). Nevertheless, referencing against the mobility edge of the valence or conduction band
allows to systematically compare ensembles of supercells and establishes a rigorous basis for discussing
amorphous silicon nitride within the context of semiconductor physics.

It must be noted that the distinction between localized and delocalized states based on the IPR is
only possible in a theoretical framework. While first-principles calculations provide strong evidence for
this model, direct experimental observation of (semi-)localized states is only feasible at ultra-cold tem-
peratures, e.g. by spatially probing the states using scanning tunneling spectroscopy or by characteriz-
ing the Urbach tail via optical absorption measurements [202—204]. Thus, localized states in the a-Si3Ny4
layer of CTF can only be probed indirectly by comparing predictions with observations in real devices.

Structures generated by classical interaction potentials [46, 53, 205], machine learning interac-
tion potentials [51, 52, 65, 193], or ab initio MD [49, 50, 55-57] are equally suitable for follow-up
DFT calculations to obtain deeper insights into the electronic structure, provided that artifacts aris-
ing from finite-size effects and quench-rate limitations are sufficiently controlled. When analyzing the
electronic structure, however, the choice of exchange-correlation functional becomes critical, since not
all functionals describe defect-related states with sufficient accuracy. In particular, generalized gradient
approximation (GGA) functionals are well known to underestimate the band gap and often fail to accu-
rately describe the localization of electronic states, which is crucial to study charge transitions at defect
sites [117, 206]. As a result, moderately localized defect states near the band edges may be artificially
smeared out, which compromises the determination of the mobility edge and the associated challenges
described above. This issue is especially problematic here, where the transition between extended band
states and localized tail states is gradual rather than sharply defined (see figure 3, lower panel).

For these reasons, hybrid exchange-correlation functionals, which incorporate a fraction of exact
Hartree—Fock exchange, are typically required to obtain a quantitatively reliable description of defect
states and band-tail localization in amorphous silicon nitride. By partially alleviating the self-interaction
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error inherent to semi-local functionals, hybrid approaches improve the localization behavior and ener-
getic placement of charged defect states. The percentage of exact exchange can be fitted to, for exam-
ple, the experimentally determined band gap. This, however, would require a clear fitting target, which
is not necessarily given for a-SiN, due to the variety of process conditions and material properties (see
section 3). In practice, well-benchmarked defaults, e.g. 25% for HSE06 or PBEQ [207-211], are consid-
ered to be sufficiently accurate given that instead of yielding a singular number, observables measured
for amorphous systems are inherently distributed over a particular range.

5. Fundamentals of charge trapping

The unoccupied localized states close to the conduction band introduced by structural defects are suit-
able precursors for trapping excess electrons from the Si substrate of a CTF device. When the localized
electronic state becomes occupied by an electron, the attractive and repulsive forces at the defect site
change, leading to structural relaxations of the atomic structure to a different minimum energy configu-
ration in the negative charge state. In recent years, methodologies have been developed to analyze charge
transitions at point defects using first-principles calculations [68, 69, 212], which we will summarize in
the following. In particular, we will outline the NMP charge capture process of trapping electrons from
the mobility edge of a-Si3Ny at intrinsic defect sites. The structural features of these defects and their
charge trapping properties within the NMP model will then be discussed in section 6.

5.1. Nonradiative multiphonon charge transitions

The interaction of charge carriers with the atomic structure necessitates the inclusion of electron—
phonon coupling effects when describing charge trapping at defect sites to capture the structural recon-
figurations [213, 214]. For the remainder of this paper, we will use the notation q; /g, to indicate a tran-
sition of a defect from charge state q; to g3, e.g. g1 =0 and g, = —1 for electron capture. The charge
transition rate k;_; caused by a perturbation H’ between the two defect charge states 0 and —1 is given
by Fermi’s golden rule

Koyt = 2% (ol ' )| 6 (B — Ey). )

Here, ¥, _, are the total wave functions of the initial and final states with energy E; _;. The Dirac-delta
ensures energy conservation between the initial and final state.

To analyze the electron capture processes in a-SizNy with DFT using equation (2), it is necessary to
apply additional approximations, which have been assessed in [69] and are adopted for the calculations
in this work. Following the Born-Oppenheimer approximation, the wave function of the defect system
WU; can be written as a product of an electronic wave function 1; and a vibrational wave function ;.
This allows for the description of the atomic trapping site in the neutral and negative charge state by
two distinct potential energy surfaces.

Additionally, we employ the static coupling approximation, evaluating the electronic wave func-
tions at a fixed atomic configuration Qq [215, 216]. We also assume linear electron—phonon coupling
by Taylor-expanding the matrix element up to first order around Qp, which was chosen as the equilib-
rium geometry of the neutral defect state. This geometry is considered as an appropriate choice, since
the defect states in Qo are well defined in the band gap, and thus yield suitable bulk and defect wave
functions for perturbation theory [69]. Finally, we will reduce the vibrational degrees of freedom to a
single effective phonon mode. The resulting one-dimensional (1D) potential energy curve (PEC) has
been proven to efficiently capture the structural relaxations of deep traps with strong electron—phonon
coupling [68]. In particular for defects with Huang—Rhys factors S>> 1, the 1D approximation accurately
reproduces the displacement and energy scaling of the entire phonon mode spectrum [217]. This jus-
tifies its application to intrinsic electron traps in a-Si3Ny4, where relaxation energies are on the order of
1eV and above [51, 52, 65].

5.1.1. Configuration coordinate diagram for electron capture in a-SizNy

The effective-phonon mode approximation allows for the treatment of the charge transition in an one-
dimensional configuration coordinate diagram (CCD). Here, we discuss the nonradiative capture of an
electron at an intrinsic acceptor site from a conduction band state in a-Si;N4 and exemplarily construct
the CCD for such a process. In this framework, we assume that the electron, which can be for example
injected from the Si substrate of an CTF as discussed in section 2, initially occupies a delocalized state
at the mobility edge (see 4.2) before transitioning to a localized defect state. This process is analogous
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Figure 4. One-dimensional configuration coordinate diagram (CCD) for the nonradiative capture of an electron from the mobil-
ity edge of a-Si3Nj at an intrinsic electron trap in a-SisN4. The CCD for this transition is defined by the electronic band gap, the
charge-state transition level £(0/ — 1), the configuration coordinate change AQ, and the total energies as a function of Q in both

charge states, including the relaxation energies E‘é‘c 1/3‘3(2' The thermodynamic trap level E is defined as the energy difference of the
defect system in charge states g = 0 and g = —1, evaluated at their respective minimum energy configurations Qo and Q—;. The

classical energy barrier for electron capture Eg/ s given by the energy difference from the mobility edge to the crossing point,

and vice versa E, 19 for electron release from €(0/ — 1) to the crossing point. The PECs to evaluate electron capture for initial
delocalized states higher in the conduction band are schematically drawn as thin green lines above E°(Q). Data obtained from
postprocessing of calculations presented in [52].

to electron capture at an acceptor defect from a delocalized bulk state in crystalline semiconductors, for

which the theory of NMP transitions was originally developed. We note that the same methodology can

be applied for electrons initially occupying higher states in the conduction band prior to the localization,
which will be further discussed in section 6.4.

The CCD for the capture of an electron from the mobility edge of a-Si3Ny at an intrinsic defect site
in a-SizNy is illustrated in figure 4. The yellow and green parabolas represent the PECs of the trapping
site in the negative (with a localized electron) and neutral (electron in the conduction band) charge
states. These PECs can be obtained by parabolic fits to the total energies of linearly interpolated images
between the minimum energy configurations in both charge states, Qp and Q_;. The total configuration
coordinate change is given by AQ, £(0/ — 1) is the thermodynamic charge-state transition level (CTL)
of the intrinsic defect, while Eg{e]:; and El;ez}? are the relaxation energies of the transition, and AQy is
the configuration coordinate change to the crossing point. The HOMO, LUMO and the mobility edge of
a-SizNy are shown as dashed lines. All depicted properties can be evaluated with first-principle methods
as will be discussed in section 5.3.

We note that in principle the transition of a charge carrier from a band to a defect site and vice
versa can be either radiative or nonradiative. Following the Franck-Condon principle [214], the radia-
tive charge transfer corresponds to a vertical transition in the CCD, where the energy difference between
unoccupied and occupied state is released via light emission (photons). For the nonradiative transition,
the energy is released to the surrounding lattice via multiple phonons, hence the name NMP transition.
Since optical excitations are typically not observed in CTF devices, we asses the probability of charge
transitions at a defect site in a-Si3Ny within the NMP framework.
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5.2. Charge capture coefficient from first-principles

In this section we will outline the methodology to analyze the electron trapping probability of a defect
site by evaluating the charge capture coefficient of an intrinsic electron trap in 4-SizN, at room tem-
perature. We will further describe how to obtain the defect parameters needed to construct the CCD
in figure 4 with DFT.

