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The atomic and electronic structure of amorphous silicon nitride
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Using a novel approach to theb initio generation of random networks we constructed two nearly stoichiometric samples of amorphous
silicon nitride with the same contemt=1.29. The two 64-atom periodically-continued cubic diamond-like cells contain 28 silicons and 36
nitrogens randomly substituted, and were amorphized with a 6 fs time step by heating them to just below their melting temperature with a
Harris-functional based, molecular dynamics code in the LDA approximation. The averaged total radial distribution function (RDF) obtained

is compared with some existing Tersoff-like potential simulations and with experiment; ours agree with experiment. All the partial radial
features are calculated and the composition of the second peak also agrees with experiment. The electronic structure is calculated and the
optical gaps obtained using both a HOMO-LUMO approach and the Tauc-like procedure developed recently that gives reasonable gaps.

Keywords:Amorphous semiconductors; radial distribution functions; amorphous silicon nitride.

Utilizando un enfoque innovadab initio para la generacin de redes eststicas, hemos construido dos muestras casi estegtrioas de
nitruro de silico amorfo con el mismo contenide= 1.29. Las dos celdas de Gtomos, @bicas tipo diamante, con condiciones pditas,
contienen 28 silicios y 36 nibgenos substituidos al azar y fueron amorfizadas caimestepde 6 fs caleréindolas hasta una temperatura
justo abajo de la de fusin, con un édigo de dimmica molecular, en la aproximacin LDA, basado en la funcional de Harris. Labfudei
distribucibn radial (RDF) total obtenida se compara con simulacior&esaas que utilizan potenciales tipo Tersoff y con el experimento; las
nuestras concuerdan con el experimento. Se calculan todas las ¢stiaeteradiales parciales; la compogitdel segundo pico concuerda
tambén con el experimento. La estructura elénica tambén se calcula y las brechapticas obtenidas, utilizando tanto un enfoque
HOMO-LUMO, como el procedimiento tipo Tauc que desai@mos recientemente, dan brechas razonables.

Descriptores:Semiconductores amorfos; funciones de distribneadial; nitruro de silicio amorfo.
PACS: 71.23.Cq; 71.15.Pd; 71.55.Jv

1. Introduction ing the systems without recourse to classical potentials that,
. . , , , ) . by necessity, leave out interactions and correlations proper to

Silicon nitride (SN, or SiNi 33) is & very important ceramic  the quantum entities that form the systems. Howeverathe

due to its chemical, mechanical and electronic properties. It techniques are the way to go whenever good qualitative

is chemically inert and due to its superior mechanical properyniversal results are required and whenever new parameters

ties at high temperatures has been used in engine componeR$, needed for the above-mentioned approximate techniques.
and cutting tools 1, 2]. Also, due to its high dielectric con- i shortcoming are the large computer resources needed to
stant and large electronic gap it has been used in microelegp ) with cells of several hundred atoms that would make the
tronic devices §]. Amorphous silicon nitride has all these yeoqcription of the electronic and atomic structures of amor-
properties plus isotropy, due to its random nature and thereﬁhous semiconductors more inclusive.
fore it is also a very useful material. However, characteriza-  Recent work has demonstrated, nevertheless, that the ap-
tion of the atomic and electronic structure of the amorphougjication ofab initio techniques to the generation of random
phase has proven to be a very difficult task. networks of C, Si, Ge and SiNg [4] anda-Si:H, [5] us-
There are two main lines that have been followed ining only 64-silicon atom cells, plus hydrogens, is reasonable.
studying amorphous solids. The first line is the use of clusNo doubt, being able to handle a sample with more than 64
ters to simulate the structure of the materials; the advantagetoms would allow us to study non-microscopic defects like
is that one can construct clusters with specific arrangementarge voids, for example, but the results found are encour-
to closely resemble the structures found in random solidsaging. We believe the success of our method is due to two
the disadvantage is that clusters intrinsically have boundarfactors: first we amorphize the cell at temperatures just be-
effects not found in real solids. The second line is the usdow its melting point; in this manner we avoid the generation
of supercells that are amorphized and repeated periodicallgf undesirable structures that are generated when samples are
to simulate the extended solid, but in general the resultindiquified first and solidified next. Second, we use a quantum
structures can not be controlled. The calculational effortscode based on the Harris functional that incorporates “quan-
have evolved along two avenues. On the one hand there tsm” forces as derivatives of the energy in the Harris func-
the classical modeling of interatomic potentials that have pertional and is less demanding than the self consistent methods
mitted the study of large cells of pure elements, with tens ofassociated to the Kohn-Sham technique. It is knoéhtHat
thousands of atoms. On the other hand there are the quantuime melting temperature afSiis250° C lower than the melt-
methods, parameterized aath initio, that aim at describ- ing temperature o€-Si and therefore we expect to be above
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the melting temperatures of the respective amorphous phas#ens by de Britoet al. [17] produced total RDFs that are the
by staying just below the melting temperatures of the cryssubject of comparison with ours.
talline counterparts. In what follows we present the firgth initio generated

