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First-principles simulations of atomic networks and optical properties of amorphous SiNx alloys

Fernando Alvarez and Ariel A. Valladares*
Instituto de Investigaciones en Materiales, UNAM, Apartado Postal 70-360, Me´xico DF 04510, Mexico

~Received 30 July 2002; revised manuscript received 14 August 2003; published 5 November 2003!

We reportab initio generated atomic networks of amorphous silicon-nitrogen alloys,a-SiNx , for 13 differ-
ent values of contentx @from 0 to the nearly stoichiometric composition ofx5(36/28)51.29]. The amorphous
structures were obtained using a new thermal procedure. 64-atom periodically continued cubic diamondlike
cells, containing silicon and randomly substituted nitrogen, were amorphized by ‘‘heating’’ them to just below
the corresponding melting temperatures, using a 6 fs timestep and a Harris-functional based molecular dy-
namics code. After cooling, annealing, and optimizing, radial distribution functions~RDFs! and optical gaps
were calculated for all samples. All the partial radial features obtained are new; the total RDF’s agree very well
with the scarce experimental results. The electron energy levels were then calculated and the optical gaps
obtained using a novel Tauc-like procedure that is not sensitive to gap states and band tails. The gap values
agree with experiment.

DOI: 10.1103/PhysRevB.68.205203 PACS number~s!: 71.23.Cq, 71.15.Pd, 71.55.Jv
or
E
on
ha
n

te
io
A
a
fe

n
in

a
r

e
n
o

t-
ic
w
i

ex
ic
im
ra

tia

e
ni

e-
ei

lar
heir
st-

mpt
ere-

pre-
-
ther

e
xi-

and
t be
e to
e-

-
not
k of
ion-
ids

e
’s

-
ex-

-
ical

is
ent
s
ps
I. INTRODUCTION

Simulating the atomic and electronic structure of am
phous semiconductors has proven to be a difficult task.
forts have been pursued along two main lines: on the
hand the classical modeling of interatomic potentials t
have permitted the study of large samples of pure eleme
with thousands and millions of atoms;1,2 on the other hand
the quantum methods, parametrized3 andab initio, that aim
at describing the systems without recourse to classical po
tials that, by necessity, leave out interactions and correlat
proper to the quantum entities that form the systems.
though both the classical and the parametrized quantum
proaches arguably have the shortcoming of the nontrans
ability of the atomic potentials, they both are used whe
more specific description is sought and the correspond
potentials are known. However, theab initio techniques are
the way to go whenever good qualitative universal results
required and whenever new parameters are needed fo
above-mentioned approximate techniques.4 Their shortcom-
ing is the large computer resources needed to deal with c
of several hundred atoms that would make the descriptio
the electronic and atomic structures of amorphous semic
ductors more inclusive.

Amorphous SiNx alloys have attracted a great deal of a
tention in the last decades since they have electrical, opt
and mechanical features useful from the applicational vie
point and their accentuated covalency makes them very
teresting from the basic point of view. Nevertheless the
perimental and theoretical knowledge of their atom
electronic, and optical properties is not as ample as its
portance merits. For example, experimentally their total
dial distribution functions~RDF’s! are practically unknown,
except for the stoichiometric composition, and the par
radial features are nonexistent. Theoretically, noab initio
attempt at simulating total and partial RDF’s has been p
formed, although first-principles studies of the electro
properties of previouslyclassicallygenerated~with Tersoff-
like interatomic potentials! random structures have been r
ported recently.5 Experimental studies have shown that th
0163-1829/2003/68~20!/205203~10!/$20.00 68 2052
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optical gaps depend strongly on the nitrogen contentx for
0<x<1.33 so they can be tuned to fit specific needs in so
cells. Some semiempirical studies have been done on t
electronic structure, optical gaps and RDF’s and a fir
principles approach has been used on anad hocconstructed
amorphous cluster structure. Since no first-principles atte
has been reported at simulating random networks, and th
fore at simulating realistic total and partial RDF’s, anyab
initio approach that adequately generates, describes, and
dicts the atomic topology ofa-SiNx can be useful to under
stand their electronic features and can be applied to o
covalent amorphous materials.

