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We present ab initio density functional theory studies for stoichiometric as well as non-
stoichiometric amorphous silicon nitride, varying the stoichiometry between SisN4s and SizNs.
Stoichiometric amorphous SizN4 contains the same local structure as crystalline SizNy4, with Si be-
ing 4-fold coordinated and N being 3-fold coordinated. Only few Si-Si and N-N bonds and other
defects are found in stoichiometric silicon nitride, and the electronic properties are very similar to
the crystalline bulk. In over-stoichiometric SigNu4 ., the additional N results in N-N bonds, whereas
in under-stoichiometric SisN4_, the number of homopolar Si-Si bonds increases with decreasing N
content. Analysis of the structure factor and the local coordination of the Si atoms indicates a slight
tendency towards Si clustering, although at the investigated stoichiometries phase separation is not
observed. In the electronic properties, the conduction band minimum is dominated by Si states,
whereas the valence band maximum is dominated by lone pair N states. Towards Si rich samples,
the character of the valence band maximum becomes dominated by Si states corresponding to Si-Si
bonding linear combinations. Adding small amounts of hydrogen, as typically used in passivating
layers of photovoltaic devices, has essentially no impact on the overall structural and electronic

properties.

I. INTRODUCTION

Amorphous silicon nitride (a-SizNy_,:H) is commonly
used in the solar cell industry because it has three desir-
able properties. It serves as anti reflection coating and
enhances light transmission, it is the main source of hy-
drogen (H) for passivating the silicon (Si) wafer and it
chemically and physically passivates the surface.! The
properties of a-SigNy_,:H can be easily varied by chang-
ing the deposition parameters like the gas flow of NHjg
and SiHy, allowing the three properties to be tuned en-
hancing solar cell efficiency.? The material is most com-
monly fabricated by plasma enhanced chemical vapor
deposition (PECVD),134 but other deposition methods
like sputtering are used as well.>6

Structural properties have been experimentally deter-
mined by T. Aiyama et al. and M. Misawa et al. using
X-ray and neutron scattering.”® Furthermore, trapping
centers have been investigated by electro paramagnetic
resonance (EPR) measurements by P. M. Lenahan et al.
and W. L. Warren et al..%10 As experiments are limited
to microscopic and macroscopic investigations, it is diffi-
cult to link them to structural and electronic properties
at the atomic scale. In order to fill this gap, computer
simulations are performed to establish realistic atomic
models and relate them to the observed macroscopic
properties.

First insight into silicon nitrides at the atomic scale
was provided by the seminal studies of J. Robertson et al.
in the 90s.''"14 Robertson et al. applied tight binding
methods to small, essentially crystalline model systems
and investigated defect induced changes in the electronic
properties. These results are still helpful, but, with the
advances in ab initio density functional theory, it is possi-

ble to study the properties of amorphous silicon nitrides
in much greater detail and using better founded approx-
imations.

In more recent computer simulations, typically a small
selection of a-SigNy_,:H configurations were produced
in order to investigate the structural, electronic, opti-
cal as well as vibrational properties.!® 2% Few of these
studies even examined the materials properties for dif-
ferent nitrogen concentrations'”2%2% and the effect of
hydrogenation,'®:2122, Nevertheless, the number of con-
sidered models was generally very small making statisti-
cally meaningful analysis difficult.

In order to build amorphous model structures differ-
ent strategies are adopted. A common strategy is to
assemble small subunits and clusters with proper short
range order (SRO) into a continuous random network
(CRN)¢ or Bethe lattice.?!?” Furthermore, bond switch-
ing methods can be applied to the crystalline samples
until they become reasonably amorphous.?%28 Although
very small defect concentrations are achievable by these
strategies,?® the most common and maybe most unbi-
ased method to determine amorphous structures is by
cooling the samples from the melt. This can be done by
either Monte Carlo (MC)'"1® or Molecular Dynamics
(MD)15:20,22-26,29 gimylations.

Matter of fact, all simulations need to rely on a poten-
tial energy surface to calculate jump probabilities and
forces during the cooling and relaxation. Ab initio meth-
ods are very desirable but incur great computational
cost,20:22-24.26 and hence many simulations are performed
using different types of semi-empirical potential models
(e.g. Tersoff, Thight Binding, Keating, Busing, Born-
Mayer-Huggins).15718:21,25.29 Both methods can be also
combined in order to save computation time and/or to
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FIG. 1: Volume per atom as a function of the N concentration
en = nn/(nn +nsi). The broken line shows the best linear fit
to the experimental values (circles). The full line was obtained
by readjusting the fit such that the density of crystalline Si is
more accurately reproduced. This has only a slight effect on
the root mean square error. The experimental data points for
SizN,:H are from M. Guraya et al.,® the density for crystalline
Si is from N. W. Ashcroft and N. D. Mermin.*’

simulate larger systems. In this case, the samples are an-
nealed using fast empirical potentials, and, afterwards,
the electronic properties are calculated with more accu-
rate ab initio methods.'®29

In present work, we present large-scale ab initio
molecular dynamics studies on stoichiometric and non-
stoichiometric SigNy_, including up to 10 at.% H. Typ-
ically, we prepare 3 carefully quenched reference config-
urations with about 200 atoms for each considered stoi-
chiometry. To allow for a statistically meaningful evalu-
ation of defect related properties, 1000 small structural
models with 100 atoms are then prepared for each sto-
ichiometry. The main focus of the present work is an
evaluation of the small models against the larger models,
as well an evaluation of the average structural proper-
ties such as the pair correlation function, angular distri-
bution function, structure factor, general features of the
electronic density of states as well as the average local co-
ordination of the atoms. A detailed analysis of the defect
related properties is presented in a separate publication.

II. MODELLING SETUP
A. Compositions, concentrations and densities

Non-stoichiometric amorphous silicon nitrides exhibit
large density variations that seemingly depend strongly
on the applied preparation conditions.331:32

Here we mainly focus on amorphous silicon nitrides
as used in solar cell industry and decided to determine
the densities from the data published by M. Ippolito and
S. Meloni.?> We found it helpful to plot the average ex-
perimental volume per atom versus the nitrogen concen-

TABLE I: Densities p and volumes per atom of SisN, as stud-
ied in the present work. The densities were derived from
experimental values as shown in Fig. 1 (see also M. M. Gu-
raya et al.).® The table also shows the supercell volumes and
the number of silicon ng; and nitrogen atoms ny in the con-
sidered supercells.

