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Abstract

First-principles molecular dynamics is employed to describe the atomic structure of amorphous SiN, a non-
stoichiometric compound belonging to the Si, N, family. To produce the amorphous state via the cooling of
the liquid, both the Car-Parrinello and the Born-Oppenheimer approaches are exploited to obtain a system
featuring sizeable atomic mobility. At high temperatures, due to the peculiar electronic structure of SiN,
exhibiting gap closing effects, the Car-Parrinello methodology could not be followed since non-adiabatic
effects involving the ionic and electronic degrees of freedom do occur. This shortcoming was surmounted by
resorting to the Born-Oppenheimer approach allowing to achieve significant ionic diffusion at 7= 2500 K.
From this highly diffusive sample, an amorphous state at room temperature was obtained with a quenching
rate of 10 K/ps. Four different models were created, differing by their sizes and the thermal cycles. We
found that the subnetwork of atoms N has the same environment than in the stoichiometric material SigNy
since N is mostly threefold coordinated with Si. Si atoms can also be found coordinated to four N atoms
as in SigNy, but a substantial fraction of them forms homopolar bonds with one, two, three and even four
Si. Our results are not too dissimilar from former models available in the litterature but they feature a
higher statistical accuracy and refer more precisely to room temperature as the reference thermodynamical
condition for the analysis of the structure in the amorphous state.
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1. Introduction compound has remarkable thermomechanical prop-
erties [3] and it is widely used in microelectronics

Amorphous silicon nitride is a dielectric material and micromechanics manufacturing. In this paper

widely used in nanotechnology as an insulator(l], a we construct and characterize amorphous SiN mod-
mask for silicon etching or a cantilever of atomic els of unprecendented quality by specifically ad-
force microscopes among other applications. Non- dressing, from a rigourous methodological point of
stoichiometric amorphous SiN films produced by view, both the production of the amorphous state
chemical vapor deposition have a reduced internal and the statistical significance of data collected at
stress as compared to stoichiometric SizNy, thereby room temperature.

conferring them specific properties tunable with
composition. As a prerequisite to a thermal trans-
port study that will be performed as in recent,
breakthrough investigations (see, for instance the
case of amorphous GeaSboTes [2]), we have selected
amorphous SiN (Si,;N, with z = y) as a representa-
tive non-stoichiometric silicon nitride system. This

To fully appreciate the appropriateness and the
legitimacy of our motivations, a few considerations
are in order. First, it has to be underlined that first-
principles molecular dynamics (FPMD) based on
density functional theory (DFT) is the method of
choice to improve upon empirical potentials [4] in-
trinsically unable to account for the presence of ho-
mopolar bonds at non-stoichiometric compositions.

Email address: evelyne.martinQunistra.fr (Evelyne This is particularly true for covalent and/or iono-
Martin) covalent systems, not easily described by analytical
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model potentials based on formal charges assigned
to the so-called cationic or anionic sites. However,
this mere statement is not sufficient to ensure that
a successfull handling of the interactions will be ob-
tained at any temperature via FPMD.

In this context, this work demonstrates that a
proper treatment of SiN aimed at producing a ther-
mal cycle cannot be achieved by relying on the Car-
Parrinello (CP) scheme since an increasing lack of
adiabaticity affecting electronic and ionic degrees of
freedom, particularly severe at high temperatures,
undermines this approach. Accordingly, the Born-
Oppenheimer methodology has also been applied
at the higher temperatures, making SiN an inter-
esting reference case of system needing an adaptive
use of FPMD strategies to be studied in a wide
range of temperatures. One could argue that the
Born-Oppenheimer methodology could have been
employed from the beginning instead of resorting
to the Car-Parrinello approach. While this is true
in principle, we found this latter method more
tractable and closer in spirit to the production of
temporal trajectories based on a rigorously con-
served constant of motion, fully in line with the
principles of statistical mechanics. This will appear
more clearly in the following of the paper.

