
From Jekyll to Hyde and beyond: hydrogen’s multifaceted role in
passivation, H-induced breakdown, and charging of amorphous silicon
nitride
Cottom, J.P.; Hückmann, L.; Olsson, E.; Meyer, J.

Citation
Cottom, J. P., Hückmann, L., Olsson, E., & Meyer, J. (2024). From Jekyll to Hyde and beyond:
hydrogen’s multifaceted role in passivation, H-induced breakdown, and charging of
amorphous silicon nitride. Journal Of Physical Chemistry Letters, 15(3), 840-848.
doi:10.1021/acs.jpclett.3c03376
 
Version: Not Applicable (or Unknown)
License: Creative Commons CC BY 4.0 license
Downloaded from: https://hdl.handle.net/1887/3769077
 
Note: To cite this publication please use the final published version (if applicable).

https://creativecommons.org/licenses/by/4.0/
https://hdl.handle.net/1887/3769077


Supporting Information:

From Jekyll to Hyde and Beyond:

Hydrogen’s Multifaceted Role in Passivation,

H-Induced Breakdown,

and Charging of Amorphous Silicon Nitride

Jonathon Cottom,† Lukas Hückmann,† Emilia Olsson,‡,¶ and Jörg Meyer∗,†

†Leiden Institute of Chemistry, Gorlaeus Laboratories, Leiden University, P.O. Box 9502,

2300 RA Leiden, The Netherlands

‡Advanced Research Center for Nanolithography, Science Park 106, 1098 XG Amsterdam,

The Netherlands

¶Institute for Theoretical Physics, University of Amsterdam, Postbus 94485, 1090 GL

Amsterdam, the Netherlands

E-mail: j.meyer@chem.leidenuniv.nl

S-1

j.meyer@chem.leidenuniv.nl


Contents

1 More Computational Details S-3

2 Hydrogen Incorporation in β-Si3N4 S-6

3 Properties of the Pristine Cell S-8

3.1 Ensemble Properties . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . S-8

3.2 Polaronic Charge Trapping . . . . . . . . . . . . . . . . . . . . . . . . . . . . S-9

4 Statistical Sampling of Hydrogen Incorporation Sites S-10

5 Additional Characterization of Structural Effects S-11

5.1 X−H Bond Length Distribution . . . . . . . . . . . . . . . . . . . . . . . . . S-11

5.2 First Coordination Shell of the N−H Center . . . . . . . . . . . . . . . . . . S-12

5.3 Trap Site Associated with the N−H Center . . . . . . . . . . . . . . . . . . . S-14

5.4 First Coordination Shell of the Si−H Center . . . . . . . . . . . . . . . . . . S-16

5.5 Trap Site Associated with the Si−H Center . . . . . . . . . . . . . . . . . . . S-19

6 Hydrogen-Induced Trap Sites S-21

References S-22

S-2



1 More Computational Details

Charge-dependent defect formation energies for incorporation of hydrogen into a-Si3N4 are

calculated using the standard formalism of Zhang and NorthrupS1

Eform(EF; q) = Ea-Si3N4 + H(q)− Ea-Si3N4
− 1

2
EH2

+ qEF + Ecorr(q) . (1)

Ea-Si3N4
and Ea-Si3N4 + H(q) are total energies from density functional theory (DFT, vide

infra) calculations of the hydrogen-free cell and one with hydrogen added at a particular

site in charge state q, respectively. The chemical potential of H is referenced to 1
2
EH2

, i.e.,

half of the total energy of an H2 molecule. Assuming that electrons from the Fermi level

EF act as charge reservoir maintaining the proper charge balance, qEF is the associated

reference chemical potential. Ecorr(q) corrects for artificial (electrostatic) charge interactions

of periodic charge images due to finite-sized cells in the DFT calculations, which in this work

are performed according to the correction scheme suggested by Lany and ZungerS2

ELZ
corr =

α q2

6ϵL

(
1− csh

ϵ

)
. (2)

Here ϵ is the dielectric constant of a-Si3N4, α the Madelung constant, and L and csh describe

the size and the shape of the DFT simulation cell. The dielectric (ϵ) of the reference cell was

calculated in the linear response framework using the response of the electron density with

respect to an applied field.

Defect formation energies for incorporation of hydrogen in the neutral charge state

E0
f = Eform(EF; 0) (3)

are generally referred to as the formation energies. Finally, by convention, the adiabatic

charge transition level (CTL) is defined as the Fermi energy ECTL
F at which the formation

energies for hydrogen incorporation at a fixed site in two different charge states are identical,
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i.e.