Preciseab initio calculations of optical gaps in crystallin
semiconductors is a difficult problem. The common appro
mations used within density-functional theory~DFT! always
underestimate these gaps; DFT is a ground-state theory
the transition of electrons to the conduction band canno
adequately described. Nevertheless, recent attempts du
Louie and co-workers and Reining and her group, using H
din’s many-body approach,6 are promising. However, tack
ling realistic random networks with these techniques is
yet possible since the large number of atoms and the lac
symmetries in the amorphous cells make them computat
ally untractable at present. Moreover, in crystalline sol
HOMO’s ~highest occupied molecular orbitals! and LUMO’s
~lowest unoccupied molecular orbitals! can be identified and
a ‘‘gap,’’ equal to the difference LUMO-HOMO, may b
defined. In real amorphous materials HOMO’s and LUMO
are usually associated with stateswithin the gap and conse
quently their difference bears little resemblance to any
perimentally meaningful value of a gap. Therefore it is im
portant to devise alternative methods to determine opt
gaps of amorphous networks.

II. PREVIOUS WORK

The experimental and theoretical activity prior to 1990
well documented in a paper by Robertson where pertin
references can be found.7 In this work Robertson reports hi
semiempirical tight-binding calculations for the optical ga
©2003 The American Physical Society03-1
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and also reports several gaps for hydrogenated and no
drogenateda-SiNx alloys.

Voskoboynikov et al.8 studied experimentally som
RDF’s and optical gaps of silicon-rich silicon-nitrogen film
as a function of the gas ratio, as early as 1976. It was t
observed that the gaps increased as a function of the nitro
content; the films seemed to contain hydrogen and large c
ters of silicon. Their optical absorption curves already in
cated pronounced tails for nitrogen-rich samples. Experim
tal radial distribution functions are scarce9 and, to our
knowledge, only total ones for the stoichiometric amorpho
composition exist.10 A Gaussian-based decomposition of t
second peak of the total stoichiometric RDF into its par
contributions was carried out by Misawaet al. in Ref. 10.
Electronic structure studies ofa-SiNx , in the range 0<x
,2, were performed by Ka¨rcher et al.11 using x-ray photo-
electron spectroscopy where the valence band was t
oughly analyzed and the Si-N bonding was studied. It
now been established that the optical gap ofa-SiNx :H in-
creases asx increases, slowly at first, and close to the s
ichiometric compound,x54/351.33, it attains its larges
value.9 There are some experimental results for the opt
gap of nonhydrogenated amorphous silicon nitride repo
by Sasakiet al.12 and Daviset al.,9 and the conclusions ar
similar.

Some theoretical efforts are based on the semiempir
tight-binding approach like those due to Robertson,7 where
optical gaps are calculated. Xanthakiset al.13 look at a
sample without gap states; they use a parametrized Kit
Falicov method that draws upon parameters obtained
Robertson before 1990, and therefore less reliable. Bethe
tice calculations have been done by Martı´n-Morenoet al.14

and by San-Fabia´n et al.15 also using semiempirical param
eters. Ordejo´n and Yndura´in16 do nonparametrized calcula
tions of a-SiNx where the equilibrium positions of Si and
atoms in clusters are ported to the alloy network construc
ad hoc. They obtain a wealth of information including opt
cal gaps; however, tetrahedral coordination of the silicon
oms and threefold planar coordination of the nitrogen ato
is assumedthroughout, with interatomic distances of 2.33
for Si-Si and 1.74–1.76 Å for Si-N; compare to the cryst
line values: 2.352 Å for Si-Si and 1.71–1.76 Å for Si-N.17 A
general characteristic of practically all calculation
simulations done up to date is that gap states, when con
ered, are introduced either by hand, progressively repla
Si by N, or by the algorithms that generate the random n
works, unlike the procedure we have established. Rec
semiempirical classical molecular-dynamics simulations
de Brito Motaet al.18 produced structures whose total RDF
are the subject of comparison with ours and the point
departure for the study of the electronic properties of th
alloys.5 Since these RDF’s do not closely agree with exist
experiments, the structures might not be adequate to s
their electronic structure. Densities of states, RDF’s, and
tical gaps for the crystalline and amorphous forms have a
been reported by Ren and Ching,19 Robertson20 and Ferreira
et al.21