Turning to the FPMD results already available in
the literature (by Hintzsche et al [5] and Jarolimek
et al [6]), it has to be acknowledged that they have
both provided valuable information on the struc-
ture and electronic properties of amorphous SiN
and, as such, they stand as fundamental references
to account for. However, we argue that the pro-
duction of the amorphous structure is not entirely
convincing in any of these publications, hence call-
ing for improvements. These are crucial to pursue
any other study of additional properties and, in par-
ticular, thermal ones. In Ref. [0] a periodic model
of SiN with N= 200 atoms is melted at T=4000
K followed by a step of 20 ps at 3000 K before
undergoing temperature reduction via steps of 50
ps at smaller temperatures ending at 7= 2000 K.
The diffusion coefficient reported at 2500 K for SiN
is close to that of a liquid (slightly below 1075 ¢cm?
s~1) and mobility is termed as ”frozen” at T'= 2000
K. The question arises on whether or not, despite
the vanishing diffusion at T=2000 K, the descrip-
tion of an amorphous system carried out at such a
high temperature can be taken as representative of
what happens at, say, room temperature. Indeed,
it can be argued that some relaxation can still occur
at the higher temperatures (in the quoted case, T'=

2000 K) or, even at T= 300 K, when considering dif-
ferent periods of structural relaxation. This point
has been largely documented, for instance, in the
framework of FPMD studies on amorphous GeSes
[7]. In that paper, it was shown that there are sub-
stantial changes between two sets of pair correlation
functions even at room temperature, the first set of
results being calculated at the beginning of the tra-
jectory created via quench from the liquid state (the
first 5 ps) and the second over the last 12 ps. The
above rationale applies also to the FPMD models
proposed by Jarolimek et al [6] on hydrogenated
amorphous SiN. Leaving aside the non impactful
presence of hydrogen on the final structure [5], the
thermal history of the amorphous system features
a final step at 300 K lasting only 0.5 ps. This re-
sults in insufficiently accurate structural properties
and, again, on possible fingerprints of higher tem-
peratures still affecting the network topology due
to incomplete relaxation.

Given these premises and by having in mind the
production of fully relaxed amorphous SiN system
at room temperature allowing for a reliable calcu-
lation of thermal properties, we have planified a
FPMD strategy expected to be based, in princi-
ple, on the Car-Parrinello [§] framework only. Our
final outcome is twofold since a) we are able to pro-
vide robust information (on trajectories lasting 50
ps) on the structural properties of amorphous SiN
at room temperature via a reliable thermal cycle
and b) we can describe how to circumvent the in-
adequacies of the Car-Parrinello methodology en-
countered at high temperatures by switching to the
Born-Oppenheimer approach. The reasons under-
lying the use of an alternative FPMD scheme and
its practical implementation have to be considered,
by themselves, instructive achievements obtained in
the context of FPMD simulations of disordered sys-
tems.

The paper is organized as follows. Our method-
ology is described in two sections, the Sec. de-
voted to the implementation (theoretical frame-
work, technical details of the calculations) and the
Sec. to a reminder of some conceptual issues
related to the choice of the FPMD scheme. The
temporal trajectories are detailed in Sec] The
structural analysis of amorphous SiN is presented in
Sec. p| that comprises three parts, reporting on the
partial pair correlation functions, the coordination
units and one specific representation (the Bhatia-
Thornton) for the partial structure factors. Con-
clusive remarks are collected in Sec.
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Figure 1: Atomic models of amorphous SiN containing
N=252 and N=340 atoms. Lg, Ly and L. are the dimen-
sions of the box in the three directions.

