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Intrinsic Charge Trapping and Reversible
Charge Induced Structural Modifications

in a-SizN,

This chapter is based on

Hiickmann, L.; Cottom, J.; Meyer, J. “Intrinsic Charge Trapping and Re-
versible Charge Induced Structural Modifications in a-Si3N,” Adv. Phys. Res.
2024, 3, 2300109.
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5 INTRINSIC CHARGE TRAPPING IN a-Si;N,

Abstract

Amorphous silicon nitride (a-Si;N,) is an essential material for a wide variety of elec-
tronic devices, ranging from its use in dielectric layers to its paramount importance for
memory applications. In particular the latter has triggered the interest in charge trap-
ping, for which so-called N- and K-centers have been identified in experiments — with
the atomistic configuration still subject of vigorous debate. Here, the range of hole and
electron traps in stoichiometric a-Si;N, are revealed by combining atomistic calcula-
tions at different levels of theory. The variety of sites within the amorphous network
are characterized by introducing a statistical sampling method to quantify the statistical
completeness of structural models obtained from a melt-quench procedure, in combi-
nation with a powerful local descriptor inspired by Tolman’s angle. Hole trapping is
dominated by 2-coordinate N-centers, resulting in shallow hole traps. In contrast, elec-
tron trapping exhibits more nuanced behavior, encompassing both intrinsic polaronic
trapping and the previously identified K-center type trapping (silicon dangling bond
*SiN,). Intrinsic polaronic trapping originates from distorted SiN, tetrahedra. Struc-
tural relaxation of the intrinsic polaron sites results in significant elongation of a Si-N

bond and reversible generation of "SiN; and N;Si—SiN, ., ,; defects.

5.1 Introduction

Amorphous silicon nitride (a-Si;N,) is an essential material for nanoelectronics due to its
excellent mechanical and electrical properties.l!! Its hardness, resistance to chemicals and
irradiation, and low permeability make it widely used as a protective layer in MEMS, photo-

voltaics, and semiconductor chip production.[>-4

Exceptional amongst the many properties
of a-Si;N, is the ability to trap charges stably and reversibly over the long term — approx-
imately 10 years at 150 °C.>S] As such, it is employed in modern non-volatile charge-trap
memory devices. Generally speaking, these devices operate via electrons tunneling through
a floating gate material by applying an electric field and getting trapped in the underlying
a-Si;N,. The associated trap states are spatially localized and immobile, which allows data

to be stored with good retention characteristics even when the device is turned off.[’~14]
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5.1 INTRODUCTION

The origin of the charge trapping and the associated memory effect in a-Si;N, has been the
subject of intense study and debate for the last 56 years since the phenomenon was first
discovered.['>16] Robertson and others identified the so-called K- and N-centers as impor-
tant defect centers in a-Si,N,, with the K-center responsible for the memory effect.l'7-2
Electron paramagnetic resonance (EPR) measurements provided further insights into the
local environment of both the K- and N-centers. The K-centers were found to be localized
on Si, with the simplest model involving a Si-dangling bond, whereas the N-center was at-
tributed to the 2-coordinated N atoms.[?!-%¢] Both the N- and K-centers show negative-U
behavior where the negative/positive charge state is favored with respect to the neutral
(2N°/2K® — N7/K~ + N*/K*).[2*?7] The attribution of the N-center to undercoordinated
N-sites is generally agreed upon; however, an appropriate atomistic model for the memory-
active K-center is still debated. The challenge is compounded by the structural complexity
inherent in amorphous and disordered thin films resulting in a wide range of potential defect

environments giving rise to dramatically different trapping behaviors.

Characterizing a-Si;N, is challenging as with all non-glass forming thin films, the amor-
phous phase is only stable as a strain-stabilized thin film with a significant substrate depen-
dence on the morphology and associated properties.[?=33 This gives rise to a wide range
of reported properties that depend both on the substrate and the deposition method. Re-
ported densities vary between p, = 2.6gcm™ to 3.2gcm™ (ground state crystal refer-
ence f-Si;N, = 3.2 g cm™2) with bulk modulus 150 GPa to 210 GPa (-Si;N, = 263 GPa). The
same trends are observed in the electronic properties with a broad range of literature band
gaps between 3.1eV to 6.0 eV, with values of 4.2eV to 5.4 eV typically reported (5-Si;N, =
6.2 eV).[1931:3234-36] The combination of a broad range of properties dictated by substrate and
deposition method, along with inherent averaging effects in the measurements means care

must be taken in interpreting the a-Si;N, structures.