Charge transition rate

The charge transition rate given in equation (2) accounts for the capture rate of a single electron at a
single defect site. The full nonradiative electron capture rate in a system with electron density n, and a
concentration of acceptor-like defects N can be written as a function of the temperature T with [218]

Ro/—1(T) = Co/— (T) Nane, (3)

where Cy,_;(T) is the T-dependent capture coefficient of one electron at one defect within a

simulated supercell with volume V. Cy,_, is related to the charge transition rate in equation (2)

by Cy/—1 = Vko/_ and can be directly evaluated with first-principles methods such as DFT [69].
By employing the approximations summarized in section 5.1, Cy,_; is given by

Co1 (T) = Vo = V181 (Qo) Py (T), (1)

where 6y,_(Qq) is the electron—phonon coupling element, evaluated at the minimum energy configura-
tion of the neutral charge state Qp, and &§y,_;(T) is the line shape function depending on the tempera-
ture T and is related to the thermally averaged overlap of the vibrational wave functions of both states.
In general, if a defect is already charged prior to the transition, the Sommerfeld parameter must also be
included as a linear factor to account for the disturbance of the conduction band wavefunction by the
localized defect charge [219]. For the present work, the inclusion of the Sommerfeld parameter is not
necessary, since we are primarily interested in the capture process of an electron at a previously neutral
defect.

5.2.2. Classical charge transition barriers

The electron capture from the mobility edge can be intuitively understood in the classical picture when
looking at the CCD in figure 4. In equilibrium, the system is at the minimum of the respective PEC,
which is located at a state in the conduction band, specifically shown here as the mobility edge. If suf-
ficient thermal energy is supplied to the defect site, e.g. in the form of multiple phonons, the system is
elevated up to the energy of the crossing point (Ecp), where the defect can capture an electron and relax
to the new minimum energy configuration in the negative charge state. The classical barrier Eg/ ! for
electron capture from a state at the mobility edge at a trapping site in a-SizNy is given by the energy dif-
ference between the crossing point of the two PECs and the respective initial state ¢;

B/ —Egp—e. (5)

Vice versa, for electron emission from the defect to the mobility edge, the barrier E 10 i given by the
energy difference between the charge state-transition level of the trapping site £(0/ — 1) and the crossing
point.

E Y =Ep—e(0/—1). (6)
5.2.3. Line shape function at room temperature
For defects transitions with sufficiently large structural relaxations, &y, (T) in equation (4) can be cap-
tured by a classical model for the line shape function in the limit of high temperatures (T~293 K and
above) [70, 72, 220]

EO/—1
o1 (T) = 58/—1 (1) foy—1 (1) = 58/_1 (T) exp{ <_ IEBT ) }’ (7)

where fy,_1(T) is an Arrhenius-like factor depending on Eg/ ~!and 13 /_1(T) is a prefactor depending on
the shape of the PECs of the defect in charge state 0 and —1, given by [70, 73, 221]

£,y = | P AQ(AQ) ®
0/—1 - - - " |
T (!~ L) 30y~ 20 + Bl AQ

14



10P Publishing

J. Phys.: Condens. Matter 38 (2026) 333002 C Wilhelmer et al

[ T T T T T T T

10-10 4 1x10°%

054 i
= —— Full QM Model -~ Ix10°F
> 10740 4 @ §
2 === WKB Approx. )

=

'i 10727 —-— Undist. PEC Approx. S 1x10°®
s 10-70 4 i Classical Model : 0“ :

i — AQ=2yuA — AQ=6uh 1x10°}

{— AQ=4veA  — AQ=8vuA k107 eV ."
10-100 & . : . : : Bl 1
0 100 200 300 400 500 2t L O T e O RO P PR
TIK] 100 200 300 400 500 600 700 800
T(K)
a

Figure 5. (a) Lineshape function §;;, i = g1 and j = g, of an exemplary defect for varying configuration coordinate changes AQ

calculated with different models, including the full quantum mechanical model and the classical approximation as discussed in
the main text. Reproduced from [72]. CC BY 4.0. (b) Calculated nonradiative hole capture coefficient of the Cy defect in GaN as
a function of temperature for varying energy offsets between the two parabolas. Reprinted (figure) with permission from [69],
Copyright (2014) by the American Physical Society.

The validity of the classical approximation is demonstrated in figure 5(a), where the line shape func-
tion of an exemplarily defect was calculated for varying AQ in the full quantum mechanical treatment
and with different approximations [72]. At 300 K and above, the classical model agrees well with the
full quantum-mechanical description, in particular for charge transitions with configurational changes
AQ >2,/uA.

We note that at cryogenic temperatures, the error introduced by the classical approximation can be
several orders of magnitude. This is because the charge transition at cryogenic temperatures can also
occur below the crossing point due to quantum mechanical tunneling, and charge transition rates are
thus considerably underestimated in the classical model [69, 70, 72, 220]. In this case, the vibrational
wavefunctions of the PECs have to be explicitly obtained and their thermally averaged overlap has to
be calculated to capture the full transition probability. However, for analyzing charge trapping in CTF
devices, which are typically operated at room temperature, the classical treatment is considered sufficient
for the present discussion.

5.2.4. Electronic matrix element
Following perturbation theory, the electronic-phonon matrix element can be expressed as [222]

0
o)1 (Q0) = (r—=i) (W a—gf}, ©)

with ¢; r and 9; r being the energies and single-particle wave functions of the initial and final electronic
states, respectively. For the process considered in this work, ; corresponds to a delocalized state at the
mobility edge, and 1)y is the localized state at the intrinsic defect. The matrix element is hereby evalu-
ated at the minimum energy configuration of the neutral charge state Q [69]. Since the mobility edge
is not well defined in a-Si3N, but distributed, f,,_;(Qp) can slightly change depending on the specific
initial state v); considered for the transition. However, we find that the inaccuracies of varying electron—
phonon matrix elements between different conduction band states in the prefactor ¢,,_, are comparably

small. From equations (4) and (7), it is clear that Eg/ ! has the largest impact on the charge transition
rate of all defect-related variables, as it enters the equation in the exponential factor fy,_;(T). Therefore,
varying the thermal barrier by 0.1eV (0.2eV) already changes fo,_,(T) by almost two (four) orders of
magnitude at room temperature where the thermal energy kgT is ~25meV. The overpowering impact of
the thermal barrier has also been explicitly shown for the hole capture coefficient C, of the Cy defect in
GaN in figure 5(b) [69], where C,, is evaluated as a function of temperature for varying barriers between
the two parabolas in the CCD. These calculations demonstrate that small deviations of the barrier by
50meV can change the capture coefficient by almost one order of magnitude. Since such small inaccura-
cies in energies are well within the error range of DFT for defect calculations, only the order of magni-
tude of Cy/_; can be reasonably estimated within the employed methodology. The impact of the initial
state on electron trapping in a-Si3N4 will be further discussed in section 6.4.
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5.2.5. Capture cross section at room temperature
Equation (4) provides a fully quantum-mechanical description of the charge capture coefficient. In
semiconductor device engineering, the charge transition rates at defects are often approximated by the
Shockley—Read—Hall (SRH) model, which provides a phenomenological interpretation of the trapping
dynamics.

The capture coefficient in the SRH model is commonly given as a product of the thermal velocity
Vih = v/8kgT/mm* and a phenomenological capture cross section aé?ﬁ 1> With m™ being the effective
mass of the electron (m*=0.5m, for a-SizNy [223]).

R, = o vinNane. (10)

To relate the phenomenological SRH model against the quantum-mechanical NMP theory, a capture
cross section can also be defined in NMP [69] by comparing equation (3) with equation (10), yielding

2 EO/—l
&o/—1 (T)exp (— T ) . an

Equation (11) will be used to evaluate the electron capture cross sections of intrinsic electron traps in
section 6.4.

B Coy-1 (T) _2m 1 , ' Oy
0o/—1 (T) = Ve (T) = ?Vth(T) 4 (ef_ 61) <w' |%>

Because SRH neglects electron—phonon coupling effects during the charge transfer, it is generally
not suited to account for the activation barrier of the charge capture process and to describe the struc-
tural relaxations induced by charge trapping [71]. However, for electron trapping at intrinsic defects in
a-Si3Ny, we find that the activation barrier is only in the range of a few phonon quanta (see figure 4),
and temperature-mediated effects for this process are expected to be comparably small. Consequently,
SRH models can provide a reasonable approximation of the charge transfer at room temperature, par-
ticularly because some temperature dependence is already accounted for via the thermal velocity of the
charge carriers, while the capture cross-section itself is treated as a constant. In contrast, o,_;(T) eval-
uated with NMP explicitly accounts for the temperature dependence of the charge transition rate, a
behavior that has been well-documented in experiment [224-226].

5.3. Electron trap characterization — modeling the PECs
Following the effective phonon mode approximation discussed above, only the configuration coordinate

change AQ, the CTL £(0/ — 1) and the relaxation energies Eﬁ;{f}f (Q) have to be calculated with DFT to
model the PECs and to subsequently extract the classical transition barriers from the PECs. The method-

ology to evaluate these properties with DFT will be outlined in the following.