2. Calculations methodology I: setting up
the models

Periodic atomic models containing N=252 and
N=340 atoms are built at the experimen-
tal density of 2.98 g cm™3 [5]. The cells
are orthorombic with dimensions 10.0x20.0x15.0
A3 and 10.0x20.0x20.0 AS3. These values
are selected to ensure proper application of
the approach-to-equilibrium molecular dynamics
(AEMD) methodology[9, 10, 1T, 02, 2 13]. The
models employed are shown in Fig. [T}

Within DFT, one has to make a choice for the
exchange-correlation part of the Kohn-Sham total
energy expression. We selected the exchange for-
mula proposed by Becke [14] and the correlation one
of Lee, Yang and Parr [I5] (BLYP). Valence-core
interaction are described by norm-conserving pseu-
dopotentials as prescribed by Troullier and Martins
[16]. Valence electrons are represented by a plane-
wave basis set compatible with periodic boundary
conditions, with a cutoff of 50 Ry, and expanded at
the I" point only. For the Car-Parrinello scheme, the
mass of the fictitious electronic degrees of freedom
was set to 800 a.u. and the time step to 5 a.u. (0.12
fs) to achieve optimal conservation of the constants
of motion. The ionic temperature was controlled
with a Nosé-Hoover [I7, [I8] 9] thermostat chain
[20]. At the beginning of our simulations, atoms
are positioned randomly by making sure that un-
physical configurations are avoided. We have taken
advantage of a conspicuous set of disordered sys-
tems considered in recent years to select plausible
initial configurations [21] 22] 23]. However, a ther-
mal cycle at high temperatures (temperatures at
which the atoms diffuse substantially over afford-

able intervals of time) has to be implemented to
loose memory of the initial configuration and at-
tain a liquid phase from which to begin quenching
toward an amorphous state.

3. Calculations methodology II: choosing
the appropriate FPMD scheme

Atomic trajectories are created in the framework
of FPMD by resorting to two different and yet com-
plementary methodologies. The first is the Car-
Parrinello (CP) [8] method, based on a Lagrangian
that depends on both ionic positions and fictitious
electronic degrees of freedom (also termed in what
follows “electronic” variables) carrying a fictitious
mass. We recall that this latter set of degrees of
freedom (not to be mistaken for the actual elec-
trons) evolves in time by following adiabatically
the movement of the ions, thereby greatly reduc-
ing the computational cost since no minimization
of the electronic structure is needed at each time
step of the ionic evolution. The search of the elec-
tronic ground state is replaced by an adjustement
of the “electronic” variables that follow their own
equations of motion with a fictitious mass (much
smaller than the ionic one) so as to ensure self-
consistency. Since by “adiabatically” one means
that no energy is transferred from the “electronic”
to the ionic degrees of freedom, this methodology
stands as the optimal choice in case of systems ex-
hibiting a band gap at the temperatures of inter-
est. Should this not be the case, the adiabatic con-
ditions cannot be satisfied on arbitrarily extended
time trajectories by leading to a breakdown of the
whole methodology, at least in its original formula-
tion. When this happens, one has to resort to the
Born-Oppenheimer (BO) approach (inspired by the
seminal work ubiquitously referred to in any text-
book of quantum mechanics [24]) that consists in
a dynamical evolution of the ions under the action
of forces calculated, for each time step, at the elec-
tronic ground state. Unlike in the CP method, no
introduction of fictitious electronic degrees of free-
dom is needed by allowing, in principle, the use of
larger time steps for the dynamical evolution, the
only dynamical frequencies to be handled being the
ionic ones. It should be stressed that there are no
restrictions to the strategy of running a full FPMD-
BO set of calculations at any temperature, despite
the fact that the conservation of the total energy
is somewhat affected by the search of the ground
state electronic structure at each time step. Also,



the extent of the time step in BO can affect the
overall computational effort by preventing, in spe-
cific situations, any gain with respect to the CP al-
ternative. Overall, the comparable efficiency of the
two methodologies is still contentious and do not
need to be further considered here. In this paper
we employ both schemes because the second (BO)
allows working at ionic temperatures not accessible
to the first one (CP), this combined choice confirm-
ing the validity of both. We exploit the CP and
BO implementations coded in the developers ver-
sion 4.3 of the CPMD code [25]. For a description
of their conceptual framework and technical imple-
mentation see Ref. [26].