It is clear that, in principle, a full theoretical description random networks for two structures of amorphous silicon ni-
of the properties of an amorphous solid depends on a coniride.
plete knowledge of the atomic structure. However, for thes Method
solids there are an infinite number of possible structures and”

the best we can do to characterize their atomic arrangeme@ur two amorphous samples of silicon nitride were gener-
is to use the radial distribution function (RDF), also known asated using a new approach that leads to structures with re-
the pair distribution function. Defined dsr2p(r)dr, where  glistic partial and total RDFs and with realistic optical gaps
p(r) is the density of particles at point the RDF gives the as well [18]. We useFast StructureSimAnn [20], (Fastfor
average number of pairs of atoms separated by a distance bshort) a DFT molecular dynamics code that is based on the
tweenr andr+dr. A given structure generates a well defined Harris functional 1], and optimization techniques with a
RDF but a given RDF corresponds to many atomic structuregast force generator to allow simulated annealing/molecular-
that is, there is not a one to one correspondence betweendgnamics studies with quantum force calculatior2g] [ We
given structure and its corresponding RDF. use the LDA parameterization due to Vosko, Wilk and Nu-
The experimental and theoretical activity prior to 1990sair [23] throughout. The core is taken as full which means
is well documented in a paper by Robertson where pertithat an all electron calculation is carried out, and a minimal
nent references can be found].[On the experimental side, basis set of atomic orbitals was chosen with a cutoff radius
as early as 1976, Voskoboynikat al [9] studied some of 5A for the amorphization and & for the optimization. In
RDFs and optical gaps of silicon-rich silicon-nitrogen films order to better simulate the dynamical processes that occur
as a function of the gas ratio. It was then observed that thih the amorphisation a time step of 6 fs was used. The forces
gaps increased as a function of the nitrogen content; the filmare calculated using rigorous formal derivatives of the expres-
seemed to contain hydrogen and large clusters of silicorsion for the energy in the Harris functional, as discussed by
Their optical absorption curves already indicated pronouncedin and Harris P4]. For each atom, one function is used to
tails for nitrogen rich samples. Experimental radial distribu-represent the core part of the density and one to represent the
tion functions are scarcel ()] and only total ones for the sto- valence density. The type of orbital basisRastare: mini-
ichiometric amorphous composition exist1]. A gaussian- mal (the orbital basis consists of atomic orbitals occupied in
based decomposition of the second peak of the total RDF intthe neutral atomsp-valence type)standard(broadly equiv-
its partial contributions is carried out by Misawaal. [12]. alent to a DN basis sett; e., to a Double Numeric basis set)
Electronic structure studies ofa-SiN,, in the andenhancedbroadly equivalentto a DNP basis set., to
range0 < z < 2, were performed by Krcheret al. [13] a Double Numeric set together with Polarization functions).
using X-ray photoelectron spectroscopy where the valenc&he evaluation of the 3-center integrals that contribute to the
band was thoroughly analyzed and the Si-N bonding studiednatrix elements in the one-particle Schrodinger equation is
It has now been established that the optical gag-8fN,.:H the time-limiting feature oFastand each is performed using
increases as increases, slowly at first, and close to the sto-the weight-function method of Delley2}].
ichiometric compoundy = 4/3 = 1.33, it attains its largest To test the adequacy of the amorphous structures obtained
values [10]. There are some experimental results for the op-with Fastwe used it to calculate the size of the crystalline cell
tical gaps of non-hydrogenated amorphous silicon-nitrogemf 3-Si;N4 that minimizes the energy at tiiepoint using or-
alloys reported by Sasakt al. [14] and Daviset al. [10], bital basis of theminimaltype. Figure 1. shows the results
and the conclusions are similar. of such calculation. The experimental crystalline volumen is
Ordepn and Yndugin [15] do non-parameterized calcu- given by 145.92083, [26] whereas the calculated volumen
lations ofa-SiN, where the equilibrium positions of Siand N is 146.797A3; a deviation of 0.6%. This indicates th@ast
atoms in clusters are ported to the alloy network constructe@ adequate to deal with silicon nitride.
ad hoc They obtain a wealth of information including op- It has become increasingly clear that quenching from a
tical gaps, but no RDFs; however, tetrahedral coordinationmelt generates undesirable structures, so we took a differ-
of the silicon atoms and threefold planar coordination of theent path {]. We amorphized the crystalline diamond-like
nitrogen atoms isssumedhroughout, with interatomic dis- structures with a total of 64 atoms in the cell, 28 silicons
tances of 2.3 for Si-Si and 1.74-1.7@ for Si-N; compare  and 36 randomly substituted nitrogens, Fig. 2a by heating
to the crystalline values: 2.35% for Si-Si and 1.71-1.7&  them up, linearly, from room temperature to 2162 K, just
for Si-N [16]. A general characteristic of practically all cal- below their melting point, and then cooling them down to
culations/simulations done up to date is that gap states, whéhK. The heating/cooling rate for the stoichiometric cells was
considered, are introduced either by hand, progressively re3.11 x 10'°K/s. Using cells with 27 silicons and 37 nitrogens
placing Si by N, or by the algorithms that generate the ranwould have given a content of 1.37, above 1.33 the stoichio-
dom networks,unlike the procedure reported in our work. metric one. The atoms were allowed to move within each cell
Recent semiempirical classical molecular dynamics simulawhose volume was determined by the density 3.115 gtm
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taken from the experimental results of Gurayal. [10], and
periodic boundary conditions were always used. Once this