5.3.1. Thermodynamic charge-state transition level
The CTL of a trapping site gives the electronic level (q;/g,) of the charge transition between charge
state q; and g,. In the CCD, the CTL defines the offset of the parabolas with respect to the charge reser-
voir, and consequently determines the classical energy barrier of the NMP transition.

The CTL can be obtained from formation energy evaluations of the trapping site. The formation
energy EL  of an intrinsic defect in charge state q is given by [227]

form

E?orm = E?ot - EPc;Itlk + Z nipi + qEF + Ecorr, (12)

where EL, is the total energy of a supercell containing the defect in charge state g, and EX%* is the total
energy of the pristine bulk supercell. #; is the number of species i removed from or added to the system
with the corresponding chemical potential y;. For the case of intrinsic trapping, this term does not need
to be considered, since here n; = 0. Eg is the Fermi energy referenced to the VBM of the pristine cell
and E™ is an a posterio correction term needed for DFT calculations of charged systems [228].

To analyze the stability of a trapping site in different charge states, EL  can be conveniently plotted
in a formation energy diagram as a function of Fermi levels across the electronic band gap of the insu-
lator. This is illustrated for an intrinsic electron trap in a-Si3Ny in figure 6 [52], where the HOMO and
LUMO are drawn as vertical dashed lines. The CTL marks the energy level where E]  in two charge
states are equal, indicating that the thermodynamically preferred charge state changes when crossing the

CTL at

Ep=0)—E_! (Er=0)
—1-0 '

0
6(()/_l)zli‘form( (13)
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Figure 6. Formation energy diagram of an intrinsic electron trapping site in a-Si3sNy. Energies of HOMO and LUMO are drawn
as vertical dashed lines. The stable charge state with respect to the Fermi level is illustrated as a bold line.

For the example of a single electron trap this means that if the Fermi level is below £(0/ — 1), the defect
has a lower formation energy when uncharged and is stable in the neutral charge state. For Fermi levels
above €(0/ — 1), the defect has a lower formation energy in the negative charge state and is thus ther-
modynamically stable with a trapped electron.

In electronic device engineering, CTLs are commonly associated with the trap level Er, which is
given by the energy difference between CTL and charge reservoir. For electron trapping from a conduc-
tion band state ¢;, the trap level is accordingly given by Er =¢; —e(0/ —1).

5.3.2. Configuration coordinate change
The configuration coordinate change AQ in equation (8) encodes the mass-weighted structural distor-
tion of all atoms in the system upon charge transfer. It is given by

AQ= /Y m.AR (14)

where AR, ; is the displacement vector of atom « with atomic mass 1, along the three Cartesian coor-
dinates i = x,y,z and typically expressed in units v/amu A. The equilibrium configuration coordinates of
the negative (gold) and neutral (green) charge states in figure 4 are given by Q_; and Qy, respectively,

and can be obtained with DFT by geometry optimizations of a defect structure in different charge states.

5.3.3. Relaxation energy and effective phonon mode

The effective phonon modes of a charge transition can be constructed by calculating E4(Q) of linearly
interpolated structures between the atomic coordinates Q_; and Q. For the example shown in figure 4,
the PECs of the transition correspond to a defect structure from [52], where E9(Q) were calculated with
hybrid DFT. Typically, atoms near the localized charge contribute more to AQ, as they experience larger
relaxations than atoms far from the trapping site. A parabolic function was fitted to the E(Q) to analyt-
ically describe the harmonic PECs, as will be further discussed in section 6.4. The energy difference in
charge state ¢ = —1 between configuration Qp and Q_; gives the relaxation energy

Bt =E71(Qy) —E71(Q1), (15)
and vice versa
Bl = E°(Q-1) — E(Qy), (16)

for the energy difference between configuration Q_; and Q in charge state g = 0.

6. Charge trapping mechanisms in silicon nitride

The first computational studies to understand charge trapping in silicon nitride used 3-SizNy as a proxy
for the amorphous phase due to the limitations in computational resources at the time [66, 123-127].
These studies identified that point defects play a central role by introducing localized electronic states
within the band gap. While crystalline models establish the basic physics of these coordination defects,
only amorphous models can represent the structural disorder inherent in a-SisN, thin films, which is
crucial to capture the full complexity of the electron trapping processes.
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6.1. Single defect levels in crystalline silicon nitride

Among the various defects studied in 3-Si3Ny, including interstitials, substitutional defects and vacan-
cies, the dangling silicon bonds associated with nitrogen vacancies (Vy) are most prominently linked
to the formation of localized gap states [123, 124, 126]. The precise level of these states varies depend-
ing on the modeling approach, i.e. atomic cluster vs. 3D periodic bulk, (partial) hydrogen termination
of dangling bonds, and the formation of Si—Si bonds. The CTL lies typically between 1.4eV to 2.0eV
below the conduction band (see table 2), and if the models include suitable states, they undergo the
same donor—acceptor compensation as neutral a-Si3Ny, see section 4.2. However, since the various Vy
models yield similar CTLs, it remains difficult to identify a single, unique trapping mechanism based
solely on electronic energies.

By calculating the hyperfine coupling constants of 2?Si in a three-dimensional periodic supercell
containing a Vi defect, DiValentin et al [126] demonstrated that the best agreement with experimental
EPR data is obtained when two three-coordinated silicon atoms (N—);Si- adjacent to the vacancy form
a N3Si—SiN; bond. This result supports the hypothesis that silicon-rich local environments are closely
associated with electrically active defect centers [67].

Despite good agreement with experimental observations, these early crystalline models could not
account for the structural disorder and extensive bond angle/length variation that are intrinsic to the
amorphous phase, which can substantially influence defect formation energies, electronic states, and
carrier localization. In a perfect 3-SizNy lattice, an isolated point defect such as Vy produces a single
mid-gap state [127], limiting the variety of accessible trap sites. In contrast, the amorphous network
hosts a broad distribution of local environments and defect geometries, enabling multiple, distinct trap
states [176]. Therefore, the amorphous phase must be modeled explicitly to obtain a holistic picture of
charge trapping mechanisms in a-SiN,.

6.2. Variety of electron trapping sites in amorphous silicon nitride

Based on EPR-studies by Lenahan et al [229-231] and others [232-234] in the early 1990s combined
with theoretical considerations by Robertson et al [168-172], dangling silicon bonds (N3Si-) have been
originally proposed as the origin of charge trapping in a-SizN,. Due to the high computational demand
required, it was only in the 2010s when Vedula et al [46, 48] and Hintzsche et al [47, 49] performed the
first atomistic simulations of bulk a-SizNy supercells based on first-principles calculations. While these
early models were constrained by relatively small system sizes, they laid the groundwork for subsequent
studies utilizing significantly larger supercells and statistical ensembles [50, 53, 55-58, 65]. Since the
nomenclature of defect sites in a-SiN, is not always consistent throughout the literature, we adopt the
original terminology and refer to undercoordinated Si sites as K-centers and use this framework to con-
textualize different sub-types that were identified in the aforementioned studies.

As outlined in section 3.2.2 and 4.2, a-SizNy exhibits a broad distribution of bond lengths and bond
angles within the amorphous network as well as a low concentration of coordination defects. Depending
on the degree of distortion of the local bonding environment, these structural motifs give rise to local-
ized electronic states near the valence- and conduction-band edge, where unoccupied states near the
mobility edge of the conduction band act as precursors for electron trapping.

In a-SizNy supercells generated via MQ-MD, a primary structural feature is the presence underco-
ordinated Si atoms with three neighboring N atoms (SiN3), which can serve as a precursor for electron
trapping. Structurally, these defects are similar to the nitrogen vacancies in the crystal, though unlike
the Vy discussed in section 6.1, individual SiN3 units occur here in isolation, that match the originally
described K-centers. Electron trapping at these K-centers has been observed in several computational
studies [48, 50, 53, 65], where upon charge injection to the simulation cell, the excess electron localizes
on the SiN3 unit. This causes minor structural relaxation towards a pseudo-tetrahedron with the fourth
position being occupied by the unpaired electron, see figure 7(a). In the process, the spin moment on
the host atom increases from ~0e to 0.71 e — 0.86 ¢, while the neighboring atoms remain largely closed-
shell, thereby confirming the localized nature of the electron trap.

The CTLs of these traps lie between 0.3eV and 1.8eV below the CBM, which is similar to the nitro-
gen vacancy models in 5-SizN4. However, due to the structural disorder of the amorphous phase, the
CTLs in a-SiN, are distributed over a range of ~1eV and tail out towards lower values as shown in
figure 7(e).