To understand the structural complexities inherent in a-Si;N,, modeling studies have played
a vital role since the earliest days. The structural models are typically produced using ei-
ther classical or ab initio molecular dynamics via a melt-quench procedure.’’*! This ap-
proach was conceived to mimic the formation of glass-forming materials (typically SiO,)
and while not strictly a mimic of formation for a-Si;N,, the structures produced match well

28-30

with the available experimental data.?*~] Both approaches, classical and ab initio, produce
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5 INTRINSIC CHARGE TRAPPING IN a-Si;N,

comparable structures for stoichiometric a-Si;N,. When introducing defects into the melt or
considering sub-stoichiometry, ab initio approaches are more common as they can be used
without the need for reparametrizing a potential. The trade-off for this general applicabil-

37.39.41-44] However, it is important to

ity is computational time and limited supercell size.!
note both approaches have been successfully deployed in all of the highlighted use cases

producing results that accord well with experimentally characterized a-Si;N,.

The structural modeling has been complemented by defect studies utilizing periodic and

39.45-48] Thege studies have been

cluster models of both the crystalline and amorphous Si,N,.[
motivated by the need to gain a more complete understanding of the charge trapping in
a-Si;N,. The ultimate objective is an unambiguously agreed-upon atomistic model of the
centers responsible for the memory effect. Through a combination of theory and exper-
iment, two main candidates have emerged as the charge trapping memory (CTM) active
center. With trapping either at a Si-dangling bond (most commonly referred to as the K-
center) or on a Si—Si bond. These form a single defect in the crystal calculations as both
motifs are found in the nitrogen vacancy (V). The calculated trapping levels show good

49,50]

agreement with the experimental trap levels in the band gap of = +1.4 eVl above valance

and below the conduction band edges, respectively.[38-40:46:50-52]

The assignment is further bolstered by experimental studies that show enhanced trapping
in Si-rich regions of a-Si;N,.>%%3] It is important to acknowledge that while disagreements
may persist on the exact nature of the CTM active trap, two closely related candidate defects
have been identified. Indeed, the Si-Si defect at large Si-Si distances can be viewed as two

Si dangling bonds as the correlation between centers decreases to zero and vice versa.

The phenomenon of intrinsic electron and hole trapping is well-known in a wide range

54-61

of amorphous inorganic oxides and beyond.’*-°!l In all cases, the trapping is polaronic in

nature and driven by a degree of localization at the band edges as a result of varying lo-

[62 [63

cal environments.[?] These partially localized or Anderson states!®*! can lead to a dramatic
increase in the polaron and bi-polaron trapping energies. As our understanding of this phe-
nomenon has evolved, it has been found in various materials and is now known to play an
important role in the leakage and breakdown of a range of amorphous oxides.[**%?] Similar
polaronic trapping has yet to be identified in amorphous nitride films; however, a-Si;N,

shows a range of traps distinct from the memory active sites discussed above, with trapping
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5.2 RESULTS AND DISCUSSION

energies and concentrations similar to those identified in oxides.['”57:¢4%5] How these hith-
erto unidentified trap states compare with the desired memory active centers and whether
they contribute to the observed lateral leakage is an open question. Insights in this direction
would allow the optimization of a-Si;N, layer to both maximize the accessible trap density

while reducing and ideally eliminating lateral leakage.

In this chapter, I provide new insights into charge trapping in stoichiometric a-Si;N, and
its relation to structural features at the atomic scale by combining atomistic calculations at
different levels of theory. For this purpose, I introduce a statistical sampling approach for
amorphous systems to quantify how a given structural descriptor converges as a function of
sample size, thereby allowing an appropriate number of samples to be selected. In addition,
a novel site-centered descriptor inspired by Tolman’s angle is introduced to aid the analysis
and characterization of the local geometry. These models are then utilized to explore the
intrinsic trapping of electrons and holes in a-Si;N,. The identified trapping centers are geo-
metrically categorized, and the link to trapping energy is demonstrated. From this analysis,
a description of the trapping precursor sites is extracted and linked to the structure. Finally,
the interplay between the intrinsic electron traps and the reversible and irreversible mod-

ifications to the amorphous network are described in the context of breakdown and leakage.

5.2 Results and Discussion

5.2.1 Model Validation and Characterization of Basic Properties

Before the modes of charge trapping in a-Si;N, can be considered and linked to structural
motifs, it is important to verify that the models accord with the existing experimental and
computational data. Results presented here and in the following are based on a MQ pro-
cedure with cells containing 280 atoms and a cooling rate of 1Kps™!, which has yielded a
structural ensemble consisting of 300 samples optimized at the PBE level and a statistically
representative subset of 100 samples at the HSE06 level. As already described in detail in
Chapter 3, these settings have been carefully tested and consistently chosen. There is a

good agreement between the approach employed here and previous experimental and the-
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Figure 5.1: a) The radial distribution function (RDF) of silicon-nitrogen (Si—N) pairs plotted against
the pair distance r of the structures generated with the MG2-FF (MG2-MQ) and the optimized struc-
tures (HSE opt.). For comparison, data from a PBE-based MQ-study (PBE-MQ)®*) and X-ray diffrac-
tion experiments®! are included. The experimental RDF cannot distinguish between elements and
thus includes contributions N—N and Si—Si pairs, both of which contribute to the broad peak centered
at 3.0 A. b) Distribution P of the opening angle ¢ for silicon (yellow) and nitrogen (blue). Red lines
indicate the opening angles of the ideal tetrahedron (dashed), the ideal trigonal planar (dash-dotted),
and the ideal trigonal pyramidal configuration (dotted). All data is from HSE-optimized structures.

oretical studies of a-Si;N, (see Figure 5.1). The average a density of the a-Si;N, models
is p = 2.9gcm™, which matches both experimentall**??°1 and simulation studies.[*3:667]
Equally, the mean Si—N bond length (rs;v = 1.75 A), mean angles (Onsiy = 109°, Osinsi = 120°),

and the mean bulk modulus (B = 166 GPa) agree with values reported in the literature.