first stage was completeBastwas used to subject each cell \k
to annealing cycles at 300 K with intermediate quenchings
down to O K. Finally the samples were energy-optimized to
make sure the final structures would have local energy min-
ima. One final random structure is shown in Fig. 2b.It has
become increasingly clear that quenching from a melt gener-
ates undesirable structures, so we took a different pdih [
We amorphized the crystalline diamond-like structures with a
total of 64 atoms in the cell, 28 silicons and 36 randomly sub-
stituted nitrogens, Fig. 2a by heating them up, linearly, from
room temperature to 2162 K, just below their melting point, :
and then cooling them down to 0 K. The heating/cooling rate "
for the stoichiometric cells wak 11 x 10'°K/s. Using cells }
with 27 silicons and 37 nitrogens would have given a con- oy
tent of 1.37, above 1.33 the stoichiometric one. The atoms \ﬁ : e s ...
were allowed to move within each cell whose volume was (a) \F i =

determined by the density 3.115 g chtaken from the ex- /

perimental results of Guraya al, [10] and periodic bound-
ary conditions were always used. Once this first stage was
completed,Fast was used to subject each cell to annealing
cycles at 300 K with intermediate quenchings down to 0 K.
Finally the samples were energy-optimized to make sure the
final structures would have local energy minima. One final
random structure is shown in Fig. 2b.

Both the cutoff radius 7] and the completeness of the
orbital set play a role in simulations. In a previous woilg][
we have established that the best combination for these alloys
is to use the minimal basis set throughout with a cutoff radius
of 5 A for the amorphization and & for the optimization.

—2165.5

- = FIGURE 2. (@) Initial (crystalline supercell), and (b) final (amor-
Minimun phous supercell) structures for silicon nitride.

3. Results and discussion

Energy (Ha)

Our objective is to generate realistic amorphous structures of
amorphous silicon nitride and not, in any way, to mimic the
experimental processes used to produce these alloys. Since
the atomic topology determines the electronic properties of
the amorphous samples any understanding of the RDFs and
IR the atomic distribution in the random networks is relevant for
120 130 140 150 160 170 180 the characterization of the electronic and optical properties of
amorphous materials.

Vol A
olume ( ) The total RDFs for the total and partial RDFs for each of
FIGURE 1. Energyvsvolume for crystalline3-SisN, obtainedwith  the two silicon nitride supercells are calculated and are then

Fastand experimental values taken from Wétlal. [26]. The vol- averaged. The averaged total and partial RDFs for the stoi-
umes agree to within 0.6%. chiometric content are given in Fig. 3. In the partial features

Crystal Value Qur Simulation
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FIGURE 3. Total and partial RDFs for stoichiometric silicon ni-
tride. The Si-Si, Si-N and N-N partials can be observed. Total and & de Britoetal. L
partial RDFs for stoichiometric silicon nitride. The Si-Si, Si-N and E—— ~

N-N partials can be observed. with X = 1.33

Experimental

one can see the size of the Si-Si, N-N and Si-N peaks and
their influence on the total RDF. These curves are plotted as
they arej.e., as the number of atoms at a certain radial dis-

tance from a given one, normalized to the density of the bulk
material.