4. Dynamical evolutions

Having established that the production of an
amorphous state requires the availability of a liquid
structure bearing no memory of the initial condi-
tions, we started increasing slowly the temperature
as illustrated in Fig. [2] for the system with N=340
atoms. The mean square displacement of the Si
and N atoms along the trajectory for temperatures
above 900 K (inset of Fig. remains below 2 to
3 A? even when the temperature is increased up to
1600 K. At this temperature the diffusion coefficient
is = 5x1077 cm? s~ !, in line with the results of Ref.
[5] reporting 5x 1075 cm? s~1 at 2500 K. Therefore,
it appears that enhanced mobility typical of a lig-
uid state can only be obtained via a further rise of
the temperature. However, at T= 2000 K one be-
gins facing the intrinsic limits of validity of the CP
methodology, since the kinetic energy of the ficiti-
tious electronic degrees of freedom tends to diverge
in time (bottom part of Fig. [3) and to behave non-
adiabatically [27] as it does, instead, at T=300 K
(top part of Fig. . The observed phenomenon can
be ascribed to gap closing in the electronic density
of states as shown in Fig. [

For these reasons, we turned to the Born-
Oppenheimer FPMD methodology to be able to
work at higher temperatures while ensuring that
the electronic structure of the system follows the
self-consistent solution of the Kohn-Sham equa-
tions. The BO part of the full FPMD thermal cy-
cle is indicated in black in the temperature vs time
plot of Fig. From the technical point of view,
we found convenient to start the BO dynamics at
T= 1500 K in order to optimize the simulation pa-
rameters before increasing the temperature to 2500
K. The most appropriate choices for the time step

and the level of convergence AFE}. of the electronic
structure at its ground state were set to 100 a. u.
and 2x107% a. u. respectively. This leads to an
acceptable compromise between the computational
effort and the conservation of the total energy, fluc-
tuations being smaller than 5x10~4. We note that
the BO framework allows a time step much larger
than the CP one. However, a non negligible time is
spent to reach the electronic ground state for each
ionic configuration, since the conservation of the
total energy was found very much dependent on
the value of AF;y and it can rapidly worsen for
larger values of it. At T'= 2500 K the mean square
displacements range in between ~3 and ~6 A2 for
N and in between ~4 and ~8 A? for Si (inset of
Fig. . Note that the higher diffusion of the Si
atoms is expected since the SiN network lies on the
Si rich side of the concentration range, leading to
Si atoms in homopolar bonds having higher mobil-
ity than when connecting to four N atoms. From
this point on, the quenching schedule is performed
entirely in the CP framework by lowering the tem-
perature first at the highest value compatible with
this methodology (T = 2000 K) and then down to
T = 300 K for a total duration of ~ 175 ps, i.e.
a quench rate of 12 K/ps. The structure obtained
is termed 340-BO. A second structure (system 340-
CP) is also produced by using the CP methodology
and beginning to quench at 2000 K, with a longer
trajectory at T= 1500 K (45 ps). The correspond-
ing quench rate is equal to 10 K/ps, which falls in
the acceptable range to ensure a good quality of the
amorphous phase at least for Si-based system [28].

A similar approach is applied to the simulation
cell containing 252 atoms. The ramp up is per-
formed in Car-Parrinello molecular dynamics up to
T = 2000 K, by switching to the BO one at T =
2500 K during 10 ps to boost ion diffusion. The
temperature is then decreased to 300 K in 110 ps
for the fast (f) quench (system 252-f) or 170 ps for
the slow (s) quench (system 252-s).