The RDF for Si—N pairs in Figure 5.1a shows a sharp peak at 1.75 A with a standard deviation
of o}$? = 0.04 A. The value agrees with the Si—N bond length in the -Si,N,[* and X-
ray scattering experiments on a-Si,N,.?* The shape of the curve is maintained under DFT
optimization and matches the one of a fully DFT-driven MQ by Kang et al® The local
minimum after the first peak at r.,; = 2.25 A is used in the following as a short-range cut-
off radius to define the first coordination sphere. It is important to note that this radius is
considerably larger (28 %) than the equilibrium bond length, and the RDF does not become

Z€ro.

Table 5.1: Comparison in coordination number between the calculated results and the experimentally

reported values®.

Atom type  Experiment®!  This work (HSE)

Si 3.70 3.96
N 2.78 2.87
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5.2 RESULTS AND DISCUSSION

Another feature of a-Si;N, is the appearance of undercoordinated atoms; the effective co-
ordination numbers for both elements are listed in Table 5.1. The silicon atoms are 0.37 %
undercoordinated, whereas, for nitrogen atoms, the deviations are more significant, with
4.8%. Off-coordinated atoms are a ubiquitous feature of both experimental and theoreti-
cal studies.**~4*43] Furthermore, neutron scattering experiments by Misawa et al.**! found
dangling bonds are the most present defective species with coordination numbers of 3.7 and
2.78 for Si and N, respectively. However, statements on the concentration in all studies must
be treated with care as an undefined portion of the signal originates from interfaces with

substrates, which is not considered in these models.

An examination of the local structure in a-Si;N, points towards considerably distorted co-
ordination polyhedra, with a coordination sphere that is largely intact. As shown in Fig-
ure 5.1b, the distribution P(¢(Si)) of the opening angles ¢ of the SiN, tetrahedra is shifted
towards larger values than the ideal tetrahedron, with an average of 74.0° + 3.5° (see Chap-
ter 3). Thus, most tetrahedra have at least one face flattened with respect to the undistorted
tetrahedron. Analogously, P(¢(N)) is shifted to larger values (average 94.3° + 5.5°), indi-
cating nitrogen being displaced out of the triangle’s plane. The tails in both distributions
highlight the range in coordination environments, predominantly capturing distinct sites

for N and a small number of undercoordinated Si.

The examination of the electronic structure agrees with previous studies, where the valence
band maximum (VBM) is predominantly N-character, and the conduction band minimum
(CBM) is Si-character. A representative example of the electronic density of states (DOS)
is shown in Figure 5.2. The average band-gap is 4.43 eV with localized states introduced at
the band edges as confirmed in the IPR, typically assigned to the presence of coordination

38-40] The localized states vary from cell to cell in number and ener-

defects at band edges.|
getic separation because the associated defective sites are not uniform in their severity of
distortion. The localized states above the VBM are centered on a handful of predominantly
2-coordinated N atoms. In contrast, the ones below the CBM are centered on a distorted or
3-coordinated Si atom, which appears rarer but is associated with a higher degree of local-
ization. It is possible that there is more than one single potential trap site per box available.

Still, since the boxes get only singly charged, only the highest occupied and the lowest un-

occupied state are of relevance here. The cells all have a low spin electronic ground state

133



5 INTRINSIC CHARGE TRAPPING IN a-Si;N,

5
[}
w
o)
a
0104 '~ PDOS.5(N)
PDOS,, 4(Si
0.08 - ap(S)
« IPR
& 0.06
0.04 -
0.02 - ”
0.00 | | “]Hﬁl*
-4 -2 0 2 4 6
E—-EpleV]

Figure 5.2: Upper panel: Illustration of the band edge states localized on 2-coordinated nitrogen
atoms above the VBM (*) and localized on distorted Si-tetrahedron below the CBM (¢). The isosur-
faces of the spin density are set to 0.05 eA”. Middle panel: The projected electronic density of states
(DOS) of Si (yellow) and N (blue) in a single neutral a-Si;N, configuration relative to the Fermi level
Eg. The band gap Ey, is measured by excluding the localized states labeled with «, 4. Lower panel:
The inverse participation ratio for all eigenstates with —=5eV < E — Ep < 7eV. All data is obtained
from a DFT calculation at the HSE06 level.
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5.2 RESULTS AND DISCUSSION

such that the dangling bonds are either unoccupied or fully occupied (N’ + K® - N~ +K*),

in accordance with the negative-U character of the dangling bond centers.[*"]