SisN4s SisNyg SigsNszs SisNg
p [g/cm?®] 3.22 3.14  3.06 2.98
volume per atom [AS] 10.12  10.57 11.10 11.71
nn/(nsi + nx) 060 057 054  0.50
large supercell vol. [AB] 1973 1999 2020 2014
nsi 78 81 84 86
nN 117 108 98 86
small supercell vol. [A’] 1012 1033 1020 1077
nsi 40 42 42 46
nN 60 55 50 46

tration, as shown in Fig. 1. The volumes would lie on
a straight line, if Vegard’s law was observed.?? Indeed,
within the experimental uncertainties, this relation seems
to hold very well, but the fit deviates from the volume of
crystalline silicon in the Si rich case by more than 2 %.
Increasing the slope improves this behavior for the Si
rich case (full line) without deteriorating the root mean
square error for the amorphous samples significantly. The
final densities and volumes, as obtained from the fitted
experimental data, are summarized in Tab. I.

The second issue to address is the influence of hydro-
gen on the volume. The experimental data were almost
always measured in the presence of substantial amounts
of H approaching up to 25 at.%.% Remarkably, however,
hydrogen seems to influence the volume only very lit-
tle. For instance, although for the data shown in Fig. 1,
the H content varies from 15 — 25 at.%, the deviation
from Vegard’s law is hardly noticeable, and for SizNy
the volume of the amorphous structure agrees within few
percent with the volume of crystalline 5—SigNy. This ob-
servation is reinforced by considering the small covalent
radius of hydrogen. Even if we double the covalent ra-
dius, dyg = 27rcovalent = 0.62 A (this value corresponds to
the H-H bond length), and determine the corresponding
volume, Vi1 = 4ndj;/3 ~ 1 A%, we obtain only small cor-
rections to the volume. If the concentration were 20 at.%
H, it would take up at most 3 % of the entire volume.
This is certainly a rather crude consideration, since one
could argue that hydrogen disrupts the usual bonding
topology of the network and therefore might yield a sig-
nificantly larger volume increase, but neither the experi-
mental data nor any of our results seem to support this
idea. Most likely, hydrogen simply accommodates in the
network at defective or highly strained sites and hence
causes only negligible changes in the volume.

To determine the hydrogen concentration typically
found in a-SigN4_,:H layers used in the fabrication of in-
dustrial solar cells, over 80 different Si3sN,_,:H samples
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FIG. 2: Atomic concentration and bond densities estimated
for plasma-enhanced-chemical-vapor depositioned (PECVD)
silicon nitride. The dependency of the nitrogen concentration
cn is shown. The stochiometric case (SizNy4) is to the right.
The values of SizNy, SizsN3 5Ho.s and SisN3Ho s, obtained by
simulations, are marked with red symbols.

were prepared with plasma-enhanced-chemical-vapor de-
position (PECVD) at the Energy Research Center of
the Netherlands. A more detailed description of the
PECVD method is given by W. Soppe.2 The samples
were analyzed using Fourier transform infrared spec-
troscopy (FTIR) and ellipsometry. From this data, the
atomic concentration was extracted using the approach
described by E. Bustarret et al. (see Fig. 2).3% We ex-
pect that the hydrogen concentration is rather low for
the stoichiometric case and, although the data show a
large scatter towards the right side of the graph (SigNy),
and the hydrogen concentration increases again for over-
stoichiometric samples (SizNyy ), we decided to perform
the simulations for the SizN, case without hydrogen.
For the other, nitrogen deficient cases, we performed
simulations without hydrogen and with approximately
13 at.% H. This seems to be well within the experimen-
tal range, which lies between 10 at.% and 15 at.% H for
the considered stoichiometries.

B. PAW potentials and technical parameters

All calculations presented in this work were performed
using the Vienna ab intio simulation package (VASP)
and PAW potentials in the implementation of Kresse and
Joubert.3%38

Since our aim was to perform large scale simulations,
we decided to construct special PAW potentials opti-
mized for the specific application in mind. To this end,
we chose for the PAW potentials the largest possible core
radius that did not degrade the quality of the results no-
ticeable. We found that core radii of 2.0 and 1.9 a.u.
(2.5 and 2.4 a.u.) for the s-partial (p-partial) waves for
N and Si, respectively, lead to acceptable results. For
Si the d-potential was chosen as local potential, whereas
for N the all-electron potential was smoothed inside a
sphere with a radius of 0.8 a.u.. These potentials al-
lowed to obtain converged total energies at a plane wave
kinetic energy cutoff of about 150 eV. Results for bulk
Si are essentially indistinguishable from more accurate
PAW potentials, whereas results for SizN, are slightly
deteriorated compared to accurate reference calculations,
but the errors remain fairly small. The SigN4 volumina
of the bulk crystalline phases («, S and ) are repro-
duced to within 1.5 %, and the relative energy difference
between the o and v phase, which is 1.05 eV per formula
unit using accurate reference potentials, is reproduce to
within 0.03 eV. The largest errors are observed for the
zone centered phonons where discrepancies of the order
of 5.0 % for some high frequency branches are observed,
whereas the predicted DFT Kohn-Sham band gaps agree
within 2 % with the accurate reference potential. All in
all, the differences between the accurate reference poten-
tials and the soft potentials are of the same order as the
differences between the local density approximation and
gradient corrected density functionals, which we believe
to be a reasonable threshold. Furthermore, for liquid
SigN3 5 only small differences were found for the pair-
correlation function and angular distribution function at
3000 K (see Fig. 3). For over-stoichiometric samples,
however, the N-N distance is shifted by 0.2 A to larger
bond distances using the soft potentials, but this will
not change the results for the experimentally relevant
under-stoichiometric samples. This makes us confident
that the present potential will give accurate results and is
certainly far superior to conventional molecular dynam-
ics potentials such as the Tersoff potential.2® All simula-
tions presented here have been performed with Brillouin
sampling at the I'-point, and the PBEsol functional was
used.??