5. Structural characterization of the models

5.1. Partial pair correlation functions

The partial pair correlation functions (PCFs)
gsisi(r), gnn(r) and gsin(r) calculated for the four
amorphous systems are shown in Fig. Over-
all, the four sets of PCFs share the same features,
as confirmed by the positions of the peaks and the
coordination numbers n,g reported respectively in
Table [[ and
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Table 1: Nearest neighbors distances in A between Si-N, Si-
Si and N-N atoms in amorphous silicon nitride.

Si-N Si-Si N-N
1st 1st ‘ 2nd 1st 2nd
SigNy exp.
Ref. [29] || 1.75 — 3.00 | — | 3.00
Ref. [30] || 1.73 — 3.01 | — | 3.00
SiN present work (£ 0.02 A)
252-f 1.76 | 2.33 | 299 | — | 2.86
252-s 1.76 | 2.33 | 3.04 | — | 2.86
340-CP 1.76 | 2.30 | 3.00 | — | 2.87
340-BO 1.76 | 2.33 | 3.00 | — | 2.81
SiN previous results
Ref. [5] 1.75 | 2.38 | 3.02 | — | 2.89
Ref. [6] || 1.745 | 2.352 | 3.030 | — | 2.854

Table 2: Coordination numbers n,g obtained by integrating
up to the first minima of the pair correlation functions g, g(r)

| nsin | nsisi | nan
Present work
252-f 3.02 | 1.19 | 0.0
252-s 3.02 | 1.14 | 0.0
340-CP || 3.02 | 1.12 0.0
340-BO || 3.02 | 1.12 | 0.0
Chemically ordered network
[ 5 [ 1 ]o
Previous results
Ref. [5] || 2.99 | 1.01 | 0.0
Ref. [6] || 2.90 | 0.88 | 0.0

The Si-N distance is equal to 1.76 + 0.02 A, in
agreement with the values reported in Refs. [5] and
[6]. The value corresponds to the distance in the
stoichiometric materials as measured in Refs. [29)
and [30]. The first peak of the gsin(r) has very close
amplitudes and widths in our four models, while
gsisi(r) has a double peak, centered at 2.32 + 0.02
A and 3.00+ 0.02 A as average values. The coordi-
nation numbers corresponding to the integration of
these peaks up to the first minimum are reported
in Table There is no first Si-Si peak to com-
pare with in the stoichiometric SizN4 as observed
in Refs. [5] and [6]. Note that the available Si-Si
distance of amorphous SiN found in those studies is
slightly larger than in our case (2.38 A and 2.35 A
vs 2.32 A in average). The second peak of gg;g;(r) is
located at the distance defining the second shell of
neighbors in SigNy, ~ 3.0 A for all models. gnn(r)
has a single peak, but we label it “2"d dist” in Ta-

ble[I]since it is not a signature of nearest neighbour
positions (= 1.6 A) observed in overstoichiometric
silicon nitride [5]. In our model, the average N-N
distance is equal to 2.85 A this values being slightly
lower (2.81 A) for the model 340-BO.

5.2. Coordinations

The coordinations numbers n,g compiled in Ta-
ble 2] are similar for the four models. They are
close to the values obtained within the chemically
ordered network model (CON). The notion of CON
in disordered materials deserves some more expla-
nations, since it is based, for each concentration,
on the existence of bonds between atoms of the
same or different chemical nature, so as to maximize
the number of heteropolar ones. When considering
SizNi_, systems, stoichiometry is ensured when x=
3/7 and, in this case (Si3Ny), a perfect chemical
order occurs when each Si atom has four N neigh-
bors and each N atom has three Si neighbors, with
neither Si—Si nor N—N homopolar bonds. Moving
out of stoichiometry at the x=0.5 concentration,
the chemically ordered network (CON) model im-
plies that only Si—N and Si—Si bonds are allowed
for > 3/7 while the opposite would be true (Si—N
and N—N bonds allowed) for z < 3/7.