5.2.2 Hole Trapping

As described in Section 5.2.1, the nature of the VBM is of predominately N-character, with
the frontier states resulting from 2-coordinated N atoms. On the removal of an electron
from the system, the hole localizes over the respective 2-coordinated N-sites making up the
VBM. In the process, limited geometric relaxation takes place with an average N—Si bond
elongation of 0.2 A and the coordination sphere of all atoms remaining unaffected. This is
shown schematically in Figure 5.3a. In the uncharged state, the 2-coordinated N atoms have
a negative polarization compared to the 3-coordinated site. The relaxed hole state moves
from the vicinity of the VBM towards the mid-gap. The average trapping energies are gener-
ally small for the majority of configurations with 0.35 eV on average as shown in Figure 5.3d.

The trap levels sit in the bottom half of the band gap, with most values between the VBM

a) b) - 0
N NP7
. ) —si si” —si” [ si]
N =€, N Noe D
N N 5
Si Si Si Si N\ N\
si” g g7
| AN | AN
c) d)
T
_ B Ep+ (1IN)
o1 (N c?nter) 0.4 - v (2N)
. " .
2 | :
™ 0.05 : & 027
0.00 - 0.0 L—==—v -
0.6 0.7 0.8 0.9 —20 -15 -10 -05 0.0
ps e ] Etrap [eV]

Figure 5.3: a) Schematic illustration of hole polaron formation by removing an electron on 2-
coordinated N atom and b) on a pair of 2-coordinated N atoms. c) Distribution of spin momenta
of the corresponding singly-occupied electronic state localized on N atom trapping sites. p; < 0.75¢e~
(red dashed line) are considered localized over two atoms. d) Distribution of hole trapping energies
Ey+ for the localized and the shared traps (1N, 2 N).
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5 INTRINSIC CHARGE TRAPPING IN a-Si;N,

and 1.1eV above the VBM. This accords well with previous experimental characterization

69-71

of the shallow hole traps in a-Si;N,.l*>"7!] Two outliers show pronounced trapping energies

with trapping energies as high as —1.83 eV and result in significant relaxation.

Closer examination of the trapping sites reveals two distinct types; in most cases, the hole
is localized on a single N (Figure 5.3a) with a small polarization on the neighboring N. For
10 % of the sites, the hole is shared between two adjacent 2-coordinated N (Figure 5.3b).
The frequency of the 2-center trap is limited by the scarcity of 2-coordinated N and the
prerequisite that two are present at adjacent sites sharing a Si center. In this case, the local
environment dictates how the hole is shared between the center (Figure 5.3c). Where both
centers are free to relax, the hole is evenly shared between the N atoms (p; — 0.5); where
the relaxation of the N center is frustrated, the hole increasingly sits on a single N (u, —
1.0). There is no meaningful correlation in the trapping energy as a function of type, as the
majority of the trapping energies sit in a narrow range with the energy range dictated by

the local environment.

Altogether, these sites are analogous to the previously characterized N-centers, where the

21-26] The in-depth sam-

trapping energies and relaxation accord well with previous work.!
pling presented in this thesis, adds a more nuanced perspective to the hole traps with an
improved description of the electronic structure and extensive sampling of the sites available
in a-Si;N,, thereby revealing the interplay between local defective structure and electronic

states resulting in two different flavors of hole trapping.

5.2.3 Electron Trapping at K-Centers

Structurally the K-centers are similar to those previously described by Kang et al.** and oth-

ersl7072]

in substoichiometric a-Si;N,. It is important to note that for stoichiometric a-Si;N,
in all cases, the ground state configuration for the 3-coordinated Si is positively charged and
low spin (nominally K*) as schematically depicted in Figure 5.4a. This pathway of charge
trapping occurs in 31 of 100 hundred boxes within the ensemble of models. Characterization
using the Tolman-inspired opening angles ¢k yields the distribution shown in Figure 5.4b,

which reveals that for g = 0 the K-centers range from planar trigonal to the trigonal pyrami-

dal coordination, peaked at the former, but with most structures sitting in an intermediate

136



5.2 RESULTS AND DISCUSSION

a) b)
15 4 = trig.pl.  E ¢x(g=-1)
e trig. py. k(g =0)
I
~ 10 - i
N—gi—Nn = @u < '
i— —  _Sigy i
N N \ON Idoop 5 i
N |
0 }
90
c) d)
7.5 4 H Ee- (K) -0.25 o %, |
Ee-(K) 0 ) |
= : T —0.50 Reh |
5.0 3 |
&) - —0.75 I
& g !
25 1 S8] —1.00 ° Ee—(K) |
| B0 I
0.0 : : : : 125 1, ; . L
-1.2  -09 -06 —03 0.0 0.2 0.4 0.6
Etrap [eV] Adoop [A]