Compared to the standard potentials requiring 400 eV
cutoff, the savings are about a factor 5, and they allow
us to perform much longer simulations than otherwise
possible.
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FIG. 3: The PC functions g;;(r) and angular distribution
functions a;;x(©) of a-SisN3 5 at 3000 K for different poten-
tials. The soft potential (150 eV) used in our calculations
gives within statistical uncertainties the same results as the
harder reference (300 eV).
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FIG. 4: Diffusion constants for SizsN, averaged over both
atom types at different temperatures. Stoichiometric SizNy
(red squares) always shows the highest freezing temperature.

1. Large simulation cells, slow annealing

Our initial strategy was to determine representative
samples by cooling from the melt. Initially, we used fairly
large simulation cells with a total supercell volume of
about 2000 A3, and Tab. I summarizes the corresponding
supercell volumes and the number of atoms we employed.

All systems were initially molten at 4000 K and then
the temperature was gradually decreased until the atomic
configuration started to freeze in. In all simulations, a
time step of 1.5 fs was adopted, and the mass of hydro-
gen was increased to 10 atomic mass units. This mass
increase will change the dynamics of the system, but has
no influence on the explored configuration space, as the
partition function factorizes into a momentum and con-
figuration dependent part, with the later one being inde-
pendent of the masses.

The " freezing” temperature was strongly dependent on
the stoichiometry, as demonstrated in Fig. 4, where the
diffusion constant averaged over both atom types is plot-
ted versus the temperature. When the value drops sig-
nificantly below 0.05 — 0.1 A2 /ps, it is difficult to deter-
mine accurate diffusion constants. Monitoring the mean
square displacement for these cases indicates jump diffu-
sion occurring every few ps. It is likely that this is defect
mediated, since the network can easily re-adjust and re-
link at defects, and, consequently, the defect might mi-
grate through the network. But a detailed investigation
of this issue is beyond the scope of the present work. Sto-
ichiometric SigNy freezes in at about 3000 — 3100 K on
a timescale of 20 — 40 ps, which we observed repeatedly
for several simulations at different system sizes, and the
freezing goes along with the geometrical defects being
progressively removed during the annealing. Usually the
system locks in when two or zero defects are present in the
sample (for topological reasons the defects always come
in pairs for stoichiometric SizNy4). The observed amorphi-
sation temperature seems to be significantly larger than
the experimental estimates of about 2000 K.4%4! But we
note that the melting temperature of silicon nitride can
not be measured, since the solid decomposes into atomic
and molecular Si and N before melting sets in (gas pres-
sure of Si).

Matter of fact, our simulations are also hampered be-
cause of the short timescales and system sizes that are
accessible to us: once all defects are cured, the sys-
tem locks in. In real experimental samples, the density
of mobile defects will only exponentially approach zero,
sustaining diffusion at much lower temperatures. Fur-
thermore, we believe that the experimental samples are
never perfectly stoichiometric. Even being slightly off-
stoichiometric, diffusion is enhanced since some defective
bonds (e.g. Si-Si bonds) or coordination defects prevail.
For Si3N3 5 and SigNy 5, amorphization occurs at roughly
2600 K, whereas, for SigN3, the freezing occurs at roughly
2300 K. We also note that jump diffusion is well possible
below these temperatures, but these events are very rare
on the timescales accessible to us. Finally, addition of
10 at.% H, generally lowers the amorphization tempera-
ture by another 200 K (not shown).

The adopted temperature profiles are shown in Fig. 5.
In retrospect, we could have fine tuned the cooling history
somewhat for each stoichiometry, for instance by progres-
sively elongating the runs when approaching the freezing
temperature, but we believe that this will change the final
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FIG. 5: Annealing history adopted in the present work for the
large SisN, systems. Because SigNy freezes at about 3100 K,
the system was equilibrated for 30 ps at 3500 K, then the sys-
tem was cooled to 3000 K and annealed at this temperature
until most defects were removed. For the other stoichiome-
tries 20 ps annealing was performed at 3000 K, and then the
temperature was gradually decreased to 2000 K equilibrating
at each temperature for 10 ps.

results only little. In order to prepare a set of samples,
we extended the simulation runs at 3500 K (SizNy4) and
3000 K (SigNy_,:H) followed by the same annealing his-
tory as for the original samples. In this manner, three
samples were generated for a-SigN4, a-SigNj3, a-SigNj 5.
For the less relevant a-SigNy 5 and the hydrogenated sam-
ples only a single large representative structure was gen-
erated.

2. Small simulation cells

The drawback of the strategy adopted above is that it
is difficult to generate any statistics for the defect related
properties. Even with three samples, we can not deter-
mine how likely the formation of a certain defect class is.
To complement the simulations of the large systems, we
therefore performed simulations for smaller systems con-
taining about 100 atoms. In this case, the simulation was
run for up to 1 ns just above the freezing temperature,
and every 500-1000 steps a configuration was quenched
into the closest local minimum using a standard mini-
mization procedure. This approach allowed us to gener-
ate about one thousand reasonably independent samples
for each stoichiometry. The corresponding runs typically
required 4 weeks on 32 cores each.

In Fig. 6, we show the acquired mean square displace-
ments (MSD) of 4 different stoichiometries. The diffusion
constants are roughly similar and constant over the sim-
ulation time. Lowering the temperature by 50 — 100 K
usually resulted in rapid freezing of the structures. The
chosen stoichiometries correspond roughly to the same
stoichiometries as those considered for the large systems.
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FIG. 6: Mean square displacements (MSD) of 4 different
SigNy_,:H ensembles. The averaged temperature is given af-
ter the system label. The temperatures were adjusted to keep
the ensembles just above the freezing temperature. In some
cases, the temperature had to be increased and the simula-
tion restarted before the freezing, when accidental freezing
occurred.

Only for the ”stoichiometric” case, we removed one N
atom resulting in a stoichiometry of roughly SizNj3g in
order to avoid that all defects accidentally annihilate,
which might have resulted in a ”lock-in” at temperatures
even above 3100 K.