The coordination numbers are close to those ob-
tained in Refs. [5] and [6], although the numbers are
slightly smaller in the presence of hydrogen (Ref.
[6]). In order to elucidate the environment of Si
and N atoms, one has to focus on the coordinations
in more details via the individual n,(l) structural
units, where an atom of species « (say, Si or N) is
[—fold coordinated to other atoms, not all of them
necessarily belonging to the same species.

Within this notation, 1N2Sing;(3) refers to Si
atoms connected to 1 N atom and 2 Si atoms while
4Nng;(4) corresponds to Si atoms connected to 4 N
atoms. Therefore n, (1) is the number of atoms of
a given species that are coordinated to [ atoms, the
average being calculated over the entire trajectory.
By calculating n,(l) one has access to more infor-
mation than the one conveyed by the coordination
numbers, since the entire range of the interatomic
distances (accessible to the periodic box) becomes
available. This allows describing the coordination
environment of species a at any r. All neighbors of
any kind within a sphere of radius r are included in
the counting of the interactions that concur to the
calculations of ng/(1).

For the system 340-BO, Fig. [6] gives nq(l) for
=1, 2, 3, 4 and 5 and o= Si or N within a range



of relevant interatomic distances. The results are
averaged over the final step of the thermal cycle at
300 K (&~ 50 ps). In the case of N, the overwhelm-
ing majoity of atoms are threefold coordinated over
the range comprised between 2 A and 3 A. At short
r, nn(1) and ny(2) are also non negligible, as it oc-
curs for nx(4) and nn(5) when r approaches the
first minimum of gnn (7). These results are com-
plemented by those shown in Fig. [7] where it ap-
pears clearly that the structural motif accounting
for nn(3) is 3Sinn(3). The atoms of species N be-
have largely as in stoichiometric SigNy , i. e. they
form three bonds with silicon atoms. Note that
the plateau in ny is consistent with the behavior
of ggin(r), featuring values very close to zero in be-
tween 2 and 3 A.

In the case of Si, ng;(4) is the dominant coor-
dination unit (Fig. @ The pattern recorded for
nsi(1) and ng;(2) corresponds to the shortest bonds
formed with the nearest neighbours, while ng;(5) is
related to Si neighbors of the second shell as shown
by the peak at 3 A on gsisi(r). Being responsible
for the largest contributions of Si, the coordination
units ng;(3) and ng;(4) are worth some close atten-
tion by referring to Fig. By looking at ng;(4)
(top part of Fig. , it appears that there is a large
amount of Si atoms coordinated to four N, as in
the stoichiometric material. The shape of ng;(4) is
remindful of nx(3) (Fig. [7). In addition, Si is also
found in 3N1Sing;(4) configurations, these occur-
ring at larger distances since involving the Si neigh-
bors that account for first peak of gg;si(r) (2.33 A).
In order to understand how these features can co-
exist, let us look at the various mg;(3) units (bot-
tom part of Fig. . The predominant structural
unit is 3Nng;(3). This threefold Si coordination,
standing out in Fig. (bottom part), is in real-
ity part of a fourfold Si coordination made of 3 N
atoms at typical Si-N distances (1.76 A) and one
Si-Si bond at a larger distance (2.33 A). This is ex-
actly what it was found via the observation of the
top part of Fig. It remains true that in addi-
tion to this 3N1Sing;(4) unit, Si atoms can also be
found in a sizeable proportion of 4Nng;(4) units as
in the stoichiometric material. Also, other units like
2N2Sing;(4), 1N3Sing;(4) and, in vary small propor-
tions, 4Sing;(4) can also be encountered.