Figure 5.4: a) Schematic view of electron trapping at an undercoordinated Si atom with d,,, being the
distance of the silicon atom to the N—N—N plane. b) Distribution of opening angles ¢ of the trapping
sites in the neutral (¢ = 0) and the charged (¢ = —1) state, with opening angles of the undistorted
trigonal planar (dash-dotted line) and the trigonal pyramid (dotted line) as reference. c) Distribution
of trapping energies for electrons trapped on K-centers Ey,,, and d) their correlation with the change
of the trigonal pyramid’s height d,,, (see a) during the trapping process. The black dashed line marks
doop in an ideal, undisturbed SiN, tetrahedron. The purple circles represent the data points considered
for fitting the line Ef* (Ad,,p) and defines the group E:-, and the remainder is labeled E- (also in panel

c).

geometry. On trapping an electron, the peak of this distribution changes from 92.7° to 106.7°
(see P(¢x(g = —1)) in Figure 5.4b), i.e., the structure relaxes to towards trigonal pyramidal
geometry and the unpaired electron occupies the vacant tetrahedral bonding site. This site
emerges after the structural relaxation of the Si out of the N-N—N plane, the amount of
which is quantified via the trigonal pyramid’s height do,, as sketched in Figure 5.4a. The
magnitude of the relaxation is typically small such that the relative distances in the first co-
ordination shell are hardly affected. In all cases, the electron is localized on a single Si-atom
leaking out slightly towards the neighboring atoms. There is a strong correlation between
the position of the empty Si-state in the band gap and the geometry. In the trigonal planar

configuration, the empty Si-state is degenerate with the CBM, whereas the trigonal pyra-
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5 INTRINSIC CHARGE TRAPPING IN a-Si;N,

midal configurations give rise to mid-gap states. As a result, the majority fall between the

extreme cases giving rise to states in the upper half of the band gap.

As shown in Figure 5.4c, the trapping energies are typically small with an average of
—0.55eV and the majority clustered around the mean. However, several sites show
trapping energies with significantly larger absolute values as a result of the local en-
vironment. Investigating the link between the trapping energy and the magnitude of
the displacement due to relaxation Ad,.p yields two trends visualized in Figure 5.4c and
Figure 5.4d: There are some traps clustered around —0.5eV without a meaningful link
between trapping energy and displacement, with a range of displacements resulting
in a narrow range of trapping energies (E.-). In contrast, there appears to be a linear
trend (AES /Adyo, = —1.71£0.19 eVA™") where the displacement and trapping energies
are strongly correlated covering an energy range from —0.27eV to —1.27eV (E-) and
displacements up to 0.55 A. In both cases, the low trapping energies paired with the minor

change in geometry lead to the electron being reversibly trapped.

5.2.4 Intrinsic Electron Trapping

The trapping considered up to this point has resulted from (under)coordination “defects” in
the amorphous network providing the states that give rise to the trapping behavior. By the
convention adopted in this work, electron trapping on fully coordinated atoms is considered
as intrinsic trapping, which is schematically depicted in Figure 5.5a. This type of trapping oc-
curs on initially fully coordinated Si atoms that deviate from the ideal tetrahedral symmetry
(see Figure 5.5b, upper panel), analogous to intrinsic trapping in a-SiO, described in previ-
ous work.’’”] Geometric relaxation is dominated by two nearest-neighbor N atoms moving
away from each other by an average distance of Ary,, = 0.2 A. Consequently, one face of
the corresponding SiN, tetrahedron is distorted towards a pseudo trigonal bipyramid geom-
etry whose equatorial position is occupied by the electron with local C,, symmetry, which
is schematically depicted by the intrinsic configuration in Figure 5.5a. The average opening
angle ¢;,, widens from 81° to 91° (see Figure 5.5b, lower panel, purple histogram). For 35 %
(24 out of 69 simulation cells) of the intrinsic traps the relaxation stops at this point, which
makes them almost iso-structural to the intrinsic electron traps described in a-SiO,.’7l As

shown in Figure 5.5¢ by the purple histogram, none of these intrinsic traps have trapping
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Figure 5.5: a) Schematic view of intrinsic electron trapping at a SiN, tetrahedron cut out of a-Si;N,,
which results in intrinsic traps (intr in blue), induced K-centers (iK in red), and N;Si—SiN, ; 4 dumb-
bell configurations (SiSi in yellow). b) Distribution of opening angles ¢ of the trap sites of these
three types of trapping configurations in the neutral (g = 0) and charged state (g = —1). The opening
angles of the undistorted tetrahedron (dashed line), of the trigonal plane (dash-dotted line), and of
the trigonal pyramid (dotted line) are given as references. c) Distribution of the trapping energies
Eyp associated with the three types of trapping configurations. d) Correlation between Ey,, and the
change of nearest Si—N neighbor distances Ar due to geometric relaxation as schematically indicated

in a).