Our recent work4 has demonstrated that the application
ab initio techniques to the study of the atomic and electro
20520
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structure of hydrogenated amorphous silicon,a-Si:H, and to
the generation of random networks of C, Si, Ge, and silic
nitride using only 64-silicon atom cells is reasonable, desp
the small number of atoms in the cell. No doubt, being a
to handle a sample with more than 64 atoms would allow
to study larger defects such as voids, but nevertheless
results found are encouraging. We believe our success is
to two factors: first, we amorphize the cell at temperatu
just below its melting point, thus avoiding the appearance
undesirable structures that are generated when sample
liquified first and solidified next; second, we use a quant
code based on the Harris functional that incorporates ‘‘qu
tum’’ forces as derivatives of the energy obtained. It
known22 that the melting temperature ofa-Si is 250 °C lower
than the melting temperature ofc-Si and therefore we expec
it to be above the melting temperatures of the respec
amorphous phases of all the alloys considered here by s
ing just below the melting temperatures of the crystalli
counterparts. We now apply theseab initio methods to the
generation of atomic random networks for 26 structures
a-SiNx for 13 different nitrogen contentsx, where 0<x
<1.29. These networks lead to RDF’s in good agreem
with what is known experimentally, and total and radial fe
tures are predicted for a variety of nitrogen contents. We a
present an approach, similar to the experimental T
method,23 to obtain optical gaps of amorphous materia
based onab initio calculations of the electron energy leve
in the valence and conduction bands. The optical gaps
tained agree with existing experiments. This makes us
sonably optimistic that our method may be adequate for
understanding of atomic, electronic, and optical properties
other amorphous covalent materials and that it may stimu
further experimental and theoretical studies in the area.

III. METHOD

The 26 amorphous samples of SiNx were generated using
FASTSTRUCTURE_SIMANN24 ~FAST for short!, a DFT
molecular-dynamics code that is based on the Ha
functional,25 and optimization techniques with a fast forc
generator to allow simulated annealing/molecular-dynam
studies with quantum force calculations.26 We use the local-
density approximation parametrization due to Vosko, Wi
and Nusair throughout.27 The core is taken as full which
means that an electron calculation is carried out, and a m
mal basis set of atomic orbitals was chosen with a cu
radius of 5 Å for the amorphization and 3 Å for the optim
zation. The physical masses of nitrogen and silicon are
ways used and this allows us to see realistic randomiz
processes of the nitrogen atoms during the amorphizatio
the supercell. The default time step is given byAmmin/5,
wheremmin is the value of the smallest mass in the syst
~1.73 fs for this case!; however, in order to better simulat
the dynamical processes that occur in the amorphizatio
time step of 6 fs was used throughout. The forces are ca
lated using rigorous formal derivatives of the expression
the energy in the Harris functional, as discussed by Lin a
Harris.28 For each atom, one function is used to represent
core part of the density and another to represent the vale
3-2
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density. The types of orbital basis inFAST areminimal ~con-
sisting of the atomic orbitals occupied in the neutral ato
sp-valence type!; standard~broadly equivalent to a Double
Numeric basis set!; and enhanced~broadly equivalent to a
double numeric set together with polarization functions!. The
evaluation of the three-center integrals that contribute to
matrix elements in the one-particle Schrodinger equatio
the time-limiting feature ofFAST and each is performed usin
the weight-function method of Delley.29

In order to test the adequacy of the amorphous struct
obtained withFAST we used it to calculate the size of th
crystalline cell ofb-Si3N4 that minimizes the energy at theG
point. The experimental crystalline volume is given
145.920 Å3,30 whereas the volume obtained in our calcu
tion is 146.797 Å3; a deviation of only 0.6%. This makes u
cautiously confident about the use ofFAST to generate ran-
dom networks of silicon-nitrogen alloys.