Pre-existing K-centers are, however, not the only trapping pathways identified in atomistic simula-
tions. As discussed in section 4.2, structurally distorted SiN, tetrahedra with widened bond angles can
also introduce localized tail states below the CBM. Trapping on these sites further amplifies the exist-
ing distortion, lengthening the Si—N bonds and opening the bond angles, while keeping the network

18



10P Publishing

J. Phys.: Condens. Matter 38 (2026) 333002 C Wilhelmer et al

(a) (d

_-Si +e H
N—~ \N _ Si _
N N/ \\N
(ymrsi N S0
(Si) \/\»//\/ -
(b) SI\'\U/SI - 7= 1
N ! -
N (K 3 M’\‘\“
i — i - i
o
N \\N N \\N N \\N S WJ/\/ empty
N N \ N unpaired
(intr) F—
N N W\\_\
\ (I)/N Ap Q:’\i
S e DSy W//vv
N / \
N (SiSi) N I ! ! | |
-2 0 2 4 6
() (e) E—Enomol[eV]
oM | P e
o S
| 3 e
o —_
~
= ! 8 j:‘%
a % === —
| g 21 =
o ]
3 4 K =K intr  SiSi K/AK lintr K K/iK/intr

70 80 90 100 110
¢ [deg]

Figure 7. Sketches of electron trapping pathways in a-Si3Ny: (a) trapping on a K-center (undercoordinated Si atom, III-Si). (b)
Trapping on a distorted, fourfold coordinated Si atom resulting in an intrinsic trap (intr), an induced K-center (iK, partially orig-
inating form fourfold coordinated N atoms, IV-N), and N3Si—SiN,¢ (3 4) dumb-bell configurations (Si—Si). Figure adapted
from [53]. (c) Relaxation in the amorphous phase measured by the opening angle ¢ of the SiNy tetrahedron before and after
electron trapping. (d) Projected density of states of nitrogen (blue) and silicon (yellow) relative to the HOMO (Enomo) in a neu-
tral (g = 0), a singly negative (q = —1) and doubly negative (9 = —2) charged supercell with isosurfaces of the empty acceptor
precursor state, the single trapped electron, and the doubly occupied trap forming an Si—Si bond. (e) Charge-state transition
levels (CTLs) relative to the CBM (Ecgm — €(0/ — 1)) of recent studies [48, 50, 52, 53, 65]. Figure (a)-(d) Reproduced from
[53]. CC BY 4.0.

connectivity intact. Therefore, this trap type has been referred to as intrinsic trap [52, 53] or localized
floating states (LFS) in the literature [56, 58]. Structurally, the resulting trap site can be described as

a pseudo-trigonal bipyramid, with the electron occupying one of the five positions (figure 7(b)). The
extent of the original distortion and the post-trapping configuration can be quantified by the opening
angle ¢ of a selected polyhedron face (figure 7(c)). Trapping consistently occurs at sites that are already
widened relative to an ideal tetrahedron. Upon electron capture, this distortion is further amplified, with
the opening angle partially exceeding 90° in the charged state [53].

In some cases, the structural distortion caused by electron trapping leads to the breaking of a Si—N
bond, thereby creating an induced K-center (iK). This bond-breaking process occurs either when the
Si—N bond is pre-strained and weakened [51-53], or when the neighboring N atom is overcoordinated
and does not give rise to a dangling N site (denoted as IV-N in [48, 65]). Due to the long tail in the
bond length distribution, intrinsic traps and induced K-centers cannot be easily distinguished by a sin-
gle fingerprint, but require careful analysis of the extend of relaxation, coordination numbers before
and after electron trapping, and the degree of opening of the coordination polyhedron. Using maxi-
mally localized Wannier functions [199], it was demonstrated that the Si and N of the trapping site are
covalently bound in the neutral state and break during the localization of an excess electron [46, 52].
The iK-traps are structurally equivalent to native K-centers, adopting a pseudo-tetrahedral geometry,
and coincide a significant increase of the opening angle ¢. The CTLs of the intrinsic traps are located
0.2eV to 1.8eV below the CBM, which is in the same range as the K-centers [53]. Since these sites are
not related to pre-existing coordination defects structural defect, but rather are introduced by strain, the
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charge localization mechanism is of polaronic nature [52], analogous to the polarons observed in crys-
talline semiconductors.

The third subtype of electron trapping geometries is identified as N3Si—SiN,¢ 3 4} configurations
similar to those described in [55, 66]. In this case, trapping occurs by forming a Si—Si bond where the
excess electron is shared between the two Si-atoms. This transition is facilitated by the back-projection
of a Si atom towards an adjacent Si neighbor, which does not require a pre-existing dangling bond or
Vx defect. The Si—Si trap level lies close to or slightly below the CBM. Due to the small number of
N38i—SiN,¢ (3,4} configurations in the stoichiometric models, conclusions regarding their statistical sig-
nificance can only be drawn to a limited extent. The trapping energies fall between the intrinsic elec-
tron trap and the trap-induced K-center, with an average value of 0.65eV and a standard deviation of
0.15eV. This energy distribution is caused by the wide range of Si—Si bond lengths between 2.34A to
2.62A [53].

When a second electron is injected, it localizes in the same orbital as the first trapped electron inde-
pendently of the trap type, such that the trap state becomes closed-shell (figure 7(d)). Bipolaron for-
mation triggers the relaxation of the Si atom with the localized electrons towards a nearby Si neigh-
bor, either within the same ring in the network [53] or towards its second-nearest neighbor in a bond
switching-like fashion [55]. During this process, a Si—Si bond is formed with the length between 2.22A
and 2.50A [30], which matches the bond length found in crystalline silicon (2.35A). The associated elec-
tronic state shifts deeper below the LUMO level into the valence band and thus below the N-dominated
mid-gap states above the VBM. This implies that upon de-charging, electrons are withdrawn from
the N-centered states before the Si—Si bipolarons. The formation of bipolarons thus offers a pathway
towards the permanent formation of traps lying deep in the valence band [30, 235]. It remains, however,
an open question if and how the these deep traps affect mores shallow trap sites remaining in the band
gap and, in extension, if they alter the trapping characteristics. Together, these findings suggest that the
trapping of electrons on defective Si-sites exerts a driving force to form Si—Si bonds, though the rigid
nature of the a-Si3sNy-network prevents the traps from relaxing spontaneously towards such a configura-
tion. This explains the variety of trapping sites observed as well as the scarcity of N3Si—SiNyc 3 4} traps
in the single-electron case.

The atomistic modeling studies discussed so far have primarily focused on stoichiometric a-Si3Ny
occasionally incorporating nitrogen vacancies. This focus was largely dictated by the lack of a classi-
cal interaction potential capable of modeling a-SiN, and the larger length-scales required to model Si-
rich domains. Experimentally, it is observed that Si-rich a-SiN, has a reduced band gap [58, 169] and
exhibits a shift of the trap density profile to more shallow levels [36, 236], which enhances charge carrier
mobility presumably by more facile hopping between the trap states. This eases read-write cycles [127,
237], but also enhances lateral leakage, making it a concern for data retention [238].

Theoretical models of a-Si3Ny containing a nitrogen vacancy suggest that two of the three dangling
bonds combine to a Si—Si bond (3N3Si- — N3Si-SiNj + Si-) [50]. The binding orbital is fully occupied
and its level lies below the LUMO level close to the valence band edge, so that the Si—Si bond neither
acts as an electron donor nor acceptor. More recent first principles MQ-MD studies on a-SiN,:H super-
cells with 1.0 < x < 1.33 report a closing band-gap as the Si content increases as well as the occurrence
of additional mid-gap states, which are scattered over a wider energetic range [56]. Electron trapping
in these systems are found to occur on intrinsic traps (denoted as LFS in [56, 58]), that are equivalent
to the ones described for the stoichiometric case (figure 7(b)). In the non-stoichiometric case, intrin-
sic traps localize on mixed Si(Si,N,_,) tetrahedra, indicating that neighboring Si could facilitate local
structural rearrangement upon injecting electrons [58]. The structural similarity of the trapping sites
and the similar range of levels with respect to the vacuum level suggest that the enhanced charge carrier
diffusion stems from the narrowing of the band gap and not from a novel type of traps, though more
comprehensive statistical sampling is required to draw final conclusions.

In summary, a series of trapping pathways were identified across the literature, all of which are gov-
erned by the interplay of structural distortion in the amorphous network and localization of the asso-
ciated electronic states. These pathways come down to electrons trapping at localized Anderson states
in the band gap, which in turn drives the formation of an Si—Si bond with an adjacent Si neighbor.
However, since these localized states can occur not only at defect sites but also at deformed coordination
polyhedra, this process is not uniform, which is why various mechanistic pathways have been identified.
Likewise, the relatively rigid a-Si3N4 network prevents the Si—Si bond formation, which is why bond
distances corresponding to those in elemental silicon only predominate when trapping two electrons.
Opverall, the broad variety of trap sites and mechanistic pathways yield similar CTLs and thus a definitive
statement over the dominant trapping mode cannot be made.
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Table 2. Overview of electron trapping energies in a-SiN, as obtained by first-principles calculations: charge-state transition level (CTL)
with respect to the CBM (Ecgm — £(0/ — 1)), and the associated band gaps (Eg). The exact CTL distributions are plotted in figure 7(e).

