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Theoretical and experimental studies of the atomic structure of oxygen-rich amorphous silicon
oxynitride films
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In this work we used an empirical potential model in order to describe the bulk structure of the oxygen-rich
Si-O-N amorphous system. From the atomic configuration obtained by Monte Carlo simulations, the local
order structure and the pair correlation function are determined. The results show that the basic structure of the
amorphous is well described by a random distribution of tetrahedra with a central Si atom bonded to nitrogen
and oxygen atoms. The Fourier transform of the extended x-ray-absorption fine structure~EXAFS! signal
obtained byab initio multiple-scattering calculations, using the theoretical atomic structure as input, shows
good agreement with the experimental EXAFS analysis performed at the siliconK edge.

DOI: 10.1103/PhysRevB.68.155332 PACS number~s!: 78.55.Qr, 61.43.Bn, 61.18.2j
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I. INTRODUCTION

The contemporary electronic industry is dominated
silicon. This is the reason why silicon compounds and allo
are under constant investigation by researchers in the are
materials development. In particular, amorphous silicon
ide (a-SiO2) and amorphous silicon oxynitride (a-SiOxNy)
are intensely used in microelectronics1 and integrated optica
supplies.2 For example, the substitution ofa-SiO2 by
a-SiOxNy in ultrathin planar film devices3–6 was proposed
since the N incorporation improves the dielectric propert
of the insulator. Another important progress coming from
incorporation of N in silicon oxide is that this compound ac
as an efficient barrier against boron diffusion between
gate and the drain in metal-oxide-semiconductor~MOS!
devices.7

Among the different deposition techniques used to gr
silicon oxynitride thin films, the plasma-enhanced chemi
vapor deposition~PECVD! technique joins the advantage
low-temperature processing (;300°C) together with a high
deposition rate~microns per hour! being a promising alter-
native to deposit thick films.8,9 The PECVD technique allows
control of a certain number of experimental parameters~rf
power, temperature, gas flow, and pressure! which can be
easily adjusted to obtain films with specific characterist
for a predetermined application.10

The physical properties ofa-SiOxNy films depend on their
atomic composition, morphology, and local structure. In p
ticular, the correlation between local structure and phys
properties is of fundamental importance to determine the
terials’ technological use. Among the experimental meth
to investigate the local structure of amorphous multicom
nent systems, the x-ray-absorption fine structure~XAFS!
method is one of the most appropriate. The soft x-ray abs
tion at the SiK edge was the approach chosen in our work
elucidate the structure ofa-SiOxNy films deposited by
PECVD.11 Moreover, theoretical simulations can also be
valuable tool to investigate the structure of amorphous m
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terials. Not only they can help to understand the experim
tal results, but they can also provide valuable insight tha
sometimes hard, or even impossible, to obtain experim
tally.

The structure in the EXAFS spectrum is closely related
the local environment of the excited atoms~in this work Si!,
and a Fourier transform of the oscillations yields a real-sp
distribution, similar to a radial distribution function. Then
the immediate environment of the Si atoms can be obtai
by EXAFS data. In addition, aiming at a better analysis
the structural properties obtained from experimental dat
model of the interatomic potential was developed to desc
the bulk structure of oxygen-richa-SiOxNy , by means of
Monte Carlo simulations. The oxygen-rich system was c
sen because this material does not have Si-OH and S
bonds.11 The presence of these bonds in the oxynitride t
films significantly increases optical losses in the spectral
gion of interest in optical devices.12

II. EXPERIMENTAL METHOD

The films analyzed in this work were deposited in
PECVD system from a mixture of N2O and SiH4 gases.11

The @N2O/SiH4# flow ratios ~FR! were 2.00 and 3.00. The
chemical composition of the film under investigation w
determined by Rutherford backscattering spectrosc
~RBS! at LAMFI/USP ~São Paulo, Brazil!. The RBS data
were analyzed by theRUMP ~Ref. 13! routine and the atomic
concentrations of silicon, nitrogen, and oxygen were o
tained. X-ray-absorption spectroscopy~XAS! measurements
at the siliconK edge were performed to investigate the stru
tural properties of the amorphous samples. The stand
samples werea-SiO2 ~thermally grown! and c-Si and
a-Si3N4 ~deposited by PECVD!. The experiments, per
formed at room temperature, were carried out at the S
beamline14 of the Brazilian Synchrotron Light Laborator
~LNLS, Campinas, Brazil!. The measurements were obtain
in the energy range of 1800–2300 eV, using a channel
InSb~111! monochromator. The detection mode was the to
©2003 The American Physical Society32-1
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current yield at the sample’s surface. The extended x-r
absorption fine structure~EXAFS! spectra were collected
with a step of 1.0 eV. The EXAFS data obtained experim
tally were treated using the software developed
Michalowicz,15 as described elsewhere.11

III. THEORETICAL METHOD

The atomic simulations, carried out to determine t
structural properties~especially local ones! of the oxygen-
rich Si-O-N system, were based on the empirical poten
models, developed by P. Vashishta and co-workers, to
scribe the systems SiO2 ~Ref. 16! and Si3N4 ~Ref. 17!. These
effective interatomic potentials include both two- and thre
body interactions. The two-body potential includes a ste
repulsion term related to the atomic sizes, screened Coul
interaction caused by the charge transfer effect, and cha
dipole interaction resulting from the large electronic polar
ability of O22 and N32. The three-body covalent contribu
tion takes into account the bond bending and bond stretc
effects. In this work, we introduce two additional contrib
tions to the interatomic potential:~i! a repulsive term to the
two-body interactions in order to describe the O-N repuls
and~ii ! a three-body interaction to correctly describe the
cal N-Si-O configuration. The two-body interactions are re
resented by

V2~r i j !5AS s i1s j

r i j
D h i j

1
ZiZj

r i j
expF2

r i j

l G
2

~a iZj
21a jZi

2!