III. STRUCTURAL PROPERTIES

The main focus of the present work is on general struc-
tural properties, whereas a detailed analysis of the elec-
tronic properties of defects and defect statistics is re-
served for a later publication. In the following sections
we evaluated the pair correlation function, structure fac-
tor, angular distribution function and the local bonding
topology at the Si and N sites.

A. Pair correlation function

The pair correlation (PC) functions for the quenched
amorphous samples are shown in Fig. 7. For the large
systems, the results were averaged over 3 samples (except
for SigNy 5, where only a single structure was generated),
whereas for the small systems the average was done over
about 1000 samples. In addition to the PC function,
we analyzed the average number of nearest neighbors by
integration of the partial PC functions between 0 and
the first minimum 7., in the respective function (see
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141 SI3N3 - Si3N4,5 Si3N4 Si3N345 Si3N3
Nsin 4.16 3.95 3.57 2.99
) Nsisi - - 0.38 1.01
2 Nnsi 2.77 3.02 3.00 2.99
° Nxn 0.30 - - -
SizN3sHo4 SisN3sHos SisNzsHiz SizNzHos
Nsin 3.51 3.47 3.40 2.97
Nsisi 0.48 0.35 0.33 0.93
Nnsi 2.94 2.91 2.85 2.97
NnN - - - -
Nusi 0.51 0.51 0.47 0.70
Nun 0.48 0.44 0.38 0.24
Nun 0.04 0.06 0.13 0.06

Inn(n)

Iein(M)

Distance r [A]

FIG. 7: Partial pair correlation functions g;;(r) for the small
(full line) and the large SisN,:H systems (broken line). Hy-
drogen (crosses) leaves the PC function largely unchanged.

Tab. II):

Nij = pn; / dr 4mr? 95 (7). (1)
0

Also the mean bonding distance a@j and the standard
deviation o0;; were evaluated by integrating up to the
first minimum (see Tab. IIT)

The first important observation is that the PC func-
tions of the small (black solid lines) and the large sys-
tems (black broken lines) are very similar, in particular,
at large distances beyond the first nearest neighbor. This
is a little bit counterintuitive, since we would rather ex-
pect differences at long distances due to finite size ef-
fects, but at large distances we only recognize slightly
more scatter for the large system, which points towards
insufficient sampling over different configurations. How-
ever, at the distance of the first nearest neighbor, the
PC function for the large systems shows somewhat more
pronounced and narrower peaks for N-N and Si-Si. We
believe that this is related to the slower and more care-
ful annealing performed for the large systems. Recall
that the small systems were created by directly quench-
ing from the melt. In all other respects, the small systems
seem to adequately represent the amorphous structure,
and specifically finite size effects at large distances are
largely absent in the small simulation cell, at least at the
level of the PC function

The second remarkable observation is that hydrogen,
in the low concentrations considered here, has virtually
no discernible effect on the PC function (compare full
line with red crosses). It rather seems that hydrogen only
participates as a ”spectator” decreasing the connectivity
and increasing self-diffusion, with no dramatic effect on
the average structural properties of the amorphous struc-
ture, as evaluated by the PC function. For SizN3 sHq g
and SigN3Hj g, the mean hydrogen bonding distances are
0.77 £ 0.01 A for dyn, 1.50 + 0.07 A for dys;, and 1.11
+ 0.04 A for dpn.

The present PC functions agree very well with previous
simulations. The Si-N PC functions shows a pronounced
peak at 1.75 A, which hardly shifts with varying stoi-



TABLE III: Mean bonding distances and standard deviations
and position of the minimum in the pair correlation function
of the SigN, evaluated for small ensembles (all values are in
A). For the non stoichiometric systems, peaks emerge at short
distance corresponding to direct Si-Si and direct N-N neighbor
atoms at 2.4 A and 1.6 A, respectively.

Si-Si Si3N4‘5 Si3N4 Si3N3_5 Si3N3
1% dgisi - - 2.40 2.38
1** ogisi - - 0.10 0.10
15 Iinin - - 2.57 2.59
27 dgisi 3.00 2.99 3.02 3.02
2" ggigi 0.22 0.24 0.19 0.19
274 1 in 3.56 3.56 3.53 3.49

N-N SisNy4s SigNy SisNs 5 SizNs
1% dnn 1.62 - - i
15° onn 0.06 - - -
15 Imin 1.98 - - -
274 dan 2.86 2.89 2.90 2.89
2™ oan 0.26 0.26 0.25 0.23
2" 1 in 3.54 3.62 3.63 3.58

Si-N SisNy 5 SigNy SisNs 5 SisNs
15 dsin 1.75 1.75 1.75 1.75
1% ogin 0.09 0.08 0.07 0.07
15 I'imin 2.26 2.30 2.30 2.30

chiometry, and in fact, the entire Si-N PC function is
almost entirely independent of stoichiometry. Inspection
of Tab. II shows that each N atom forms three bonds,
whereas the number of bonds formed by the Si atoms
is always very close to four (sum of Ngn and Ngigi).
For stoichiometric SizNy4, the Si-Si PC function shows
one strong peak at 3.0 A, which is related to the dis-
tance between Si atoms in Si-N-Si triangles, and simi-
larly the N-N PC function shows a peak at 2.90 A re-
lated to N-Si-N triangles. The other feature worthwhile
mentioning is the small shoulder in the Si-Si PC function
around 2.6 A. As already discussed by Giacomazzi et al.,
it is mostly related to planar Si-N-Si-N squares.?? For
sub-stoichiometric SigN4_, this peak seems to develop
into a pronounced shoulder around 2.4 A, but in fact,
the origin of this shoulder are direct Si-Si bonds, as
shown in the number of direct Si-Si neighbors Ngig; in
Tab. II, which increases from 0.38 in SigN3z 5 to 1 in
SigNj3. Likewise direct N-N bonds form in over stoichio-
metric SigNy., as indicated by a value of Nyny=0.3 in
SizN4.5. The absence of direct N-N neighbors in stoi-
chiometric and sub-stoichiometric SizNy_,, and likewise
the absence of direct Si-Si neighbors in stoichiometric
and over-stoichiometric SigNyy, is a clear indication for
the strong ordering tendency in silicon nitrides, as direct
bonds to the same species are only formed if the material
contains too much Si (Si-Si bonds) or too much N (N-N
bonds). In summary, the amorphous structures are char-