To avoid quenching from a melt, we amorphized the cr
talline diamondlike structures, with a total of 64 atoms in t
cell @(642y) silicons,y randomly substituted nitrogens, an
x5y/(642y)] by heating them up, linearly, from room tem
perature to just below the corresponding melting point
eachx, and then cooling them down to 0 K, Table I. T
determine the melting temperatures for each concentra
we linearly interpolated between pure silicon and the c
centration of nitrogen in the stoichiometric compound, 57
and then remained a few degrees below these values22 ~Table
I!. This then was followed by cycles of annealing a
quenching at temperatures suggested by experiment and
the structures were energy optimized.

Since the 6 fs time step was kept constant for all runs
the amorphization temperatures increased withx, as indi-
cated in Table I, the heating/cooling rates varied from 2
31015 K/s for pure silicon, to 3.1131015 K/s for x51.29.
The atoms were allowed to move within each cell, with p
riodic boundary conditions, whose volume was determin
by the corresponding density and content, Table I. The d
sities were taken from the experimental results of Gur

TABLE I. Contents, amorphization temperatures, densities
gaps fora-SiNx .

Sample x Amorph. Density Average
temp.~K! ~g/cc! gap ~eV!

Si64N0 0.000 1680 2.329 1.09
Si59N5 0.085 1747 2.435 1.11
Si54N10 0.185 1814 2.512 1.05
Si49N15 0.306 1881 2.600 1.19
Si44N20 0.455 1948 2.694 1.69
Si39N25 0.641 2015 2.803 2.49
Si34N30 0.882 2082 2.931 3.41
Si33N31 0.939 2095 2.957 3.73
Si32N32 1.000 2108 2.988 4.10
Si31N33 1.065 2122 3.017 4.31
Si30N34 1.133 2136 3.048 4.28
Si29N35 1.207 2149 3.081 4.69
Si28N36 1.286 2162 3.115 4.95
20520
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et al.9 Once this first stage was completed,FAST was used to
subject each cell to annealing cycles at 300 K with interm
diate quenchings down to 0 K. Finally, the samples w
energy optimized to make sure the final structures wo
have local energy minima.

To calculate the optical gaps we use the method descr
elsewhere.31 The optical absorption coefficienta, the frac-
tion of energy lost by the wave on passing through a u
thickness of the material considered, for interband transiti
is given by32

a5~4p/noc!~2pe2\3V/m2!E N~E!N~E1\v!uDu2dE

\v
,

whereD is the matrix element for transitions between sta
in different bands,]/]x, which will be taken to be the sam
as that for transitions between extended states in the s
band,32 ~without the factorm/m* ); i.e.,

D5p~a/V!1/2,

wherea is the average lattice spacing andV is the volume of
the specimen.

One characteristic feature of optical absorption inamor-
phoussemiconductors is that certain selection rules, wh
exist for optically induced transitions incrystallinematerials
~particularly the conservation ofk), are relaxed.

For interband absorption in amorphous semiconduc
the following assumptions are commonly made:32

~a! The matrix elements for the electronic transitions a
constant over the range of photon energies of interest
given byD5p(a/V)1/2.

~b! The k-conservation selection rule is relaxed. As
Mott and Davis,32 we take the matrix element to be the sam
whether or not either the initial or final state, or both, a
localized.