energies less than —1.0 eV, with a distribution closely centered around its mean of —0.6 eV
and only a slight skew towards smaller energies. These states show reasonable agreement

with the shallow electron trap states close to the CBM of a-Si,N,.[317374]

a-Si;N, lacks the structural flexibility inherent to a-SiO, because the N anions in the former
are predominantly 3-coordinated, leading to substantially frustrated geometric relaxation.
In 56 % (39 out of 69 simulation cells) the relaxation of intrinsic traps continues with one
of the Si—N bonds elongating significantly, resulting in the formation of a 2-coordinated N
(formally N ™) and the unpaired electron on the emerging 3-coordinated Si ("iK” configura-

tion in Figure 5.5a). This is iso-structural with the K-center described above as it employs
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5 INTRINSIC CHARGE TRAPPING IN a-Si;N,

the same number of neighbors. The corresponding distribution of ¢k is centered at 106°,
indicating the formation of a trigonal pyramid (see Figure 5.5b, lower panel, red histogram).
For this reason, this subgroup of traps is referred to as induced K-centers (iK). Compared
to the trapping described in Section 5.2.3 they show two important differences: Firstly, the
presence of neighboring 2-coordinated N atoms, and secondly, there are no dangling bond
states in the band gap prior to trapping. Both facts combined allow the vast majority of
these traps to be de-trapped reversibly despite trapping energies with significantly higher
absolute values and an average of —1.0 eV (see Figure 5.5c, red histogram). This does not
hold for the outliers with trapping energies even below —1.5eV. Trapping at these outlier
sites results in a pronounced distortion of the amorphous network, driven by the trapping
in a strained local structure. The relaxation results in the ring opening, thereby releasing
strain in a given region and irreversibly altering of the amorphous network resulting in a
new K-center and a 2-coordinated N atom. The third subgroup of electron trapping geome-
tries is identified as N;Si—SiN, 3 44 motif, which occurs in only 9 % (6 out of 69 simulation
cells) and is thus the rarest one. As such, care should be taken in inferring any general be-
havior or trends from the ensuing characterization as a larger structural ensemble is likely
required. In this case, trapping occurs on a Si—Si bond with the trapped electron shared
between two Si-atoms, analogous to the N-center described for the hole trap. It is equally
present in those cells that contain Si-dangling bonds and those that do not. In common with
previous studies, the Si—Si trap level sits close or slightly below the CBM, although due to
the limited occurrence of the N;Si—SiN, ;4 in the stoichiometric models presented here
drawing universally valid conclusions must be done with caution. The trapping energies sit
between the intrinsic electron trap and the trap-induced K-center, with an average trapping
energy of —0.7 eV (see Figure 5.5c) and a wide range of Si—Si bond lengths between 2.34 A
to 2.62 A.

All three trap types have in common that their trapping energy Ei..p, scales with the displace-
ment of their nearest neighbor N atoms upon relaxation. This is illustrated in Figure 5.5d,
where Ei,;, is plotted as a function of the largest displacement Ar in the first coordination
shell of the trap site. The linear fit to the data yields a slope of —1.1eV A™" with a standard
deviation of 0.1eVA™".
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5.2 RESULTS AND DISCUSSION

5.2.5 Discussion

As expected from the complex and nuanced view of charge trapping in a-Si;N, presented
in the literature prior to this study, a multifaceted picture of hole and electron trapping
emerges from the findings in this chapter. Hole trapping in the absence of either substo-
ichiometry or introduced defects is found to be dominated by the 2-coordinated N atoms
(N-centers). The description of the N-center accords with previous studies, with trap levels
close to (0.5 eV) the VBM and low trapping energies resulting in the transient nature of the
trap state. The models presented here show a substantially higher N-coordination number

28,29

than the experimentally characterized films.?*?"] It is therefore reasonable to conclude that

undercoordinated N plays an important role in hole trapping.

Electron trapping initially shows two distinct modes, i.e., those traps that are K-center-like,
trapping on 3-coordinated Si atoms pre-existing in the network and those that are intrinsic
with the trapping on fully coordinated albeit distorted Si-centers. The trapping at K-centers

46,50,51

and N;Si—SiN, . 44 accords with the previous work for both the crystall l'and the amor-

38-40] The K-center trapping levels cover a broad range of values from 0.2 eV

phous phase.[
to 2.0 eV below the CBM. The trapping energies are typically small with E.-(K) = —0.5€V,
with a range of —0.27 eV to —1.25 eV. Finally, from the relationship between trapping energy
and geometric relaxation two regimes are suggested. The first, where the trapping energy

and the relaxation are decoupled, and the second where the two are strongly correlated.