Eform(E
CTL
F ; q′)− Eform(E

CTL
F ; q) = 0 with q′ = q − 1. (4)

An ensemble of structures modeling amorphous Si3N4 had been generated via a MD

melt-quench procedure, using the MG2 potential,S3–S5 a cooling rate of 1Kps−1, and the

Nosé-Hoover thermostat and barostatS6–S8 employing the LAMMPS code.S9 This approach

was selected as it has been previously shown to produce reliable amorphous modelsS10 that

have good agreement with both the experimentalS11–S13 and theoreticalS14–S17 structures.

The full procedure along with the structure database and characterization, is included in

our previous work.S10 For the present study, a single 280 atom a-Si3N4 cell has been selected

from this database as a starting point, such that the range of Si and N sites and intrinsic

charge trapping energies are representative for the full structural ensemble of a-Si3N4. This

is characterized further in the subsequent sections. This pristine, hydrogen-free cell forms

the reference system, which allows H-incorporation and the interplay with the previously

identified intrinsic electron trapsS10 to be treated in a consistent manner.

The problem of structure sampling was explored at length in our previous work as it

represents a vital consideration in modeling amorphous systems.S10 To ensure appropriate

site sampling, the previous scheme is extended to the consideration of extrinsic defects.

As further illustrated in Section 4 this results in a selection of 60 sites, 20 of which were

originally centered on Si and 40 on N so that the selection is in accordance with the stoi-

chiometry. For each of the reference sites, a Voronoi polyhedron is constructed centered on

the reference atom and the H placed on the face with the largest area (at least 2.0�A from

all sites), to ensure steric repulsion of the initial configuration is minimized, along with any

associated artifacts. The Voronoi volume of the reference atom has been determined by de-

lineating its closest enclosed region within the amorphous network. This was achieved using

perpendicular bisector planes between the reference atom and its neighbors to describe the

Voronoi polyhedra for the reference atom. In practice, both the Voronoi polyhedra and the

associated volume are calculated by taking the atomic positions, lattice vectors accounting
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for periodic boundary conditions, and finally the Voronoi search was conducted using the

SciPy library.S18 The so-constructed precursor geometry with the H atom is then allowed to

relax free of any constraints but within an effective “local cage” given by the surrounding

amorphous network. Consequently, the final site of the H atoms is not necessarily the near-

est neighbor to the original reference atom. This holds in particular during the relaxation

for the different charge states at the DFT level. The electronic ground state of pristine

a-Si3N4 is in the low-spin configuration, with 32 paired valence electrons per unit of Si3N4.

Consequently, adding H0 results in a total spin moment µs ̸= 0, and the localization of the

additional (unpaired) electron can be analyzed with the help of atomic projections of the

spin density in the same way as in our previous work.S10 The structural changes both around

the H-incorporation sites and the charge trap sites are conveniently characterized by the cone

angle descriptor (ϕ) introduced by Hückmann et al. S10 . Section 5 shows the results of this

structural analysis, which shows that while the trap sites undergo pronounced relaxation

with coordination polyhedra getting deformed, the H-incorporation site is hardly affected.

All DFT calculations were performed spin polarised using the CP2KS19 code with the

DZVP-SR-MOLOPTS20 family of basis-sets to describe the valence electrons, and GTH-

pseudopotentialsS21–S23 to describe the core electrons. An energy cutoff of 650 Ry and a

relative cutoff of 60 Ry was used, including only the Γ-point for Brillouin zone sampling.

These settings yield a convergence of 0.1meV per formula unit. The convergence criteria

for SCF energy was 10−7 eV for all calculations and for forces 0.005 eV�A−1
for the cell and

geometry optimizations. The simulation cell vectors and ion positions were fully relaxed using

the quasi-Newton BFGS update scheme (ion positions only for the defect calculations). An

initial optimization was carried out using the PBE functional,S24,S25 which is further refined

using HSE06S26,S27 with the auxiliary density matrix method (ADMM)S28 for production as

it significantly reduces the computational cost.
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2 Hydrogen Incorporation in β-Si3N4

Figure S1: Schematic representation of the two H-incorporation sites in β-Si3N4 with a) H in
the large tube and b) H in the small tube. Hydrogen atoms in the positive charge state are
colored green, the ones in the neutral charge state are white, and the lines in the negative
charge state are red. For computational ease, the structure is extended into an orthogonal
box containing 280 atoms. The viewing direction of a) and b) is along the z-axis.

The incorporation of hydrogen in β-Si3N4 has previously been described by Grillo et al. S29 .