acterized by (i) 4-fold coordinated Si atoms and 3-fold co-
ordinated N atoms, with (ii) a strong tendency towards
hetero-coordination and formation of Si-N bonds. The
partial coordination numbers also reveal that hydrogen
indeed disrupts the normal network topology of silicon
nitride. For SizN3s5Hp g, it forms bonds with both Si
and N atoms, whereas for SigN3Hg g bonds are predomi-
nantly formed to Si atoms. Of course such bonds reduce
the number N-Si bonds, for instance Nyg; drops from 3.0
to 2.91 in SigN3 5Hg g, and the sum Ng;si+Ngin decreases
from 4 to 3.9 when hydrogen is added in SigN3Hp g.

To investigate the dependence on the H content, we
also performed calculations for concentrations of 6 at.%
and 20 at.% H for SisN35. As can be recognized from
Tab. 1II the probability that hydrogen attaches to sil-
icon or nitrogen is pretty much independent of the H
content but changes with stoichiometry. For SisNj3 5 and
SizN3, about 50 % and 70 % of the H bonds to Si, re-
spectively, whereas the number of hydrogen bonded to
nitrogen decreases with decreasing N content. These re-
sults are in good agreement with experiments (compare
Fig. 2 bottom panel, also see Ref. 6,42). It is also quite
clear and not unexpected, that the number of H ”dimers”
increases with the H content, but it remains fairly small
up to about 10 — 15 at.% H.

For stoichiometric SigNy, we can compare the present
bonding distances and the bonding angles with experi-
mental data obtained by T. Aiyama et al. and M. Mi-
sawa et al.”® and with results from the simulations
performed by L. Giacomazzi et al. and K. Jarolimek
et al..?32* The present mean values have been calculated
by averaging the bond length over the bonds up to the
first minimum 7r.,;, tabulated in Tab. III. Our mean dis-
tances are 3.0 A for JgiSi, 2.9 A for dyy and 1.75 A for
dsin. These values agree very well with previous experi-
ments and simulations, as shown in Tab. IV.

TABLE IV: Reference values for the bond lengths in a-SigNy4
obtained by experiments and simulations (all values are in A).

Ref. 15¢ g3151 ond ci3151 ond JNN ond JSiN
Aiyama et al.” - 3.00 3.00 1.75
Misawa et al.® - 3.01 2.83 1.73
Giacomazzi et al.?>  2.42 3.03 2.76 1.73

Jarolimek et al*®  2.35-241  3.10 2.90 1.76

For Si rich samples, the direct Si bond distance is lo-
cated at 2.4 A, again in excellent agreement with pre-
vious simulations for amorphous Si3N,:H (and in good
agreement with simulations for amorphous Si).23:2443

Over-stoichiometric SigNy 5 was investigated by M. Ip-
polito and S. Meloni using Tersoff potentials finding a
peak in the N-N PC function around 1.3 A.?5 In view
of our present value of 1.62 A this seems a little bit too
short, but we have already emphasized that this peak
distance is somewhat overestimated due to the use of
a very soft N potential. After relaxation using harder



potential, the mean distance moves to 1.45 A, which is
still larger than the value for the Tersoff potential. Our
present simulations, also agree with previous ab-initio
simulations in predicting no direct N-N neighbors in sto-
ichiometric and sub-stoichiometric SisN4_,, whereas the
previous force field simulations showed direct N-N bonds
even in slightly sub-stoichiometric SigN4_,. This clearly
points towards some deficiency in the Tersoff force fields.

B. Angular distribution function
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FIG. 8: The angular distribution functions of Aginsi and
Ansin for the large and the small SizN,:H systems relative
to the same distribution in a hypothetical ideal gas with the
same density and composition. The distribution function is,
therefore, normalized by a factor of 1/sin(6) amplifying con-
tributions at 0° and 180°. Two Si and two N atoms arranged
in a square result in pronounced peaks at 90°.

In Fig. 8, we show the angular distribution functions
for different SigN, compositions, with and without hy-
drogen. As before for the pair correlation function, hy-
drogen influences the angular distribution function very

little. Regardless of stoichiometry, the main peaks are
located at mean angles of 110° for silicon, and 120° for
nitrogen. The value of 120° = 360°/3 is in perfect agree-
ment with the value expected for a flat triangle formed
by three Si atoms surrounding a central N atom. This
again confirms that the local bonding topology of nitro-
gen changes very little compared to crystalline SizNy,
where each N atom is surrounded by three Si atoms form-
ing a coplanar triangle. This is also consistent with the
electronic configuration of nitrogen, forming three sp? hy-
brid orbitals that interact with the three Si neighbors,
and one out of plane lone pair p orbital that is doubly
occupied and oriented perpendicular to the NSiz plane.
Furthermore, a second peak is visible at 90° in the an-
gular distribution function. This peak stems from N-N
neighbors in a planar Si-N-Si-N arrangement, as shown
in the inset.

The bond angle distribution for silicon is strongly
peaked at a mean angle of 110°. This again agrees per-
fectly with the expected tetrahedral bonding angle of
109.5°. As for nitrogen, this suggests that the Si atoms
maintain their sp? hybridization forming bonds with the
four neighboring atoms. These are N atoms in the sto-
ichiometric case, and possibly few Si atoms in the sub-
stoichiometric case SigNy_,. Again a clear secondary
peak is visible at 90° related to the planar Si-N-Si-N ar-
rangement already mentioned above. For both silicon
and nitrogen this peak loses intensity when moving to
sub-stoichiometric compositions. This relates well to the
observation that the number of Si-N-Si-N square config-
urations decreases when the amount of nitrogen deviates
from the perfect stoichiometry SigNy.