Trapping site References Functional Type CTL (eV) Eg (eV)
B-SisNy
Vn in B-Si3Ny-cluster [123] B3LYP hybrid 1.9
VN [124] BLYP GGA 1.6
Si—Si [124] BLYP GGA 1.76
Vn, Si—Si, Sin [126] B3LYP hybrid 1.1-3.1 5.3
Vi, Sin [127] GW la] 1.4 5
a—Si3N4
K [50] PBE/HSE06 GGA/hybrid 1.354+0.15 4.55
K/iK/intr [48] PBE GGA 02—-1.8 3.5—4.3
K/iK [65] PBEO hybrid 1.3+0.5 3.8—4.6
iK [52] PBEO hybrid 0.77 — 1.66 4.3-5.1
K [53] HSE06 hybrid 0.24 —1.27 3.19 —4.96
intr [53] HSE06 hybrid 0.20 —0.99 3.61 —4.95
iK [53] HSE06 hybrid 0.42 —-1.76 3.66 —5.03
SiSi [53] HSEO06 hybrid 0.52 —0.94 4.22 —-4.93

* GW based on perturbation theory on LDA wave function.

6.3. Charge-state transition levels and the band gap problem

Up to this point, we discussed the energetics of intrinsic electron traps with respect to the values
reported in the literature, which are summarized in table 2. Although the reported CTLs generally fall
within a similar energy range, suggesting that various intrinsic defect types can be classified as deep elec-
tron traps, a direct comparison across different studies remains challenging. This is because the reported
results are affected by the computational set-up, the stoichiometry of the a-SiN, samples, the inclusion
of hydrogen and the energy references to interpret the defect levels.

Historically, the high computational cost of calculations in large amorphous supercells required the
use of GGA functionals, which are known to systematically underestimate the electronic band gap. This
shortcoming can, in principle, be mitigated by applying the semi-empirical +U correction. However, this
method has to be fitted against experimental data, which is not applicable for a-SiN, due to the wide
spread of band gaps resulting from the different fabrication conditions (see section 3.2.1). Additionally,
the commonly used PBE functional tends to underestimate the localization of electronic defect states,
limiting its ability to accurately describe localized Anderson states within the band gap. Consequently,
the distinction between tail and band states is blurred, which can compromise derived observations
such as emission pathways of charge carriers. While the CTLs for €(0/ — 1) derived from GGA calcula-
tions often coincide with those obtained from hybrid functional calculation (see table 2), the GGA-based
results must be interpreted with caution.

Computational studies nowadays increasingly rely on hybrid-DFT calculations to study the electronic
structure. By incorporating a portion of exact Hartree—Fock exchange, these functionals substantially
improve both the description of the electronic band gap and the localization of the electronic states.
However, even the comparison between hybrid-DFT studies remains difficult. As discussed in section 4.2,
the HOMO and LUMO levels are not consistent across different a-SizN4 samples due to the varying
nature of local tail states. For single-electron trapping in static calculations, the resulting differences can
appear minor as the offset between LUMO and CBM falls within the spread of CTLs that is inherent to
the a-Si3N, ensemble. Nevertheless, it must be noted that the values listed in table 2 are strictly speaking
not fully comparable without a standardized reference.

To facilitate comparison between different studies and align with the physical picture of delocalized
Bloch states, we propose that the mobility edge, rather than the nominal HOMO or LUMO, is a more
meaningful reference for defect states in a-SizNy. To analyze carrier transport, charge trapping and emis-
sion in the future, identifying the mobility edge in the sample, e.g. via IPR analysis, and consistently dis-
tinguishing between localized and delocalized states is essential. Such a distinction would also allow to
determine whether capture, transport, and emission mechanisms follow trap-assisted pathways or occur
via the conduction band.
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6.4. Electron capture cross sections of intrinsic electron traps in a-Si; N4

With the nature of the various trap sites established, the electron capture process at intrinsic defects can
now be analyzed within the NMP formalism as outlined in section 5.2. Here, we will investigate the elec-
tron capture properties of intrinsic defects as a representative case study for this framework. First, we
will evaluate the PECs in both the neutral and negative charge states to construct the CCD. From these
diagram, we will extract the thermal energy barriers and evaluate the electron capture cross sections at
room temperature.

A set of supercells with hydrogen-passivated dangling bonds (a-Si;N4:H) from [52] was chosen for
this analysis. We find that the LUMO of these structures are localized at fully coordinated sites in the
a-SizNy:H supercell, in agreement with the IPR analysis in section 4.2. These sites serve as precursors for
electron trapping, and are associated with either an iK or an intrinsic trap as described in section 6.2.
The atomic configurations of an exemplaric iK trap and the PDOS in charge states ¢ =0 (left) and
q = —1 (right) are illustrated in figure 8. The wavefunction of the LUMO state, shown as an isosur-
face in figure 8(a), is localized on a deformed SiNy tetrahedron, where one of the Si-N bonds being on
the higher tail end of the bond length distribution at 1.96 A. The PDOS of this structure is plotted in
figure 8(b) for energies around the electronic band gap. This localized unoccupied state at the strained
Si—N bond serves as an acceptor for electrons injected from the Si substrate in the conduction band of
a-Si3Ny. The localized electron induces structural relaxations, which can even break the strained Si—N
bond in case of the iK trap, as illustrated in figure 8(c). As a consequence of the relaxations, the defect
state becomes occupied and shifts towards the middle of the band gap (figure 8(d)). Since these trapping
sites are not related to any structural defect, but rather are introduced by strain, we previously referred
to this charge localization mechanism as polaron formation [52], in analogy to the well-known phenom-
ena in crystalline semiconductors. In this work, we revisit these DFT calculations to evaluate the classical
charge transition barriers and calculate the electron capture cross section at room temperature.

As described in section 5.1.1, we consider a delocalized state at the mobility edge as the initial state
of the electron capture process. However, the identification of a specific state with the mobility edge
remains somewhat arbitrary, considering that the mobility edge in a-Si3Ny4 represents a continuous tran-
sition rather than a sharp boundary as discussed in section 4.2. Furthermore, the IPR progression near
the CBM varies among different amorphous supercells [52]. To ensure comparability throughout our
evaluations, we define the mobility edge of each a-Si3Ny:H structure as the first state above the CBM
with an IPR value below a threshold of 0.015. This threshold was chosen to ensure that the initial state
is consistently delocalized and lies above the energy range where the IPR exhibits fluctuations associated
with band-tail states. Due to structural variations, the energy of the initial state ranges from 0.25eV to
1.5eV above the LUMO of each respective a-SisNs:H sample. We find that this approach gives a physi-
cally rigorous description of the capture process, as the total transition probability is predominantly gov-
erned by states distributed near the mobility edge, as further discussed below.

First, we construct the CCDs for electron capture from the mobility edge at an intrinsic defects, with
an example for the modeled PECs shown in figure 4. To ensure an accurate representation of the energy
landscape, we employ hybrid DFT to calculate the energies of initially 12 intermediate, linearly interpo-
lated images between the minimum energy configurations Q and Q_; for each sample. All DFT calcu-
lations utilized the same computational setup as presented in [52] to maintain comparability and consis-
tency. The energy of the negative charge state is evaluated up to the energy of the LUMO, as the trapped
electron begins to delocalize when the system is elevated above this state. In the neutral charge state, we
additionally sample the energies into the negative Q regime up to the crossing point of the parabolas.
We find that some PECs of the analyzed defects exhibit non-harmonic behavior in the neutral charge
states, which treatment is beyond the scope of this work. In the following, we therefore restrict our anal-
ysis to trapping sites where the parabolic fit E7(Q) yields a coefficient of determination of R? > 0.99 for
both charge states.

The classical energy barriers for electron capture Eg/ ~! and emission ES /% \were extracted from
the crossing point of the PECs and are plotted as a function of the thermodynamic trap level Er in
figure 9(a). In this plot, each data point corresponds to the electron trapping properties of a differ-
ent a-SisNy:H structure. The trap levels of the nine investigated harmonic intrinsic electron traps are
1.05 —2.40¢eV below the mobility edge.