Under these conditions the optical absorption coeffici
a, for interband transitions, is given by

a5
8p4e2\2a

nocm2v
E NV~E!NC~E1\v!dE,

where the integration is over all pairs of states in the vale
and conduction bands separated by an energy\v. no is the
refractive index, assumed to be independent of energy.32

For amorphous tetravalent semiconductors this leads
the well-known relationshipAa(v)\v5const(\v2E0) ob-
tained by Tauc23 under the assumption of parabolic band
This formula has been used extensively by experimenta
to obtain the optical gapE0 by fitting a straight line to the
low-energy end of the data, plotted asAa(v)\v vs (\v
2E0), and looking at the intersection of this line with th
horizontal axis (\v2E0).

Sincea is proportional to the fraction of energy lost b
the wave on passing through the material, this implies tha
is proportional to the number of electronic transitions that
from the valence to the conduction band,Nt(\v). Therefore
plotting ANt(\v)\v, instead ofAa(v)\v, should give the
same type of behavior as experimentally observed altho
with a different slope; however, the intersection with t

d

3-3
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FERNANDO ALVAREZ AND ARIEL A. VALLADARES PHYSICAL REVIEW B 68, 205203 ~2003!
horizontal\v axis, the optical gapE0 , remains unaltered
This is precisely what we do. To find the optical gap we lo
at the intersection of the linear fits to the low-energy end
the absorption curves, theANt(\v)\v data. The linear fits
are carried out as follows: we look at the low-energy reg
of the absorption spectrum, 0&\v&10 eV and fit it with a
straight line, choosing the line that gives the best linear fit
the largest number of points. The errors estimated for
slopes of these linear fits are smaller for the purer sam
and increase due to the presence of states within the ga
high nitrogen contents. For example, for pure silicon
slope is 7.49660.251 and for the nearly stoichiometr
sample 7.10261.11.

Both the cutoff radius33 and the completeness of the o
bital set34 play a role in simulations. To test this we calc
lated the energy levels at theG point using the three orbita
sets ofFAST: minimal, standard, andenhancedfor two cutoff
radii 3 Å and 5 Å and plottedANt(\v)\v for the three sets
Figure 1~a! depicts the results for one of the two runs, bo
for pure a-Si and fora-Si3N4 using r c53 Å; Fig. 1~b! de-
picts the same information but now forr c55 Å; the lines are
for pure silicon whereas the symbols refer to silicon nitrid
The shoulders observed for the silicon nitride curves at ab
30 eV are due to transitions from the nitrogens-like band to
the conduction band. The way optical gaps are obtaine
illustrated in Figs. 1~c! and 1~d! where the linear fits can b
appreciated. The combination that best describes the ex
mental results is theminimal set with a cutoff radii of 3 Å;
this cutoff should be compared to those used by San
et al.33 of '2.6 Å.

IV. RESULTS AND DISCUSSION

It should be kept in mind that our objective is to gener
realistic amorphous structures ofa-SiNx and not, in any way,

FIG. 1. ~Color online! Optical absorption curves forminimal,
standard, and enhancedorbital sets for one of the two runs. Th
cutoff radius is 3 Å for~a! and~c! and 5 Å for~b! and~d!. In ~a! and
~b! the symbols refer toa-SiN1.29 and the lines toa-Si.
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to mimic the experimental processes used to produce th
alloys. The atomic topology determines the electronic pr
erties of the amorphous samples and therefore, any un
standing of the RDF’s and the atomic distribution in the ra
dom networks is relevant for the characterization of t
electronic and optical properties of these materials.

We performed two runs for eachx value, and fromx
50.88 on (a-Si34N30) the number of nitrogens was increas
one at a time to be able to map the interesting processes
occur for these contents~percolation of the Si-Si bonds, wid
ening of the optical gaps, etc!. The total and partial RDF’s
and the optical gaps of each of the 26 runs are calculated
averaged by corresponding pairs. In Fig. 2 we present
total RDF for an amorphous structure of pure silicon co
structed with a 6 fstime step; the light curves are the upp
and lower experimental bounds obtained from a previo
work.4 It can be seen that our simulations agree very w
with the experiment since our RDF falls within these boun
and the four experimental radial peaks are reproduced v
nicely.