C. Structure factor

Information about long range order and density fluc-
tuations are most easily investigated by an ensemble av-
erage of the Faber-Ziman structure factor S(k)** 47

S(k) = % <Z Zexp[—ik(ri - rj)]> : (2)

where k are wave vectors and N is the total number of
atoms and r; are the atomic positions. Consistent with
the finite supercell, we evaluated the structure factor on
a grid of reciprocal lattice vectors k that are compatible
with the applied supercell (and not by a Fourier transfor-
mation of the pair-correlation function). From the struc-
ture factors S(k) on the grid, the isotropic structure fac-
tor is calculated by averaging over different k orientations
and properly weighing each contribution:

_ I S50k~ q) k.

S(a) 5 3)

4mq

The partial structure factors for each atom type Sua(q)
were obtain by summation over one atom type in Eq. (2).



To calculate the partial structure factors S,s(q) with
« # [ we use the implicit equation

Sats(2) = Y _(Cas)? Sap(q), (4)

af

where c,, is the concentration of atom type o and Sq15(q)
is the total structure factor of both atom types.*6

In Fig. 9 the structure factors are shown for the
large supercells, since the small simulation cells result
in a fairly coarse reciprocal space grid, causing a non-
monotonic behaviour (qualitatively the results are, how-
ever, similar as one would expect from the close agree-
ment for the pair correlation function).

In general, the structure factors change little with
composition, and in all cases, the main peak is ob-
served at 2.2 A~' which agrees with the results of
K. Jarolimek et al..?* The corresponding wave length is
roughly 2.8 A agreeing well with the typical Si-Si and
N-N distances in the pair correlation function. This in-
dicates that the peak is mostly a residual of the Fourier
transform of the first peak in the pair correlation, rather
than a true long range order. Remarkably the SiN struc-
ture factor shows a strong anti-correlation at this wave-
length, indicating a moderate medium range order with
alternating Si-N-Si-N planes where the distance between
the Si-Si and N-N planes is roughly 2.8 A. This medium
range order clearly decreases when moving off stoichiom-
etry, most likely because Si-Si bonds are introduced into
the network necessarily causing a disruption of the alter-
nating planes.

The other important observation is the increase of the
NN structure factor Syn towards small wave vectors q,
with decreasing Si content. A similar increase is also
observed for the small samples (not shown). Such an
increase usually indicates the onset of long range den-
sity fluctuations, i.e. there are regions in our simulation
cell, where N accumulates and regions where N becomes
depleted. For sufficiently large simulation cells and suf-
ficiently long simulation times, one might observe phase
separation into a Si rich part with few N impurities, and
a close to stoichiometric Si3sNy4. For the simulation cells
and stoichiometries considered here, this effect was how-
ever hardly noticeable in real space. As shown in the
next section, some residual of the phase separation is
observable even in the local coordination upon careful
investigation.

D. Clustering or simple percolation

We now briefly return to the analysis of the local bond-
ing properties of Si. As we have already shown in Tab. IT
most Si atoms have four nearest neighbors, whereas the
N atoms are all 3-fold coordinated. Furthermore Tab. 11
shows that N atoms form bonds exclusively to Si in
the stoichiometric and sub-stoichiometric case SigN4_,
(Nnsi)- In the absence of H, this allows to estimate the
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FIG. 9: Partial Faber-Ziman structure factors Soz(q) for the
large SigN,:H systems.

partial Si coordination number to be Ng;s; = x, which is
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FIG. 10: Detailed analysis of the bonding topology for 4-fold
coordinated Si atoms. The actual probability of finding a Si
atom coordinated to n N and (4 — n) Si atoms is shown. Also
shown is the distribution that one would expect if the forma-
tion of a Si-Si bond were entirely random. Excess probabilities
are found towards the two end points in particular for SizNs,
which is consistent with a tendency towards Si clustering and
”phase separation”.

indeed roughly observed in Tab. II.

If the formation of Si-Si bonds were random, we would
expect that the distribution of 4-fold coordinated Si
atoms with n nitrogen and (4—n) silicon neighbors would
be roughly binomial

=) ©

In Fig. 10 we show the actual distribution of the bonding
topology of 4-fold coordinated Si atoms and compare it
with the binomial distribution that would be expected
if the formation of Si-Si bonds where entirely random.
The most notable observation is that we would not ex-
pect any Si atoms with three Si neighbors in SigNg s,
and no Si atoms with four Si neighbors in SizNj3, how-
ever, the actual analysis shows that such atoms exist.
This is a sign that Si prefers either exclusively N neigh-
bors or exclusively Si neighbors, which is consistent with
our previous analysis of the structure factor and supports
the claim that a tendency towards phase separation ex-
ists, although in the present case, it manifests itself only
in the form of a slight tendency towards Si clustering,
that goes beyond what one would expect for a random
percolating network.

p(n) =

IV. ELECTRONIC PROPERTIES
A. Density of states

The silicon and nitrogen projected electronic density
of states (DOS) is provided in Fig. 11, together with
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FIG. 11: Site projected electronic DOS for Si and N atoms
in the small SisN,;:H systems. The broken line corresponds
to the DOS of crystalline 8-SisN4. The density of states are
aligned in a such a way that the N core levels have always
the same energy. The Fermi-levels are located exactly at the
minimum of the individual DOS.

the DOS of crystalline 5-SigNy4, which was already dis-
cussed by G. Kresse.*® Averaging was done over all small
samples (approximately 1000 for each stoichiometry). To
align the individual DOS for different configurations and
stoichiometries, we have chosen the average nitrogen 1s
core level energies as reference.

Since the local short range order of a-SigNy is very
similar to 8-SigN4 we expect similar electronic properties
as in the crystalline phases, which is indeed confirmed
(compare with broken line in Fig. 11). As for structural
properties, we again find that hydrogen has virtually no



discernible influence on the average electronic properties,
although a detailed discussion of the properties of the
defect states close to the Fermi-level is postponed to a
later study.