The crossing points of all evaluated CCDs lie close to the minimum energy configuration in the neu-
tral charge state, similar to the illustration in figure 4. Consequently, the electron capture barriers are
small, ranging from only 1meV to 252 meV. We further evaluate the phonon energies associated with the
effective modes of the electron capture process, which range from 30meV to 62meV for the investigated

trapping sites. Therefore, we find that the thermal activation barrier Eg/ ! corresponds to only a few
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Figure 8. Electron trapping at an iK defect in the amorphous a-Si3sN4:H network. (a) Atomic structure of a strained Si-N bond
in the neutral charge state with the localized defect wave function corresponding to the lowest unoccupied molecular orbital
(LUMO). (b) Corresponding projected density of states (PDOS) of the neutral a-Si3N4:H structure. The energy of the defect
state (LUMO) is at the bottom of the conduction band. (c) Same atomic site with a trapped electron, corresponding to the high-
est occupied molecular orbital (HOMO) of the negatively charged structure. After addition of the electron, the strained bond
breaks, causing the Si—-N distance to widen from 1.96 A to 2.86 A. (d) PDOS of the negatively charges a-Si3Ny:H structure. The
state at the conduction band, now occupied (HOMO), is shifted to the middle of the band gap due to the structural relaxations.
Reprinted (figure) with permission from [52], Copyright (2024) by the American Physical Society.

phonons of the effective mode at most. Since the thermal energy at room temperature is sufficient to
overcome these barriers, rapid electron capture rates are expected. On the contrary, the energy barriers
for electron emission from the defect to the CBM naturally increase with Er and range between 1.05eV
and 2.65eV, suggesting that thermal de-trapping back to the conduction band is highly unlikely.
Subsequently, the electron capture cross sections of the intrinsic trapping sites are calculated using
equation (11). The capture cross sections 0y,_; in log-scale are plotted against the thermal activation

barriers Bﬁ/ ~!in figure 9(b). Our evaluations demonstrate that already minor deviations in the CCD,

and consequently Eg/ ~!, can change the charge capture probability of a trapping site by orders of magni-
tude. The evaluated capture cross sections vary between 6 x 1071® —3 x 107> cm? at T = 293K, which is
within the typical range of deep level defects in semiconductors [69].

Additionally, the calculated op/_; compare well with capture cross sections employed for device-
scale simulations to model the program, erase or retention characteristics of CTFs [78, 79, 127,
239-241]. In these studies, typically a fixed o, _; for all traps is assumed, with values ranging between
10~'® — 10713 cm? depending on the specific model calibration. It is worth noting that the choice of
(/-1 in device simulations is often coupled to other employed parameters like the trap density or the
trap level. Considering the inherent challenges of evaluating o, with DFT as discussed in section 5.2,
we find that our calculations align with the empirical ranges used in literature. Furthermore, the wide
variance in our calculated 0,_; emphasizes that a distribution of trap parameters should be employed
in future device modeling studies to account for variations in defect properties inherent to a-Si3Ny4 thin
films.

While we have focused our calculations of op/_; on electron exchange with the estimated mobility
edge, the electron can, in principle, also be captured from states higher in the conduction band. Such
states may become occupied during the CTF programming cycle at high positive gate bias (compare
with figure 1(a)), and can therefore also serve as initial states of the transition. However, these high-
energy electrons typically thermalize rapidly into empty, lower-energy delocalized states, thereby reduc-
ing their probability to be directly captured at intrinsic defects. Furthermore, we also expect 0y,_; to
be smaller for high energy states than for states at the mobility edge, which can be directly understood
from the discussion in section 5.2. In the CCD, a higher initial state simply corresponds to a vertical
shift of the neutral PEC, as indicated by the displaced parabolas in figure 4. Assuming that both the state
at the mobility edge and the states above are delocalized, also the overlap with the final wave functions
in equation (11) remains largely unchanged. Crucially, as the energy of the initial state ¢; increases, both

the electronic energy difference in |ef— €;|* and likewise the thermal barrier Eg/ ~! equation (5) increase.
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Figure 9. Calculated capture and emission properties for the nonradiative multiphonon transition of an electron between the
mobility edge and an intrinsic electron trap. The scatter plots show the properties of nine defects, each of them located in a dif-

ferent a-Si;Ny:H sample structure. (a) Classical energy barriers for electron emission E, - 1/0 (left) and electron capture Eg/ -1
(right) vs. the trap level Er with respect to the mobility edge. (b) Electron capture cross section o ,_; evaluated at room tem-

perature (T = 293 K) as a function of Eg/ ~!. The color bar gives the total configuration coordinate change of the respective
transition.

Although o,_, scales quadratically with the energy difference, it is simultaneously suppressed by the
Arrhenius-factor exp(—Eg/ -t /kp T). At room temperature (kgT ~ 25meV), this exponential decay

quickly dominates 0y, _;, leading to a net reduction of the transition rate for higher initial energies.
Our first-principles evaluations therefore suggest that electron trapping stems from states close to the
mobility edge. However, a complete description of CTF transition rates would require full device simu-
lations to account for the steady-state electron distribution induced by tunneling from the Si substrate
(section 2).

6.5. Experimental characterization of charge traps in a-Siz; Ny

Experimental identification of specific trapping sites in a-SiN, is inherently challenging due to the

broad distributions of bond lengths, bond angles and coordination numbers in the amorphous network.
Nevertheless, the overall electron trap level distribution and trap density in a-SiN,, has been evaluated

in several studies, typically without assigning the trapped electrons to specific atomic configurations.
The extracted trap level distributions vary slightly across different works, which is not only attributed

to the different characterization methods employed, but also to the varying growing techniques and exact
stoichiometries of the thin films, both of which fundamentally impact the structural and trapping prop-
erties (see section 3.2). The electron trap levels extracted from experiment and device-level simulations
range from 0.6 —2eV below the CBM [36, 37, 39, 42, 66, 85, 86, 126, 242-246], giving an overall good
agreement with the first-principles energy levels for the various trapping sites summarized in table 2 and
illustrated in figure 7.

In particular, various studies suggest that the Si content in the silicon nitride has a large impact on
the charge storage behavior. Figure 10(a) illustrates the electronic bandgap of a-SiN, as a function of
the N/Si ratio [58] as measured with reflection electron energy loss spectroscopy (REELS). A strong
decrease of the band gap with increasing Si content is thereby revealed, which aligns with the intro-
duction of in-gap states with increasing Si content as predicted by first-principles calculations [56]. In
[36], the spatial trap densities of ONO stacks with Si-rich and stoichiometric silicon nitride layers were
extracted from capacitance—voltage (C—V) measurements, indicating that the Si-content in the nitride has
a surprisingly small impact on the overall trap density (9.5 x 10'® cm™ for the stoichiometric sample vs.
9.0 x 10" cm ™2 for the Si-rich sample). However, by modeling the retention characteristics over time at
T =200°C, it was found that Si-rich silicon nitride has a higher density of traps in relatively shallower
energy levels, as shown in figure 10(b) [36]. These shallower states align with the observed narrowing of
the band gap with higher Si-content.

A similar trend was reported in [37], where the peak of the electron trap distribution of Si-rich
samples was found to be approximately 0.2eV shallower than in stoichiometric SiN. Consequently, the
retention of the Si-rich sample was found to be worse compared to that of SiN across the entire inves-
tigated temperature range (25 — 200°C). The shift toward shallower trap levels is presumably attributed
to a higher density of Si-Si bonds in the Si-rich samples, as discussed in section 6.2. The corresponding
trap density spectrum of SiN in a TANOS stack, as obtained with TSCIS, is shown in figure 10(c) [37].
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Figure 10. Experimentally evaluated electron trapping characteristics in amorphous silicon nitride. (a) Electronic band gaps of
a-SiNy obtained with REELS for varying N/Si ratios. Reproduced from [58]. CC BY 4.0. (b) Trap level distribution extracted
from the retention characteristics of SONOS stacks. Reprinted from [36], with the permission of AIP Publishing. (c) Trap den-
sity spectrum of SiN in a TANOS stack obtained with the charge injection and sensing technique. © (2010) IEEE. Reprinted,
with permission, from [37]. (d) Trap level distribution extracted from retention characteristics of 3D NAND flash cells, where
each cell is operated in a different mode (program (P), neutral (N), erase (E)). The inset shows the threshold voltage shift of the
programmed cell over time at T = 200 ° C. Reproduced with permission from [39]. © 2015 The Japan Society of Applied Physics.

The spectrum reveals a trap density peak at ~1.6eV with trap densities exceeding 10! cm—3eV !,
Furthermore, the extracted spectrum indicates a higher trap density farther from the interface to the
tunnel oxide, which aligns with the spatial trap distribution used to simulate retention transient mea-
surements in the same study. This is likely attributed to the high kinetic energy of the injected electrons,
as discussed in section 2. It should be noted that the trapping parameters in this study were extracted
according to the SRH model, and are thus only roughly comparable with the CTLs evaluated with the
NMP model in table 2.

The trap level distribution obtained from the retention characteristics of 3D NAND flash cells at T =
200°C are shown in figure 10(d) [39]. In this study, the retention of adjacent cells was measured and
simulated to extract the trap density for different operation states of each cell, program (P), neutral (N)
and erase (E). When all three cells of the device are programmed (P—P-P), the threshold voltage shift
over time due to lateral electron diffusion is suppressed by the electrons stored in adjacent cells. Using
3D TCAD simulations, a trap level distribution with a peak at 1eV below the CBM was extracted, show-
ing a density of ~10'cm™2eV~'. This aligns with TCAD simulations of CTF devices in other works,
which suggest a trap density in the silicon nitride storage layer in the range of 10" —10%° cm™ [78, 247,
248].