All total and partial RDF’s for each of the 12 nonze
values ofx are given in Fig. 3, since this is the experimen
information most frequently determined. The variation of t
partial RDF’s for Si-Si, Si-N, and N-N as a function of con
tent, and their contribution to the total RDF, is shown. As t
nitrogen content increases the first peak of the total R
(1.85 Å), which is due to the Si-N average nearest-neigh
contributions,^nn&, increases systematically and the^nn&
Si-Si peak (2.45 Å) decreases systematically. The third p
of the total RDF’s moves toward lowerr, 3.25 Å to 2.95 Å,
asx increases since the N-N contribution becomes more p
dominant for high content. In our structures there are
^nn& nitrogens since the content is below stoichiometry a
nitrogens have a marked tendency to bind to silicons.

FIG. 2. ~Color online! Radial distribution function for pure sili-
con with a 6 fs timestep. The light curves are the upper and low
experimental bounds~Ref. 4!.
3-4
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FIG. 3. ~Color online! Total and partial RDF’s fora-SiNx . ~a! x50.09, ~b! x50.19, ~c! x50.31, ~d! x50.46, ~e! x50.64, ~f! x
50.88, ~g! x50.94, ~h! x51.00, ~i! x51.07, ~j! x51.13, ~k! x51.21, and~l! x51.29.
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nitrogen molecules are formed even though forx.1 the
starting diamond structuredoescontain nearest-neighbor n
trogens. For the nearly stoichiometric sample,x51.29, Fig.
3~l!, the Si-Si^nn& contribution to the total RDF has pract
cally disappeared and this implies that there is a nitro
atom between every pair of silicons indicating a tendency
form 6-atom closed rings, Si-N-Si-N-Si-N, typical of th
Si3N4 structures. The growth of the Si-N peak as nitrog
increases bears out this behavior. This is also borne ou
the results presented in Fig. 4 where a study of the ave
coordination numberŝcn& in the 13 random networks i
depicted. The following cutoff radii were used: Si-S
2.55 Å; N-N, 3.35 Å; and Si-N, 2.15 Å, which are the p
sitions of the minima after the first peaks of the correspo
ing partials. Figure 4~a! shows the results of our simulation
and it can be seen that the N-N plot flattens forx'1.1, the
percolation threshold of Si-Si bonds;35 the Si-Si ^nn& go
from 4 to practically 0. The Si-N graph refers to the^nn&
20520
n
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ge

-

nitrogens around the silicon atoms and varies from zero
four, whereas the N-Si refers to the^nn& silicons around
nitrogens and indicates that nitrogens immediately surro
themselves with practically three Si, saturating its valenc

The crossing of the Si-Si and Si-N plots atx'0.7 is in
agreement with experiment~Davis et al.9!. There is a cross-
ing of the Si-Si, N-Si, and N-N plots atx'0.3 and a crossing
of N-Si and Si-N atx'1.0 which have been observed e
perimentally forhydrogenatedalloys by Gurayaet al.,9 Fig.
4~b!. However, due to the presence of hydrogen a curva
appears in thêcn& for Si-Si, Si-N, and N-Si so, in order to
compare our results to this experiment, we did the followin
We carried out the sum of N-H and N-Si from the expe
ment, the average total number of atoms that surround a
N-*, and plotted it along with our N-Si. We also did the su
of the experimental Si-N, Si-Si, and Si-H, the average to
number of atoms that surround a Si, Si-*, and plotted t
along with our sum of Si-N plus Si-Si. This is presented
3-5
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FIG. 3. ~Continued!.
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Fig. 4~c!. It is clear that our predictions closely agree wi
the integrated experimental results and show that our st
tures are realistic. The discrepancies are most likely du
existing dangling and floating bonds. Our stoichiomet
sample does not have voids because the coordination n
bers observed are close to 3 for nitrogen, 4 for silicon, an
for Si-Si. It would also be difficult to observe large voids
a 64-atom sample.