The distribution of the various occurrencies for
the different coordination units ng;(4) is given in
Fig. [0] The calculation was performed for the four
systems. The results are comparable and do not de-
pend either on the size or on the details of the ther-

3
27 SiSi |
(%)) [ -
c 1+ 1w AV Nemman
9 | ! //
LA
p=] T T T T T T
S ‘ 340-BO ——
2 10¢ 340-CP T
> 252 f —
& 5¢ 252-s SiN -
(&)
‘T e~ ]
L L e S—
= i |
£ 4 ﬂ
n(? |
2| “ \ NN |
//‘\\\ =
J — o
\3-\:/5 e
O L / | | | | |
1 2 3 4 5 6 7 8
r(A)

Figure 5: Partial pair correlation functions of the four models
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ered is 340-BO at 300 K.

mal cycles. Between 35 and 41 % of Si atoms are
coordinated to 4 N atoms as in the stoichiometric
material. The remaining Si atoms form homopo-
lar bonds with the excess Si atoms, the number of
neighbors of the same kind including up to four con-
nections. While this feature was also in Ref. [5])
there is no compelling reason to interpret it as a
signature of phase separation. This would imply a
sharper split of ng;(4) in two or three sub-categories
(4Nnsgi(4) against 4Sing;(4) or 1N3Sing;(4)) as op-
posed to the four distinct classes observed in which
both N (heteropolar bonding) and Si (homopolar
bonding) coexist as neighbors of Si. The presence
of Si and N as neigbors of Si proves that the dif-
ferent units are cross-linked thereby preventing the
formation of two topologically distinct networks.

To summarize on the coordination units of our
amorphous system, our network is chemically or-
dered (as shown in Tab. [2| by comparison with the
chemically ordered network model (CON)) and it
features N atoms mostly coordinated with four Si
atoms, while Si atoms accomodate to a large extent
in two structural units, by forming bonds with four
N atoms or with three N atoms and one Si atoms,
located at larger distances.

5.8. Bhatia-Thornton partial structure factors

In addition to being complementary to pair cor-
relation functions, partial structure factors provide
information on the existence of extended order be-
yond nearest neighbors (intermediate range order).
This manifests itself through the appearance of a
peak at low k values (typically around 1 A=) lo-
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atoms. 4Nng;(4) (orange line), 3N1Sing;(4) (black line),
2N2Sing;(4) (red), 1N3Sing;(4) (green) and 4Sing;(4) Si
(blue). Bottom part: decomposition of ng;(3) by account-
ing for the chemical identity of the ! neighboring atoms.
3Nng;i(3) (black line), 2N1Sing;(3) (red line), 1N2Sing;(3)
(green line), and 3Sing;(3) (blue line) The system consid-
ered is 340-BO at 300 K.
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Figure 9: Fractions of the various environnments of fourfold
coordinated Si atoms in the four models and comparison
with the results obtained in Ref. [5]. The Si are pictured as
brown balls and the N atoms as blue ones.

cated at the left of the main peak. Several amor-
phous do exhibit such a feature, named FSPD (first
sharp diffraction peak), in the total and in some of
the partial structure factors, calling for a wealth of
interpretations of its atomic scale origin [31},[32]. In
addition to a description in terms of atomic species,
involving direct and cross correlations, expressed
via the set of the so-called Faber-Ziman structure
factors [33], one can focus on the notions of number-
number, number-concentration and concentration-
concentration partial structure factors, built in
the Bhatia and Thornton formalism [34]. In Fig.
we show the partial structure factors Snn(k)
(number-number), Sxc(k) (number-concentration)
and Scc(k) (concentration-concentration). These
can be obtained by linear combinations of the
Faber-Ziman structure factors [33] as follows, where
a= Si and f= N

SNN(k) = CaCaSaa(k)
+2CaCBSaﬂ(k) + 65655/3,3(/{) (1)

Snc(k) = cacs{ca(Saalk)
—Sap(k)) — cs(Spp(k) — Sap(k))}. (2)

Scc(k) = cacp{l + cacsl(Saa(k)
—Sap(k)) + (Sps(k) — Sap(k))]}- (3)