Figure 4. shows the comparison of our results for silicon - -
nitride with the experimental oned 1] and also the compar- '
ison of de Britos classical simulations with experimemt]] 1y
It can be seen that our work agrees very well with experi- 012 3 4 5 68 % B8 910
ment. A very stringent test for our method is the composition
of the second peak of the total RDF obtained from the sim- I'(A}
ulation and the experimentally ‘guessed’ compositiar2] [

This is given in Fig. 5. where it can be observed that our sim- o )

ulation not only agrees with experiment, but improves on it/ GURE 4. Total RDFs for the stoichiometric samples. (a) Com-
. . . arison of our simulations with experiment 1]. (b) Comparison

since it reflects the real structu.re of this peak due Fo the fg f de Brito’s simulations with experiment {].

that wedo notassume a gaussian shape, as experimentalists

do. It can be observed that the second peak is formed by the

second neighbor contributions of mainly the N-N and Si—Siand the HOMO. and the value obtained is 3.5 eV. small com-
partials and to a lesser extent by the Si-N partial. Our simula: ared to the experimentally reported ones. That is why we

tion also predicts that the third peak is essentially due to th eveloped a novel approacts] to the calculation of the op-

Si-N partial with a small contribution from the N-N partial, o5 gans along the lines of the Tauc method, popular among
Fig. 3.; unfortunately there are no experimental findings for, e experimentalist. In brief, one characteristic feature of op-
comparison. . tical absorption in amorphous semiconductors is that certain
In Fig. 6. we present the density of states (DOS) curvegglection rules, which apply to optically induced transitions
calculated withFastat thel” point, and an enlargement near i, crystalline materials, are relaxed. For interband absorption

the gap region. It can be seen that there exist gap states thg following assumptions are commonly made]]
are the result of the dangling, floating or strained bonds in

the amorphous material. If we look at the highest occupied (a) The matrix elements for the electronic transitions are
molecular orbital (HOMO) and the lowest unoccupied molec-constant over the range of photon energies of interest and are
ular orbital (LUMO) we can define a gap as the LUMO- given byD = 7(a/9)'/?, wherea is the average lattice spac-
HOMO, that is, as the energy difference between the LUMOIng ands2 is the volume of the specimenq].

g(r) Total
2

T T T T T T T
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FIGURE 5. Comparison of the (a) simulated, (b) X-Ray deter-
mined and (c) neutron-determined experimental results for the secs
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FIGURE 6. Density of states for the two samples of silicon nitride
obtained at thd” point. The insert shows a blow up of the gap
region where gap states can be observed.

where the integration is over all pairs of states in the valence
and conduction bands separated by an engxgy19]. n, is
the refractive index.

For amorphous tetravalent semiconductors this leads to
the well known relationship/a(w)hw = const.(hw — Ey)
obtained by Tauc 7] under the assumption of parabolic
bands, formula that has been used extensively by experimen-
talists to obtain the optical gaB, by plotting \/a(w)Aw vs
(hw — Ey). Sincea is proportional to the fraction of energy
lost by the wave on passing through the material this implies
that it is proportional to the number of electronic transitions
from the valence to the conduction bamg,(/w). So plot-
ting v/ V; (hw)Aw instead of,/a(w)Aw should give the same
type of behavior as experimentally observed although with a
different slope; however, the intersection with the horizontal
hw axis, the optical gagy, remains unaltered. This is pre-
cisely what we do: we look at the intersection of the linear
fit to the \/N;(fw)hw data to find the optical gap. When
this approach is applied to amorphous silicon nitride, the ob-
tained average result 4.95 eV is more along the lines of the
gap values reported experimentallya].

ond peak of silicon nitride; the agreement is excellent. Our results
show that the Si-N partials are important.

(b) Thek-conservation selection rule is relaxed.
Under these conditions, the optical absorption coefficient

for interband transitions is given by

8rie?hla

ne,cm2w

/Nv(E)Nc(E + hw)dE

4. Conclusions

We have generated random networks for silicon nitride us-
ing the newly developed thermal procedurg 5] and anab
initio approach based on the Harris functional. Our simu-
lated radial distribution functions agree very well with exper-
iment. The total RDF for amorphous silicon nitride agrees
very well with the only existing experimental result. The first
prominent peak in this RDF is due to Si-N and an analysis
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of the second peak indicates that N-N, Si-Si and Si-N con-
tribute to it, in agreement with experiment. We also predictclassical or semiempirical ones and should be relevant for the
the structure of the third peak as being due mainly to the Si-Nuinderstanding of the physics of amorphous covalent materi-
contribution, with a small contribution from the N-N; no ex- als.
perimental results exist for comparison. The electronic struc-
ture of amorphous silicon nitride is also presented and ana-
lyzed from the view point of HOMO-LUMO and also using Acknowledgments

the novel Tauc-like procedure.1q] We find gaps compara-
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