The curves of Fig. 3 are plotted as they are, i.e., as
number of atoms at a certain radial distance from a gi
one. In order to compare with x-ray-or neutron-diffractio
experiments the corresponding weights should be calcul
and applied to the partial contributions and then summe
give the total RDF’s; this we do for the stoichiometr
sample where some experimental results have been repo
The composition of the second peak of the total RDF for t
sample is given in Fig. 3~l! and it can be observed that
20520
c-
to

m-
0

e
n

ed
to

ed.
s

agreesqualitatively with the experiment, Misawaet al. in
Ref. 10, since it is formed by the average second neigh
^2n&, contributions of mainly the N-N and Si-Si partials an
to a lesser extent by the Si-N partial.36 The third peak is
essentially due to the Si-N partial with a small contributi
from the N-N partial. In order toquantitativelycompare our
predictions with the few available experiments we calcula
the structure of the second peak of the nearly stoichiome
cell considering whether the radial features were determi
using x rays or neutrons. To do so, one needs to use
expression quoted by Aiyamaet al.:10

g~r !5
c1

2f 1
2

^ f &2
g11~r !1

2c1c2f 1f 2

^ f &2
g12~r !1

c2
2f 2

2

^ f &2
g22~r !,

wherec1 is the ratio of the number of Si atoms to the tot
number of atoms andc2 the ratio of N atoms to the total
3-6
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FIG. 4. ~Color online! Average coordination numbers^cn& as a function ofx. ~a! Our results.~b! Experimental results for hydrogenate
alloys from Gurayaet al. ~c! Comparison of the integrated results~see text!. Lines are drawn as guides to the eye.
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ly. X
number.f 1 is the Si structure factor for x-ray scattering,
the scattering amplitude for neutron scattering, and co
spondinglyf 2 is for N. gi j (r ) are the partial pair distribution
functions,g115gSiSi, etc. Finally,^ f &25(S i 51

2 ci f i)
2.

Figure 5 shows the experimental and simulated res
and the quantitative agreement is excellent even though
experimentalists only used Gaussian fits to simulate
structure of the second peak. It is understandable that
cons are more prominent for x rays than for neutrons, and
opposite occurs for nitrogens. That is why@(cSi

2 f Si
2 )/

^ f &2#gSiSi(r ) is more prominent for the x-ray simulation an
@(cN

2 f N
2 )/^ f &2#gNN(r ) is more prominent for the neutro

simulation. For this peak x rays show a shift of the total RD
toward higher values ofr which is reproduced in our simu
lations.

Figure 6 is the comparison of ourab initio results with the
classical Monte Carlo simulations of de Brito Motaet al.18

who used empirical potentials developeda la Tersoff for the
interactions between Si and N. It is clear that although
positions of some peaks are reproduced in both simulati
the general behavior of the total RDF’s only agrees qual
tively at best. Comparison of the two simulational resu
with experiment for the stoichiometric samples is also p
sented in this figure, where agreements and discrepancie
be appreciated.

For the optical gaps we first calculated the electronic
ergy levels of the valence and conduction bands at thG
point with FAST to obtain a, the optical absorption coeffi
cient. We then performed the Tauc-like approach descri
before. This theoretical Tauc-like procedure bypasses c
pletely the gap states and therefore ignores the natur
these states leading to gap values comparable to experim

Looking at the electronic structure of amorphous ce
with 64 atoms at theG point is a well-known procedure in
the field. However it must be kept in mind that the larger t
cell and the larger the number of atoms in the cell the be
the approximation becomes. Here again the main obsta
are the computational resources needed to deal with la
cells.

The slope of our Tauc fit diminishes first and increas
afterwards, as experimentally reported by Hasegawaet al.9

~Fig. 7, right vertical axis, square symbols!. In order to com-
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pare experiment and simulation we have plotted the aver
slope, which is the average of the two corresponding val
of each of the two runs, as a function of the energy gap us
a vertical coordinate given byANt(\v)\v/\v ~Fig. 8, left
vertical axis, triangle symbols!. The experimental results
right vertical axis, that Hasegawa and co-workers report
given in units of 105 eV21 cm21, so the most we can hop
for is the qualitative comparison of both results given in F
7. The similarity is quite impressive, even though the expe
mental results are for hydrogenateda-SiNx samples, indicat-
ing that our approach seems to be along the right lines
amorphous covalent alloys as well.