However, to ensure transferability between the crystal and the amorphous phase, their cal-

culations have been repeated with the computational set-up described in Section 1. The

structure of β-Si3N4 can roughly be described as layers in the xy-plane interlinked in z-

direction with eight- and twelve-membered rings arranged in such a way that they form

narrow and wide tubes along the z-axis, respectively. There are two distinct symmetry sites

for nitrogen (Wyckoff letters 2b and 6c), where only N(6c) are spatially accessible for H.

This leads to two distinct H-incorporation sites in the wide and in the narrow tube as shown

in Figure S1a and b. In both cases, H in the neutral charge state (H0, q = 0) does not

interact with the lattice as it is placed in the middle of the cavity, maximizing the distance

to neighboring atoms. In contrast, in the positive charge state (H+, q = +1), H forms a

bond with a nearby N atom resulting in a N−H bond length of 1.04�A. Incorporation H+

is favorable with a formation energy Eform of −1.12 eV for the narrow and −1.41 eV for the
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wide tube, which is in accordance with steric effects dictated by the environment. In con-

trast, the negative charge state (H– , q = −1) results in H binding to a silicon atom with the

Si−H bond being 1.68�A for the narrow and 1.51�A for the wide tube. The frustrated Si−H

bond, in combination with the detrimental fivefold coordination on the Si atom, leads to no-

ticeably high formation energies 5.07 eV and 5.14 eV. Both sites share similar (+/−) charge

transition levels at 3.10 eV (narrow) and 3.28 eV (wide, see Figure S2) and show negative-U

behaviour with −0.86 eV and −0.45 eV.

0 1 2 3 4 5 6
E − EF [ eV ]

0

2

4

E
fo

rm
[e

V
]

narrow site

wide site

Figure S2: Formation energies Eform as a function of the Fermi level EF for the hydrogen
defect sites in the narrow (black, circles) and in the wide tubes (red, square) in the +1,
neutral, and −1 charge states.
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3 Properties of the Pristine Cell

3.1 Ensemble Properties

For this study, a single a-Si3N4 cell from the library generated in our previous workS10 is

selected to ensure a joint reference for all H insertions. For completeness, the properties

of the pristine, hydrogen-free cell are listed in Section 3.1 together with the average values

of the entire ensemble and – if available – literature data. The chosen sample appears to

be average in all measures, so it is considered representative and appropriate to conduct

hydrogen-insertion experiments.

Table S1: Properties of the pristine a-Si3N4 cell used in this study compared to ensemble
averages from our previous study.S10 Values for the density ρ, the coordination numbers CN,
the band gap Ebg, and the trapping energies of holes Eh+ and electrons Ee− . are obtained at
the HSE06S30,S31 level, whereas the bulk modulus B is from calculations with the MG2S32

force field. Literature values are provided in addition if available.

Property Unit This study Ensemble Literature
ρ g cm−3 2.9 2.9 2.6 to 3.0 S33

CN(Si) 4.00 3.96 3.70 S12

CN(N) 2.98a 2.87 2.78 S12

B GPa 159 166 156 to 161 S34

Ebg eV 4.10 4.43 4.77 S35

Eh+ eV −0.58 −0.35 −0.9 to −1.4 S36

Ee− eV −0.53 −0.74 −1.2 to −1.7 S36

ϵ 8.45 7.0 to 10.5 S14

csh -0.369 – – S2

L �A 14.72 – –
Trap Typeb intr. – –
a =̂ four 2-coordinated N atoms; 160 N atoms in total.
b see Section 3.2.
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3.2 Polaronic Charge Trapping

Figure S3: Upper panel: Illustration of the band edge states localized on two-coordinated
nitrogen atoms above the VBM (∗) and localized on distorted Si-tetrahedron below the CBM

(♦). The isosurfaces of the spin density are set to 0.05 e�A−3
. Middle panel: The projected

electronic density of states (DOS) of Si (yellow) and N (blue) in a single neutral a-Si3N4

configuration relative to the Fermi level EF. The band gap Ebg is measured by excluding
the localized states labeled with ∗,♦. Lower panel: The corresponding inverse participation
ratio for all eigenstates with −5 eV < E − EF < 7 eV. All data is provided at HSE06 level.
For more details, see Hückmann et al. S10 .
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4 Statistical Sampling of Hydrogen Incorporation Sites

Hybrid-DFT calculations at, i.e., HSE06 levelS30,S31 are necessary to describe the electronic

structure correctly, including band gaps and localized mid-gap states.S37–S39 However, its

computational cost limits its large-scale applicability. Instead of inserting H at all 280 sites,

the sampling is reduced to 60 sites in the +1, 0, and −1 charge state each. To maintain

statistical significance, the HSE-optimization set is selected by the scheme presented in.S10

The only difference is the selection criterion being the cone angle ϕ as it offers a site-centered

description capturing local symmetry and symmetry-breaking. The 60 sites are chosen so

that 25 are centered on a Si atom and 35 on an N atom to approximately resemble the

stoichiometry of 3:4. Figure S4 shows the resulting selection, which captures the parent

distribution sufficiently.