The lowest valence band is made up by N 2s states (not
shown). The second lowest subband (—11 to —4 eV) is
predominantly made up by bonding N 2p states. As al-
ready discussed, N atoms are located in an almost planar
triangular configuration with 3 Si neighbors (NSis). The
N 2p band is made up by two p orbitals per N atom,
and shows significant hybridization with Si p states in
particular at energies around —10 eV. The final subband
below the Fermi level at —2.5 eV is dominated by the
non-bonding N 2p states (one orbital per N atom) that
is oriented out of the plane formed by the NSis triangle.
This band shows only very little hybridization with Si.
As the Si concentration increases, a marked change is ob-
served in the DOS below the Fermi-level with a significant
increase in the Si DOS and little to no changes in the N
DOS. In stoichiometric SigNy, the dominant contribution
to the electronic states below the Fermi-level is stemming
from the N 2p lone pair orbitals, however, for SigN4_,
the Si DOS increases rapidly with decreasing N content.
This property is easily understood to result from the in-
crease in the number of Si-Si bonds. The bonding anti-
boding splitting for a Si-Si bond is far smaller than for
the shorter Si-N bond: for a Si-N bond, the bonding Si-3p
N-2p linear combination is pushed at least —3 eV below
the Fermi-level, whereas for a Si-Si bond, the bonding
linear combinations is located just below the Fermi-level.
Matter of fact, this also relates to the smaller band gap in
crystalline Si or amorphous-Si (compared to SisNy). We
thus expect that valence band defect states have impor-
tant contributions from Si-3p states in sub-stoichiometric
SizN4_,, whereas N related lone pair states dominate in
stoichiometric SigN4. The other notable observation is
that the Fermi-level is pushed upwards by 0.5 eV, as the
stoichiometry changes from SisNy to SigNs, in agreement
with the less electronegative character of Si. Again we
stress, that we have aligned the electronic DOS at the
N 1s core level, but this seems to be a rather sensible
approach, since the local coordination of the N atoms
remains virtually unchanged from SigNy to SizNs.

B. Inverse participation ratio

It is commonly expected that the inverse participa-
tion ratio (IPR) increases for states in the gap (see e.g.
J. F. Justo et al.).'® In the present case, we show the
results only for the large systems, because the values for
the small systems remain more bounded. The IPR is
calculated as
‘4

NY o ‘%,Z(U)

2)2

pnt =

(6)

<Zj,l lwn,z(rj)
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where 1, ;(r;) is the projection of the orbital n onto the
atomic site j and angular quantum number [. The sum is
performed over all atoms j and the angular momentums
[, whereas N is the total number of atoms. If all atoms
participate in an electronic state n, p,! becomes equal
to one, and, if the state is completely localized on one
atom, p, ! approaches N.

Fig. 12 shows the partial (N and Si) resolved DOS and
the IPR for a-SizN4 and a-SizNj3. For stoichiometric a-
SisNy, we found very localized states at the valance band
edge and a DFT band gap of about 2 eV. Furthermore,
for the considered snapshot no defect states are visible in
the gap, in agreement with results of L. Giacomazzi and
P. Umari,?3. As discussed above, the band gap becomes
smaller and the DOS increases close to the Fermi-level
when moving off stoichiometry, in particular, the Si DOS
increases around the Fermi-level, in accordance with the
observations made already in the previous section. It
is also clearly visible that this results in much weaker
localization, and smaller IPR values for the states at the
valence and conduction band edges as well as in the band

gap.
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FIG. 12: Density of states projected onto Si and N atoms and
the inverse participation ration (IPR) for a-SizN3 (red) and
a-SisNy (black).



C. Optical band gap

A three step procedure following roughly the exper-
imental methods is used to determine the optical band
gap. In the first step, we calculated the absorption coeffi-
cient a(E) from the independent particle dielectric func-
tion calculated using density functional theory orbitals
and one-electron energies. 495!

Second, we determine the DFT optical band gap either
as Fy4, the energy value where the absorption coefficient
o reaches the threshold of 10* ecm ™!, or as the Tauc band
gap Ep where the linear regression of the linear regime
of VaE crosses the energy axis. In our case the linear
regime is between 6 and 9 eV. The corresponding data
are shown in Fig. 13 and are explained in more detail by
J. Robertson, A. R. Zanatta and I. Chambouleyron, and
J. Tauc.'2:52:53

Finally, we applied the GW approximation®°7 to a
set of 40 representative slowly cooled samples for each
stoichiometry in order to correct the DFT band gaps
which are well known to underestimate experimental
quasi-particle band gaps. The GWq calculations were
performed by iterating the eigenvalues in the Green’s
function until selfconsistentcy was reached.?®%? The or-
bitals were kept fixed to the Kohn-Sham orbitals. We
included typically 3500 unoccupied states, and one cal-
culation required about 2 hours on 64 cores. Doubling
the number of unoccupied orbitals increased the quasi-
particle band gap by less than 100 meV. The calculational
details are otherwise similar to Ref. 48.

Fig. 14 shows that the unoccupied states of SizNgs s,
with and without hydrogen, are rigidly shifted upwards
by 1.17 eV compared to the occupied states. Further-
more, in the vicinity of the gap the GW( quasi-particle
energies exhibit a slightly increased slope compared to
the DFT one-electron energies. This slope is almost con-
stant for the valence band and conduction band states
and amounts 1.13. Disregarding the corrections for the
slope, we can simply add an optical band correction of
A =1.17 eV to the DFT values Fgs and E7. The scissor
gap corrections A for the other systems are summarized
in Tab. V.

In Fig. 15, we compare the corrected data of Fys and
Er with the experimental results obtained by M. M. Gu-
raya et al..® As one can see the values of Fy, are generally
greater than Ep, but both lie only slightly below the ex-
perimental reference, and follow the experimental data
quite well. We note in particular the sharp decrease of
the band gap, when one approaches the stoichiometry of
Si3N3, which is a result of the increasing number of Si-Si
bonds, the resultant percolation network and accompa-
nied by a change of the valence band states from N lone
pair to Si-Si bonding linear combinations (compare Fig.
11). In passing we note, that a scissor correction will
not modify the density of states presented in Fig. 11,
but for a trivial upshift of the conduction band states
and an opening of the gap between the valence band and
conduction band states.
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FIG. 13: Optical band gap of SisN,H, from density func-
tional theory estimated by applying a threshold of 10* cm™?
to the absorption coefficient o and by using the Tauc linear
regression.®? The bisections give the corresponding results Eq4
and E7. To compare with experiment the DFT date need to
be blue shifted by about 1.2 eV (compared Tab. V.