In Fig. 8 we plot the optical gaps of several experimen
and theoretical results reported in the literature.31 The experi-
mental hydrogenated results are due to Hasegawaet al.9 and
Gurayaet al.9 The experimental nonhydrogenated gaps
due to Sasakiet al.12 and Daviset al.9 The simulations of

FIG. 5. Comparison of the simulated~a! and~c!, and experimen-
tal ~b! and~d!, structures of the second peak of the nearly stoich
metric sample when x rays and neutrons are used, respective
rays show a shift toward higher values ofr for this peak, which is
reproduced in our simulations.
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FIG. 6. ~Color online! Com-
parison of our results and thos
obtained by de Brito Motaet al.
~Ref. 18! for the total RDF. The
agreement is at best qualitative a
though the position of some of th
peaks coincide for the sample
~a!–~c!. The experimental total
FDR ~Ref. 10! is compared to~d!
our simulations, and~e! to de
Brito Mota’s simulations.
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Ordejón et al.16 for samples without hydrogen, an atomist
calculation with adjusted parameters, are also included.
optical gaps, calculated using our approach, are of the co
order of magnitude and behave very similar to experime
Our gaps are below all results forx<0.5 and above all re-
sults for x>0.6. Forx'1.3 experiment and simulation be
come indistinguishable; the behavior clearly changes fox
'1.1, the percolation threshold of Si-Si bonds mention
above.35

FIG. 7. ~Color online! Behavior of the Taucslopeas a function
of x. The right vertical axis, square symbols, are the experime
results due to Hasegawaet al. ~Ref. 9! for glow discharge
a-SiNx :H. The left vertical axis, triangle symbols, are our resu
using the Tauc-like approach.
20520
e
ct
t.

d

V. CONCLUSIONS

We have devised anab initio process to generate amo
phous networks of SiNx alloys (0<x<1.29) that lead to
atomic topologies in agreement with the existing experim
tal results. The atomic structures have total RDF’s and a
age coordination numbers that agree with the scarce exp
mental results. The simulated partial RDF’s show that
Si-Si ^nn& peak disappears as nitrogen increases indicatin
tendency to form 6-atom arrangements as the contentx ap-

al
FIG. 8. ~Color online! Experimental and calculated optical gap

for amorphous alloys of silicon-nitrogen for various contentsx ~see
text! ~Ref. 31!. Lines are drawn as guides to the eye.
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proaches the stoichiometric value. Experiment shows tha
a-Si3N4 , Si, and N form 6-atom closed rings, Si-N-Si-N
Si-N, typical of the crystalline Si3N4 structures. The growth
of the Si-N peak as nitrogen increases bears this out.
nitrogen-nitrogen bonds, including molecular nitrogen,
observed in the final structures even though forx.1 the
starting diamond structuredoescontain nitrogens next to on
another. Forx'1.1 the effects of the percolation threshold
the Si-Si bonds is observed in the N-N^2n& and in the op-
tical gaps. Forx'0.7 the Si-Si and Si-N neighbors are pra
tically the same, as found experimentally. Also, Si-Si, N-
and N-N are practically the same forx'0.3 as are Si-N and
N-Si for x'1.0. The integrated experimental results and
simulations agree. The first prominent peak in the total R
of the nearly stoichiometric sample is due to Si-N and
analysis of the second peak indicates that N-N, Si-Si,
Si-N contribute to it, in quantitative agreement with expe
ment. The third peak is mainly due to the Si-N, with a sm
contribution from the N-N; no experimental results exist f
comparison. We reportall partials and totals for the conten
studied.

We have also devised an optical Tauc-like approach
calculate optical absorption curves and optical gaps of am
phous materials that give values in agreement with exp
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