In [245], band gaps between 5.1eV and 5.4eV were obtained for samples fabricated by PECVD and
sputtering, highlighting again the sensitivity of the electronic structure with respect to the fabrication
methodology as discussed in section 3.2.1. Various spectroscopy measurements [63, 243, 245] suggest
that the electron trapping levels are distributed down to approximately 1.6eV below the CBM. Based on
the obtained energy peaks from REELS and spectroscopic ellipsometry (SE), tentative transition models
have been proposed. However, a definite assignment of the photoluminescence (PL) spectra to specific
defect transitions has not yet been achieved. First-principles evaluations of the line shape functions for
optical transitions between the CBM, the VBM and internal defect levels could guide the identification
of these observed spectra with specific trapping sites [68, 249].
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Figure 11. C—V measurement of memory characteristics of a Si-rich ONO capacitors annealed in pure N, (pink) and N,/H,
atmosphere (blue). (a) Memory window and [259] (b) retention characteristics. The dotted line represents the flat band voltage
(Veg) at the maximum erased state. (a) and (b) reproduced from [259]. CC BY 4.0. (c) Density of states (DOS) of a representa-
tive a-SizNy:H supercell calculated with PBEO_TC_LRC showing the occupied and unoccupied states before and after H passi-
vation. Reprinted (figure) with permission from [52], Copyright (2024) by the American Physical Society. Inset: Representative
example of the localized state on a Si atom formed independently from the N—H site in the neutral charge state. Si is colored in
yellow, N is blue, and H is gray. The respective spin channels are colored red and green. Reproduced from [54]. CC BY 4.0.

6.6. The role of common impurities on charge trapping

Silicon nitride is susceptible to the incorporation of a broad range of impurities (H, O [250], Al [251],
Ti [63], B [64]), either through the fabrication process, deliberate doping, or during device operation
when embedded in a multicomponent material stack. Among these, hydrogen and oxygen are arguably
the most critical, as neither can be fully avoided (H from fabrication, O from embedding in SONOS
stacks) and, given their reactivity, are expected to interact with defect sites that facilitate charge trapping.
Accordingly, both impurities were studied in depth and will be summarized in the following.

6.6.1. Hydrogen

As discussed in section 3.2, hydrogen is inherently incorporated in a-SiN, films, particularly when grown

by plasma-enhanced deposition techniques. Although its concentration can be reduced through high-

temperature annealing, and low-hydrogen growth protocols exist [116, 145], residual hydrogen is gener-

ally difficult to avoid completely and must be considered when discussing charge-trapping mechanisms.
In general, hydrogen acts as a passivating agent for undercoordinated Si and N defects by forming

Si—H and N—H bonds [252, 253] according to

N;3Si-+H- —— N;3Si—H (17a)

Importantly, some intrinsic traps such as induced K-centers do not require pre-existing dangling
bonds, and charge trapping in a-Si3zNy is therefore still observed even if, hypothetically, all K-centers
in the sample are passivated by hydrogen (see section 6.2). This is supported by EPR measurements in
hydrogen plasma annealed a-SiN, films, which reveal spin densities on the order of 10'¥cm™ [254].
Furthermore, PL studies indicate the presence of electronic states within the band gap, with optical tran-
sitions comparable to those in films with low H content [255, 256].

Annealing a-SiN, films in a N, /H, atmosphere has been reported to reduce the overall trap den-
sity, accompanied by a shift toward energetically deeper trap states. This modification typically results
in a narrower memory window and improved data retention, suggesting that post-deposition annealing
may provide a means to tune the trapping characteristics [257-259]. The effects of annealing is gener-
ally more pronounced in silicon-rich SiN, films, consistent with their higher initial defect density and
the correspondingly greater potential for defect passivation [256, 259]. However, similar improvements in
retention and trap redistribution are also observed after annealing in pure N, atmosphere [257, 260], see
figures 11(a) and (b), although long-term data retention measurements are required to draw final con-
clusions. Especially the C-V curves are often insensitive to whether annealing contains H,. This indicates
that the dominant mechanism is likely thermally activated defect reconfiguration and structural relax-
ation, whereas hydrogen primarily contributes through passivation of pre-existing coordination defects.
Consequently, parameters such as stoichiometry and intrinsic defect concentration appear to exert a
more decisive influence on the charge trapping behavior than hydrogen incorporation. It remains there-
fore an open question whether hydrogen treatment affects the device performance beyond the chemical
stability of the material [259, 260].

DFT calculations confirm that in the presence of coordination defects, hydrogen passivates under-
coordinated atoms in accordance with equation (17b) and removes their associated electronic state
from the band gap [52], see figure 11(c). Otherwise, hydrogen binds to adjacent NSi; or SiNy4 units
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with either protonic (H) or hydridic (H™) character without introducing additional states within the
band gap [54]. Thus, H acts as acceptor or donor depending on whether it is adjacent to a Si or N atom
donor, respectively. The corresponding H-related states are located deep within the valence band, while
the band edges remain dominated by the intrinsic states of the pristine a-SizN4 network. Consequently,
H has no effect on the trapping characteristics. An exception to the mostly idle behavior of H arises in
the presence of pre-strained or elongated Si-N bonds. Analogous to the creation of hydroxyl E’ defects
in a-Si0, [60, 261-265], hydrogen can cause bond rupture (Si;N — SiN3 + H- — Si; — N - +N;Si — H),
thereby generating new dangling bonds [54]. This newly formed coordination defect is structurally and
electronically analogous to native N-dominated defect states near the VBM and its electronic activity
depends primarily on its energetic position relative to the band edges. Based on FT-IR measurements, a
similar mechanism involving H insertion into weak Si—Si bonds and the formation of an Si-H-Si config-
uration has recently been proposed [266].

While hydrogen can passivate existing defects and remove states from the band gap, it may also
locally disrupt the amorphous network and create new coordination defects. Importantly, the hydro-
gen atom itself does not introduce intrinsic mid-gap states; rather, any electronic activity arises indi-
rectly through the resulting defect restructuring. Based on the findings, data retention appears to be
largely insensitive to hydrogen concentration, as the observed modifications in trap density and depth
distribution remain dictated by the complex interplay of stoichiometry and defect concentration (see
figures 11(a) and (b)). Consequently, for applications in CTF devices, hydrogen passivation primarily
enhances the chemical stability of the dielectric by eliminating reactive coordination defects, without
fundamentally altering the intrinsic trapping characteristics. The persistent observation of charge trap-
ping despite defect passivation lends further support to the intrinsic trapping mechanism described in
section 6.2 and several recent first-principles studies [46, 52, 53, 58].

6.6.2. Oxygen
In contrast to the relatively passive role of hydrogen, oxygen has been shown to fundamentally mod-
ify the electronic structure of a-SiN, and thus plays a critical role for its charge-trapping characteristics.
Although a-SiN, is known for its high oxidation resistance, defective as-deposited PE-CVD and PE-ALD
films undergo limited oxidation upon exposure to ambient conditions [145, 267]. In multilayer SONOS
memory stacks, thermally activated interfacial reactions during post-deposition annealing promote the
formation of silicon oxynitride (SiN,O,) at the a-SiN,/a-SiO, interface, which can lead to a graded,
depth-dependent oxygen concentration profile [268]. Beyond unintentional incorporation, SiN,O, can
also be deliberately synthesized by introducing oxygen-containing precursor species (e.g., N,O or NO)
during deposition, enabling the systematic tuning of structural, electronic, and trapping properties [269].

In this context, the distinction between oxygen-doped silicon nitride (a-SiN,:O) and silicon oxyni-
tride is not rigorously defined. Because nitrogen and oxygen can be incorporated in the amorphous Si-
O-N network over a continuous compositional range, oxygen-doped a-SiN, cannot be separated from
SiNO,. Instead, the material system spans a continuum from nitride-rich compositions with minor
oxygen incorporation to oxide-rich oxynitride networks. In the following, we therefore treat the emerg-
ing trends associated with O-incorporation as a function of the oxygen concentration and discuss their
implications for CTF devices.

The chemical composition and local bonding configurations of a-SiN,:O have been characterized by
Fourier-transform infrared (FT-IR) spectroscopy and x-ray photoelectron spectroscopy (XPS). In FT-
IR spectra, the Si—N and Si—O stretching modes appear in the range of 830 to 900 cm™! and 1040 to
1100 cm ™!, respectively [270, 271]. In oxynitride films, these contributions partially overlap, forming a
broad composite absorption band due to structural disorder and mixed bonding environments. Although
the vibrational frequencies vary moderately with local coordination, the centroid of the combined band
shifts systematically toward higher wavenumbers with increasing oxygen concentration, signaling the evo-
lution from nitride-like toward oxide-like bonding characteristics [272].