60 70 80 90 100 110 120
0.00

0.05

0.10

0.15

P
S

i(
φ

)

φ0(Si)

φHSE(Si)

φ0(N)

φHSE(N)

60 70 80 90 100 110 120

φ [ ◦ ]

0.00

0.03

0.06

0.09

P
N

(φ
)

Figure S4: Cone angle distributions for all 280 sites (P (ϕ0)) and the 60 sites selected in this
study for hydrogen incorporation at HSE06 level (P (ϕHSE)). The distributions for silicon-
centered sites are given in red/orange in the top panel, and those for nitrogen-centered are
given in blue/cyan in the bottom panel. Vertical lines mark reference values for cone angles
corresponding to an ideal tetrahedron (dashed), trigonal plane (dash dotted) and a trigonal
pyramid (dotted).
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5 Additional Characterization of Structural Effects

5.1 X−H Bond Length Distribution
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Figure S5: Distribution P of the X−H bond length rX−H with X ∈ {Si,N} for the positive
(q = +1, upper panel), the neutral (q = 0, middle panel), and the negative charge state
(q = −1, lower panel). For comparison, literature values for the Si−H bond length in silane
SiH4

S40 and the N−H bond length in ammonia NH3
S41 are given as the dashed and the

dashed-dotted line, respectively.
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5.2 First Coordination Shell of the N−H Center
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Figure S6: Distribution P of the N−Si bond lengths rN−Si of the first coordination shell of
the host N atoms before (dark blue) and after the H insertion (light blue) for the positive
(q = +1, upper panel), the neutral (q = 0, middle panel), and the negative charge state
(q = −1, lower panel).
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Figure S7: Distribution P of the cone angles ϕSixN−H of the SixN−H centers before (dark
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(q = 0, middle panel), and the negative charge state (q = −1, lower panel). The cone angles
of the trigonal plane (dash-dotted line), and of the trigonal pyramid (dotted line) are given
as references.
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5.3 Trap Site Associated with the N−H Center
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Figure S8: Distribution P of the N−Si bond lengths rSi−N of the first coordination shell of
the trap sites induced by H insertion before (red) and after the H insertion (orange) for the
positive (q = +1, upper panel), the neutral (q = 0, middle panel), and the negative charge
state (q = −1, lower panel).
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Figure S9: Distribution P of the cone angles ϕtrap of the trap sites induced by H insertion
before (red) and after the H insertion (orange) for the positive (q = +1, upper panel), the
neutral (q = 0, middle panel), and the negative charge state (q = −1, lower panel). The cone
angles of the trigonal plane (dash-dotted line), and of the trigonal pyramid (dotted line) are
given as references.
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5.4 First Coordination Shell of the Si−H Center
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0

10

20

30

40

q
=
−

1

Nx Si

Nx Si–H

Figure S11: Distribution P of the Si−N bond lengths rSi−N of the first coordination shell of
the host Si atoms before (red) and after the H insertion (orange) for the positive (q = +1,
upper panel), the neutral (q = 0, middle panel), and the negative charge state (q = −1, lower
panel).
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5.5 Trap Site Associated with the Si−H Center
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Figure S13: Distribution P of the N−Si bond lengths rN−Si of the first coordination shell of
the trap sites induced by H insertion before (blue) and after the H insertion (cyan) for the
positive (q = +1, upper panel), the neutral (q = 0, middle panel), and the negative charge
state (q = −1, lower panel).
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6 Hydrogen-Induced Trap Sites

Figure S15: a) The +1/0 and 0/− 1 charge transition levels (CTL) of the special cases
marked in Figure 3f of the main article by black circles, which have a notably different
electronic structure causing H-induced trapping. b) Illustration of the charge-dependent
structural relaxation for these three cases. Hydrogen is colored according to the charge state
of the system in green (q = +1), white (q = 0), and red (q = −1), Si is colored blue and N
is yellow.
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Jakobovits, A. S.; Lazzaro, A.; Pabst, H.; Müller, T.; Schade, R.; Guidon, M.; An-

dermatt, S.; Holmberg, N.; Schenter, G. K.; Hehn, A.; Bussy, A.; Belleflamme, F.;
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