The intrinsic electron traps are polaronic in nature and driven by a partial localization of
the CBM as a result of distorted SiN, motifs. The trap levels show some overlap with the
K-centers described in the previous paragraph, although sit in a much tighter range, close
to the CBM. On the trapping of an electron the electron is fully localized on a fully coordi-
nated Si, there is a relaxation that results in two bonds elongating and an opening of one
face of the corresponding SiN, tetrahedron. Until this point the relaxation is analogous to
that described for intrinsic electron polarons in Si0,.5%57:%2] The relaxation is limited com-
pared to a-SiO, as the increased nodal connectivity of the anion increases cross-linking and
reduces flexibility in the network. As a result the trapping energies are lower — approx-
imately 50 % of those of a-SiO,— at an average E,- = —0.6 eV, with a range of —0.2eV to
—1.0eV. The traps are reversible with respect to discharge and result in a recovery of the

original geometry and energy.
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All of the intrinsic electron traps initially relax as described in the previous paragraph, for
65 % of the intrinsic traps the relaxation continues giving rise to either the trap-induced
K-center (56 %) or a trap-induced N;Si—SiN, (3 4 (9 %). For the trap-induced K-center, the
trapping energies are more pronounced with an average E.-(iK) = —1.0 eV, with a range
—0.5eV to —2.8 eV. For all but the highest trapping energies the trapping is reversible. The
configurations with the highest trapping energies induce significant changes to the lattice,
thereby allowing strained motifs to relax. The magnitude of the relaxation (>1A) makes
recovery of the original structure impossible. A similar picture emerges for the trap-induced
N;Si—SiN, (3 41, the initial relaxation elongates a Si—N bond, and for the trap-induced K-
center the relaxation is dominated by the N moving away. In the induced N;Si—SiN, ;3 4
the local environment both the N and Si relax resulting in the back projection of Si through
the N-plane where it interacts with an adjacent distorted SiN, that undergoes relaxation
to form N;Si—SiN,; 4. For the defects described here, the process is reversible although
as previously noted the limited sampling of the induced N,Si—SiN, ; , makes definitive
statements impossible.

There is to note that there is no analogous single electron process seen in the intrinsic
trapping behavior of a-SiO, — which is considered as reference system here. Forming an
electron bi-polaron has been shown to result in an oxygen atom being pushed into an inter-
stitial where the excess charge is being localized (O;*”), leaving a neutral oxygen vacancy
(Vo?) behind. This process either happens spontaneously or via a small barrier. The frus-
trated relaxation in a-Si;N, favors the elongation of a Si—N bond, the same lack of flexibility
ensures the reversibility of the process, trapping the 2-coordinated N in the vicinity of the
3-coordinated Si. Resulting in a modification to the amorphous network both reversibly and
irreversibly upon the trapping of a single electron requires careful consideration. In a-SiO,
a single electron is trapped reversibly at wide O—Si—O bond angles, whereas the electron
bi-polaron results in an irreversible modification to the lattice as noted. For a-Si;N, an inter-
mediate behavior is found, the electron trapping begins being analogous to a-SiO, showing
similar initial trapping geometries and relaxations, albeit frustrated as a result of increased
anion connectivity. The lack of structural flexibility drives the structural modifications that
result in trap-induced K-centers and N;Si—SiN, 5 5. What is both interesting and perhaps
unexpected is that both of the active defects in charge trapping memory are reversibly gen-

erated as a result of intrinsic electron trapping.
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5.3 CONCLUSION AND SUMMARY

The trap-induced formation of K-centers has important implications for the understanding
of defect concentration and how it may evolve over a series of charge/discharge cycles, i.e.,
read/write cycles in memory device applications. It also makes the K-center concentration
something of a moving target, as some K-centers will be invisible prior to charging and upon
charging the defect levels sit in an identical range to the native K-centers. Lateral leakage
in this context will be mediated by the trap concentration and distribution in the material,
and as such intrinsic traps, induced and native K-centers would play a role. From an applica-
tion perspective, the presence of the trap-induced K-center — while not the target trapping
center — has the same characteristics as the native K-center. So it would not be expected
to be detrimental to performance, aside from the potential role in lateral leakage previously
referenced and dictated by concentration.[’>7>7¢] For a-Si,N, in gate dielectric applications,
the implications are potentially more serious, the propensity for intrinsic trapping and the
generation of trap-induced K-centers would provide a vector for the charging of the dielec-
tric layer. The implication being that the threshold voltage instability and time-dependent
dielectric breakdown are driven via intrinsic trapping and as such difficult to avoid. Finally,
in the case of a-Si;N, ReRAM this sheds light on the process of electro-forming and switch-
ing in a-Si;N,, with intrinsic trapping as the first step, followed by structural relaxation to
generate the conductive filament. The high resistance state is then recovered via the reverse

process, hole-trapping followed by structural relaxation to recover the original structure.