While Syn (k) is indicative of a global effect due
to all species, its significance being quite similar
to that of the total neutron structure factor com-
monly measured for amorphous systems, Sxc(k)
and Snc(k) reflects the different weigths of the di-
rect and cross structure factors, with peaks appear-
ing at given k when the system is sensitive to the
distinct chemical nature of its components. De-
pending on the relative sign of these contributions,
Snc(k) and Snc(k) can be either positive or neg-
ative, their trend following roughly opposite pat-
terns. Fig. refers to results obtained by Fourier
transformation of the pair correlation functions to
obtain first the Faber-Ziman partial structure fac-
tors and then converted into the Bathia-Thornton
expressions via Eq. [I, Eq. P]and Eq. [B| Averages
are taken over the four models produced (340-BO,
340-CP, 252-f, 252-s). Overall, it appears that our
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Figure 10: Bhatia-Thornton partial structure factors aver-
aged over the four models of amorphous SiN models (340-
BO, 340-CP, 252-f and 252-s) (line) and results from the
calculation of Ref. [6].

data are much less noisy than those obtained in
Ref. [0] due to the combined effect of much longer
trajectories and the use of a Fourier transforma-
tion, smoothing the data obtained directly in re-
ciprocal space. Based on what shown in Fig. [I0]
we found no particular marks of intermediate range
order in any partial structure factor, this meaning
that for distances beyond nearest neighbors there
are no correlation effects related to number and/or
concentration effects as expressed in Egs. [I} 2] and

3]



6. Conclusion

The structural properties of amorphous SiN,,
x = 1 have been obtained by exploiting two first-
principles molecular dynamics (FPMD) methodolo-
gies on periodic cells of 252 and 340 atoms. In
this respect, this work has a twofold importance,
since an accurate structural analysis is obtained via
a careful choice of the best suited theoretical ap-
proach, providing an instructive example of com-
bined use of FPMD methods for disordered sys-
tems. Four models have been constructed by ap-
plying different thermal cycles aimed at producing
an amorphous configuration at room temperature.
Our calculations improve upon previous FPMD re-
sults due to unprecedented lengths for the temporal
trajectories composing the thermal cycle and the
attainment of a network configurationally arrested
precisely at room temperature. In order to loose
memory of the initial configuration and produce
a melted disordered state, we increased the tem-
perature up to T=2500 K, thereby facing intrin-
sic drawbacks due to the Car-Parrinello method-
ology (lack of adiabaticity for the combined elec-
tronic/ionic evolution scheme). For this reason, we
resorted to the Born-Oppenheimer approach that
allowed us to produce trajectories sampling ade-
quately the phase space so as to obtain significant
atomic mobility. Then, the systems are carefully
quenched to room temperature with a quench rate
of 10 K/ps. The analysis of the structure shows
that the N atoms have the same environment than
in the stoichiometric material SigNy, i.e. they form
three bonds with Si atoms. Si atoms are found in a
variety of configurations, ~ 30 % of them being co-
ordinated to four N as in SigN4. When found in the
fourfold coordination, Si exhibits also homopolar
connections characterized by bond distance larger
than in the heteropolar case.

Overall, our results on the atomic structure of
amorphous SiN do not differ substantially from
those obtained in Ref. [6] and Ref. [5]. However,
Ref. [B] suffered from a lack of data on the amor-
phous structure at room temperature, being based
on the assumption that one can describe such topol-
ogy by ending the simulations at T= 2000 K. Con-
cerning the results of Ref. [6], they were obtained
by exploiting a very short relaxation trajectory at
room temperature, thereby preventing the system
for any residual structural relaxation. Based on
these considerations, the overall agreement between
the present set of results, based on much longer
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temporal evolutions, and those already available is
by itself an interesting outcome. In any event, this
should not be taken as an indication that statisti-
cal accuracy is unimportant for this specific system.
We do prefer to point out the superior validity of
our approach that is based on an unprecedented
sampling of the phase space at different tempera-
tures and allows fully exploiting the versatility of
first-principles molecular dynamics methods. For
these reasons, they are well suited to pave the way
to investigations devoted to the thermal behavior
of this disordered system.
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