In XPS spectra, the Si 2p core level is sensitive to the local coordination environment, shifting sys-
tematically with the number of N and O neighbors. The binding energy of the Si 2p level in a-Si3Ny
is around 101.9eV [273], which shifts to 103.6eV for a-SiO, [274]. For intermediate compositions,
SiN,O, films show a single, broadened Si 2p peak positioned between these two limits (see figure 12(a)).
This behavior is consistent with a CRN composed of mixed SiN,_,O, tetrahedra with x € [0,4] [272,
275, 276]. While minor asymmetries in the peak shape and fitting weights may deviate from an ideal
stochastic distribution of SiN,_,Oy tetrahedra, indicating the presence of oxygen- and nitrogen-rich
domains, compositional inhomogeneities are less pronounced than those observed for SiN,; 33 [174]
or SiOx«s [277]. In agreement with FT-IR analysis, these findings support the description of SiN,O, as a
CRN of mixed SiN,_,O, tetrahedra with limited phase separation.
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Figure 12. (a) Si 2p XPS spectra of SiN,.O, films with various O:N ratios. The fits (solid lines) are decomposed into contribu-
tions of the SiNy_Oy, x € [0,4] tetrahedra. Reprinted from [275], Copyright (2002), with permission from Elsevier. (b) Charge
decay line profile over time measured by electrostatic force microscopy at 250 °C for stoichiometric a-Si3Ny, silicon-rich nitride
(SRN), and silicon oxynitride (SiON). The electrons are colored blue, the holes are red. Data replotted from [278]. (c) C-V curve
measured for pristine a-SizNy (S1), 120 s (S12), and 240 s (S14) plasma doped a-Si3N4:O. © (2021) IEEE. Reprinted, with per-
mission, from [279]. (d)/(e) Schematic and ball-and-stick model of oxygen substitution defects in a-Si3Ny. (f) The projected
density of states (PDOS) relative to the Fermi level of silicon (yellow), nitrogen (blue), and oxygen (red) for an isolated oxygen
substitution defect in a-Si3N4. Obtained from DFT calculations at HSE06 level. (d)—(f) are Reproduced from [62]. CC BY 4.0.

Regarding the electronic structure, it is well documented that even trace concentrations of oxy-
gen impurities can significantly alter the device performance [279-283]. With increasing oxygen con-
tent, the band gap of the material widens from approximately 4.6 —5.5eV in pristine a-Si3Ny4 to about
8 —9eV for pure a-SiO,, with SiN,O, values falling in between these two extremes depending on the
oxygen content [107, 284-287]. At the same time, gap states associated with Si dangling bonds shift by
approximately 0.15eV, settling at 3.12eV above the VBM. Additional gap states attributed to Si-O-Si and
N-Si-O configurations are also observed near the valence band edge [288-290].

The incorporation of oxygen reduces the trap density by passivating defective sites responsi-
ble for deep traps in pristine a-SiN,. Consequently, the distribution of trap states shifts to energy
levels closer to the mobility edge [10, 271]. While this enhances charge-carrier mobility via ther-
mally assisted hopping, it can also promote lateral and vertical leakage. This can negatively impact
data retention [291], as demonstrated by the rapid charge density decay in SiN,O, films as shown
in figure 12(b) [278]. Conversely, the presence of oxygen reduces hysteresis in C—V measurements
[279], allowing easier memory write and erase operations (figure 12(c)). Ultimately, whether oxy-
gen incorporation is a net benefit for fine-tuning CTF devices remains a topic of ongoing debate
(38, 279, 287, 292-295].

Atomistic modeling of a-SiN,:O could provide insights into the influence of the O content on the
charge trapping properties. First computational models of oxygen substitution defects (Oy) in crystalline
(B-SizNy reveal that these defects introduce mid-gap states slightly above those associated with K-centers.
Because oxygen possesses one more valence electron than nitrogen, the Oy center effectively acts as a
donor to lower-lying states, replacing a silicon-centered two-electron trap with a shallower, oxygen-
related single-electron trap (Oy — O§ +e7) [296, 297].

In the amorphous phase, Oy defects relax into a silica-like Si-O-Si configuration, as illustrated in
figure 12(d), thereby formally creating a dangling Si bond due to the lower valency of oxygen compared
to nitrogen [62]. While this site structurally resembles a K-center in pristine a-Si3Ny, analyses of the spin
density and PDOS indicate that these oxygen-induced K-centers do not contribute to the edge states
responsible for charge trapping unless significant local structural rearrangement occurs (figures 12(e)
and (f)). This is explained by the negatively polarized Oy, which stabilizes the defective site via Coulomb
interaction, resulting in defect states that lie above the native mid-gap states and closer to the mobility
edge of the conduction band.

These results suggest that electron trapping and the charge-state transition levels remain primarily
governed by the native traps in a-SizNy. The Oy defect effectively acts as a donor that promotes the
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population of deep traps, even though the oxygen atom formally exists in the O?>~ state. Effectively, O
defects facilitates the occupation of deep traps while creating new, more shallow ones due to the stabi-
lizing interaction of the O atom with nearby N3Si™ sites. This finding is consistent with the systematic
shift in the trap profile for SiN,O, films towards more shallow levels and the resulting increase of charge
carrier mobility.

It must be noted that current computational models typically only focus on the dilute limit and are
therefore not fully representative of SiN,O, systems. While isolated oxygen atoms can stabilize adjacent
K-centers and shift their associated mid-gap states toward the band edges, which is consistent with the
experimentally observed increase in charge-carrier mobility in oxygen-containing nitride films, these
dilute models do not yet account for the widening of the band gap. Therefore, conclusions regarding
oxynitrides with substantial O content should be drawn with caution.

7. Conclusions and perspective

In this review, we have provided a comprehensive discussion on the microscopic origins of electron
localization in the amorphous silicon nitride storage layer of CTF memory devices. First-principles calcu-
lations, device-level simulations and experimental characterizations reveal a broad distribution of deep
electron trap levels in a-SiN,. We conclude that these states are introduced by a variety of structural
irregularities in the amorphous network, including coordination defects, strained bonds, Si-Si bonds,
dangling bonds and impurities. Consequently, the charge retention capabilities are highly sensitive to the
stoichiometry and the deposition conditions of the a-SiN, thin films.

As a representative demonstration of the underlying physics, we have calculated classical charge tran-
sition barriers and capture cross sections of intrinsic electron traps based on the NMP transition model.
The calculated electron capture cross sections range from 6 X 1078 —3 x 107¥ ¢cm? at T=293K and
offer a physical framework that aligns with the parameter ranges used in previous device simulations,
providing an atomistic description for the macroscopic models employed in the field. Our calculations
further suggest that thermal emission of electrons from the trapping site to the conduction band has
a low probability, in agreement with the long charge retention times observed in a-Si3Ny-based CTF
devices.

However, the trap properties evaluated through these methods can only be used to understand the
general charge trapping capabilities of a defect, as the total electron localization rate in a device depends
heavily on operating conditions. In particular, the lateral distribution of the electrons injected in the
nitride layer and their local density significantly influence the programming rate. These parameters are
affected by the tunneling rate, and are thus sensitive to the device geometry and applied bias. A com-
prehensive understanding of the microscopic transition rates in CTF devices therefore requires device-
level simulations that explicitly account for spatial charge density, internal field distributions, and bias-
dependent tunneling. Moreover, these analyses need to be carried out over a wide temperature range
to account for electron—phonon scattering and the temperature dependence of the capture coefficient.
Looking forward, the evaluation of the capture cross section should be extended to cryogenic tempera-
tures which will require the treatment of vibrational tunneling effects.

While this work focuses strictly on the electron capture process, a comprehensive model of CTF per-
formance and reliability must also account for hole trapping mechanisms, in particular when analyzing
erase and retention characteristics, where electron- and hole-capture regimes cannot be treated as decou-
pled processes. Recent first-principles calculations indicate that excess holes localize at distinct structural
defects such as undercoordinated N [48, 53, 65] or form large hole polarons across adjacent fully coor-
dinated N sites [52]. The calculated hole trap levels of these sites are tendentiously shallower than those
of the deep electron traps, making them highly relevant for charge compensation during the erase cycle.
The non-radiative multiphonon transition pathways for hole localization in a-Si3Ny likely differ signifi-
cantly from their electron counterparts and must be evaluated independently. While an analysis of hole
kinetics is outside of the scope of this study, characterizing these complementary mechanisms is a crucial
step toward a fully physics-based TCAD framework for flash memories.

Additionally, it is suggested by DFT that the trapping levels of Si-Si sites shift toward the VBM with
increasing Si content, which should make the electron traps deeper [58]. However, since the band gap is
simultaneously decreasing with higher N/Si ratios, the electron trap levels effectively might become shal-
lower when related to the CBM, aligning with experimental observations. To validate this trend, larger
statistics of samples with various Si contents are needed.

Finally, as device dimensions continue to shrink, fluctuations of the charge density and local field
effects are expected to become more pronounced and might critically influence the long-term device
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reliability. In this context, phenomena such as trap-assisted tunneling or polaron hopping, which are

not fully captured by static transition models, need to be understood in detail to describe lateral elec-
tron diffusion. Addressing these challenges is essential for establishing predictive frameworks that con-
nect microscopic defect physics to the macroscopic performance and degradation of next-generation CTF
technologies.
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