5.3 Conclusion and Summary

In summary, the nuanced modes of hole and electron trapping within stoichiometric a-Si;N,
have been investigated by combining atomistic calculations at the force field and DFT level
with both PBE and HSE06. By applying the statistical sampling method introduced in Chap-
ter 3 to quantify the statistical completeness of structural models obtained from a melt-
quench procedure, in combination with a powerful local descriptor inspired by Tolman’s
angle, both structural and energetic properties of the variety of sites within the amorphous
network have been systematically characterized and correlated. Hole trapping is found to be
via 2-coordinated N, which make up the VBM. The trapping energies are in general low and

there is little perturbation to the lattice in agreement with previous observations. This sug-
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gests that in stoichiometric a-Si;N, 2-coordinated N dominate the shallow hole traps. The
electron trapping shows two initial trapping modes either via K-centers, where the electron
localizes either on a single 3-coordinated Si or on a fully coordinated Si forming an intrin-
sic electron polaron. For 35 % of the intrinsic trap sites the relaxation stops at this stage.
However, the majority (65 %) of the intrinsic electron traps relax further forming either a
trap-induced K-center (56 %) or N3Si—SiN, .3 4 (9 %). These result in a reversible modifica-
tion to the amorphous network that leads to analogs of the much-discussed defects in charge
trapping memory. This intrinsic trap-induced defect formation requires a revision to our
understanding of trap states in a-Si;N,, as the concentration measured is intrinsically linked
to the observation conditions. Finally, this provides important insights to the mechanism

of leakage in a-Si;N, films and electro-forming in a-Si;N, ReRAM.

5.4 Computational Details

A two-stage model-building approach is employed utilizing classical molecular dynamics
to produce the initial amorphous structures, with subsequent revision of the MD geome-
tries and electronic structure calculations with density functional theory (DFT). The MG2
potential®) and the LAMMPS["”) code were selected to generate the initial models via a
classical MD melt-quench procedure applied to periodic 280 atom cells of f-Si;N,. The
MG2 potential was selected as it has previously been demonstrated to produce structural

4243781 A range of box

models that accord well with the experimentally characterized films.!
sizes (112, 280, 336, 672, and 1512) and cooling rates (0.1, 1, 10K ps™') were tested to en-
sure any size and cooling rate effects were understood and the boxes taken to production
were free of such artifacts. The full results of the box size and cooling rate convergence
tests are included in Chapter 3; the only point of note is a large structural instability was
observed in the smallest boxes containing 112 atoms — a size that has been used for fully
DFT-based simulations before.*>¢”] The MQ was performed using a simulation time step
of 0.5 fs. The Nosé-Hoover thermostat and barostat(’®-*!) were applied to control the NpT
conditions with coupling constants set to the hundred- and thousandfold of the simulation
time step. Ring statistics were performed with the RINGS software package[®?! employing

83,84

the primitive rings algorithm!®*%4 and a cut-off of r = 2.25A. An initial ensemble size of
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300 boxes was converged based upon the sampling methodology outline in Section 3.3; upon

hybrid-DFT optimization the sample size was further reduced to 100 boxes.

The DFT calculations are performed spin-polarized using CP2KI®] with the DZVP-
SR-MOLOPTI8¢] family of basis-sets to describe the valence electrons, and the GTH
pseudopotentials®”-*] to describe the core electrons. An energy cutoff of 650 Ry and a
relative cut off of 70 Ry was used to achieve an initial convergence of 0.1 meV per formula
unit, including only the I'-point for Brillouin zone sampling in the simulation cells contain-
ing 280 atoms. The lattice vectors and ion positions were relaxed using the quasi-Newton
BFGS update scheme. The convergence criteria were 1x10~7 eV and 0.005 eV A™" for forces.

89901 functional was performed to provide an

An initial pre-optimization with the PBEl
improved initial guess for the wave function (and geometries), followed by an optimization
with HSE06.°22] The auxiliary density matrix method (ADMM)**! was employed for
production as it significantly reduces the computational overhead for the hybrid functional
calculations. In each case both the lattice vectors and ion positions are fully relaxed, ion
positions only for the trapping calculations. The trapping energy is described as the energy
of the localized charge carrier referenced to that of the free carrier (hole or electron) in
the conduction or valence band. As a result all trapping energies are 0 bound (no charge
localization) with increasingly negative trapping energies describing more energetically
favored trap states. The multiplicity of the system is allowed to relax from both the low
spin (all electrons are paired) and a high spin (all undercoordinated atoms have an unpaired
electron) initial guess to ensure the same solution is found and the ground state multiplicity
described. The reversibility of the trapping process is determined by re-optimizing the
charged geometries in the neutral charge state to ensure the original structure (and energy)
is recovered, and to explore those cases where trapping leads to an irreversible change
to the network. To account for finite size charge effects the Lany-Zunger®**] correction
scheme was applied. The degree of localization is gauged from the (dimensionless) inverse

participation ratio

2 ¢
2 5
(X¢h)

where c;; refers to the expansion coefficients of the i-th Kohn-Sham state in Gaussian-type

IPR(i) = (5.1)

orbital part of the CP2K basis set. The same concept has been used extensively to gauge

the degree of localization of electronic and vibrational states in amorphous and disordered
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5 INTRINSIC CHARGE TRAPPING IN a-Si;N,

films,[%%0-1%0] j ¢ the higher the IPR value the stronger the localization. The band gap is

then taken from the mobility edge of the valence band to the mobility edge of the conduction

band, so as not to take into account the localized states that comprise the band edges.!

98]

Visualization and rendering were performed using the visual molecular dynamics (VMD)

package.[1°1]
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