TABLE V: Parameter obtained by fitting the linear function
y = kx+ A to the and GWy quasi-particle energies as a func-
tion of the DFT one-electron energies for a-SisN,H,, (compare
Fig. 14). The scissor correction A is added to the optical DFT
band gap values determined in Fig. 13.

SizN3Hoyo.8 SizN3 5Hoyo.8 SizNy
k 1.18 1.13 1.12
A 0.79 eV 1.17 eV 1.19 eV

V. CONCLUSIONS

The present work shows a detailed study of a-
SigNy_,:H using first principles methods. Preparation of
the samples proceeded via cooling from the melt using ab
initio molecular dynamics. We have chosen this approach
in order to avoid ambiguities between the creation of the
configurations and evaluation of the electronic properties,
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FIG. 14: The eigenvalues of the highest occupied and low-
est unoccupied orbitals for DFT and GWj calculations. The
latter opens a gap of 1.17 eV between lowest occupied and
highest unoccupied orbital, and increases the slope.
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FIG. 15: Comparison of calculated optical band gap values
(see Fig. 13) with experimental values obtained by M. M. Gu-
raya et al..% As described in the text, the calculated values are
shifted by a corresponding GWy correction (compare Fig.14
and Tab. V).

since we expect that the electronic properties are strongly
intermingled with the structural properties, in particular
at defect sites. Conventional pair or many body poten-
tials have often difficulties to describe this relation, since
the electronic properties are determined in a complicated
non-trivial manner by the local environment around the
defect.

As already emphasized from the outset, the present
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study concentrates on the ”average” structural proper-
ties, paying little attention to details about the defect
concentrations and electronic defects states in and close
to the gap. This is left for future studies. However, the
structural models determined in this work are expected
to form an excellent basis for such studies.

We have shown that the average structural properties
and electronic properties are faithfully reproduced using
fairly small ensembles containing only 100 atoms. Using
soft potentials with a plane wave cutoff energy of 150 eV
(resulting in typcially 40 — 50 plane waves per atoms)
we were able to perform calculations for up to 1 ns with
reasonably modest computational resources. For each
considered stoichiometry, amorphous model structures
were prepared by rapidly quenching about 1000 struc-
tures from the molecular dynamics simulation into the
closest local minimum. We compared these structures
with larger calculations performed for systems with 200
atoms, and the results were found to be essentially iden-
tical for the small and large systems.

Analysis of the structural properties reveals that amor-
phous SigN, is characterized by 4-fold coordinated Si
atoms and 3-fold coordinated N atoms, with a very strong
tendency towards hetero-coordination and formation of
Si-N bonds. Si-Si and N-N bonds are only encountered,
if a Si or N surplus, respectively, exists, but even then
each Si and N tries to maintain its 4-fold and 3-fold co-
ordination, respectively.

Analysis of the structure factor clearly showed the on-
set of density fluctuations in the N concentration, indicat-
ing N rich and N poor areas in the simulation cells. This
observation in reciprocal space, was also confirmed by the
analysis of the local bonding properties of Si atoms. A
clear fingerprint for clustering is the number of Si atoms
with 3 Si neighbors in SizN3 5 and the number of Si atoms
with 4 Si neighbors in SigNg. If the formation of Si-Si
bonds were entirely random, no such atoms would be
expected. However, we observe a significant fraction in
both cases. Although, the tendency towards clustering
is not overwhelmingly strong for the preparation routes
we have taken here, it is something to keep in mind for
real passivation layers. To put this argument in context,
one should remember that crystalline substoichiometric
silicon nitrides SigN4_, do not exist, and hence it can be
only entropy that drives against phase separation in the
amorphous layers, whereas energy favors phase separa-
tion into pure Si and SigNy.

The evolution of the electronic properties of SigNy_,, is
also quite remarkable. In the stoichiometric compound,
the conduction band maximum is dominated by N lone
pair states, whereas the valence band minimum is dom-
inated by Si p states. However this changes drastically
when decreasing the N content, causing the formation of
Si-Si pairs as well as the formation of larger Si clusters
(percolation, as well as clustering as described above).
Within a Si pair or cluster, the bonding anti-bonding
splitting is reduced compared to a Si-N bond, and thus
the conduction band becomes progressively dominated by



Si bonding contributions. Likewise we expect that the va-
lence band edges will be dominated by states originating
from Si pairs or larger clusters (reduced bonding anti-
bonding splitting). We finally note that with decreasing
N content the localization of the defect states at the va-
lence and conduction band edges decreases strongly. This
is in full accordance with the picture developed above. As
the Si cluster size increases, the defect states will start to
spread over the Si cluster with a resultant reduced inverse
participation ration. In agreement with experiment, was
also find that the band gap reduces slightly from SigNy
to SigNg3.5, but shows a sharp decrease for SizNs, that
we relate to the already described formation of larger Si
clusters in SizN3.

We expect that such clusters are of uttermost impor-
tance for understanding the properties of the passivation
layers used in industrial solar cells. The electronic states
of clusters are not well localized and extend over several
Si atoms, electronically the corresponding defects states
are expected to be located in the same energy range as
the valence and conduction bands in crystalline Si, and
hence tunneling into these states from the Si substrate is
possible. We note in passing that, since such clusters are
entirely missing in stoichiometric SigNy, stoichiometric
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SigN, seems to be a unsuitable model for the materials
used as passivation layers in industrial solar cells.

We have also analyzed the impact of hydrogen on sil-
icon nitrides in detail. Remarkably, it has no visible im-
pact on the averaged properties such as the pair cor-
relation function, the structure factor or the electronic
density of states. In agreement with common chemical
intuition, we have noticed, however, that hydrogen can
attach to a N or Si atom, terminating a dangling bond.
This is in accordance with the commonly accepted pic-
ture that it helps to reduce the number of electronic de-
fect states in the gap, although a more careful analysis
of the electronic properties of defects is required to fully
resolve this issue.
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