2r i j
4

expF2
r i j

j G , ~1!

and the three-body interactions take the following form:

V3~r i j ,r ik!5Bi jkF rW i j .rW ik

r i j .r ik
2cosū i jk G2

expF m

r i j 2r 0
1

m

r ik2r 0
G .

~2!

To avoid a discontinuous two-body potential caused by
truncation atr 5r c , we replaceV2(r i j ) by

V2~r i j !5V2~r i j !2V2~r c!2~r i j 2r c!FdV2~r i j !

dri j
G

r 5r c

.

~3!

The parameters defined in the potential, such as ionic r
s i , repulsive exponentsh i j , repulsive strengthA, effective
chargeZi , polarizabilitiesa i , strength of the three-body in
teractionBi jk , average bond anglesū i jk , and the cutoff dis-
tances (r 0 ,r c ,l, and j) for the two-body and three-bod
interactions are displayed in Table I.

The silicon oxynitride films deposited by PECVD und
investigation have a small amount of hydrogen~less than
4%!. Moreover, as these H atoms are not bonded to
atoms11 and, as we are, in the present work, mostly interes
in the analysis of the Si first neighborhood, we will not co
sider explicitly the H atoms in our simulations. However, t
amount of N and O atoms in the simulations will reflect t
fact that N-H bond are experimentally observed. We
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plored the structural properties of amorphousa-SiOxNy
through the continuous Monte Carlo~MC! method,18 using a
simulation box with periodic boundary conditions, in th
N-P-T ensemble. In order to generate an amorphous ato
arrangement, we started our simulation from a crystall
structure of silicon nitride ~supercell parameters:a5b
515.19 Å; c531.922 Å; density52.78 g/cm3; 616 atoms!.
This silicon nitride system is fully melted, and we then ra
domly replaced nitrogen atoms by oxygen atoms up to
desired atomic concentrations, as determined by RBS for
samples deposited with FR52.00 and 3.00. For FR52.0
~3.0!, we end up with 190~186! Si, 278~312! O, and 74~38!
N atoms. The system was heated up to the temperatur
7000 K ~60 000 MC steps—a MC step is completed after
attempted to displace all the atoms in the system! and it was
equilibrated by 90 000 MC steps at this temperature. T
procedure guarantees that the initial state has no effect on
final result. Then, the system was cooled from 7000 K do
to 6000 K in 30 000 MC steps and equilibrated for anoth
30 000 MC steps. This cooling was repeated until a confi
ration at 1000 K was obtained. From 1000 K the system w
cooled down to 800 K in 30 000 MC steps and equilibrat
by another 30 000 MC steps. Using a similar cooling sch
ule, a system at 400 K was obtained. Finally, the system
brought down from 400 K to 300 K in 30 000 MC steps, wi
a final equilibration period of 30 000 MC steps.

It should be mentioned that the ideal procedure to gen
ate the amorphous structure would be to performab initio
calculations. However, the size of the system used in
present study, coupled to the large number of energy ev
ations that are required to generate the amorphous struc
prevents such an approach. Moreover, tight-binding~TB!

TABLE I. Parameters used in the interatomic potential for t
Si-O-N system.

A ~eV! m ~Å! l ~Å! j ~Å! r 0 ~Å! r c ~Å!

1.592 1.00 4.43 2.50 2.60 5.50
s i ~Å! Zi (e) a i (Å) 3

Si 0.47 1.76 0.00
O 1.20 20.88 2.40
N 1.30 1.104 3.00

h i j

Si-Si 11
Si-O 9
O-O 7
Si-N 9
N-N 7
O-N 7

Bi jk ~eV! ū i ~deg!

O-Si-O 4.993 109.47
Si-O-Si 19.972 141.00
N-Si-N 4.993 109.47
Si-N-Si 12.480 120.00
O-Si-N 4.993 109.47
2-2
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calculations, which could also be an alternative, cannot
carried out for this system owing to the lack of a suitab
parametrization. Nevertheless, even though the use of
pirical potentials is almost unavoidable~for the reasons men
tioned above!, one must keep in mind the limitations of th
approach. However, as will be seen below, the good ag
ment between the experimental and theoretical results g
us confidence that the potential is describing, at least
local order structure, correctly.

RESULTS OF THE CHEMICAL AND STRUCTURAL
PROPERTIES OF AMORPHOUS SiOxNy

The RBS results show that the samples, deposited w
FR52.00 and 3.00, have the following atomic concent
tions: 36% Si, 50% O, and 14% N and 36% Si, 57% O, a
7% N, respectively. Thus, these results indicate that the
con oxynitride films are oxygen rich.

The XANES spectra11 of the samples under investigatio
show that their short-range structures are similar to tha
amorphous SiO2. Moreover, the Fourier transform~FT! of
the EXAFS signal shows that this short-range structure is
the order of 3 Å. In silicon oxynitrides, the Si atoms tend
be tetrahedrally coordinated, each O atom has two Si at
as nearest neighbors, and each N atom has coordinatio
For the analysis of the EXAFS data, we considered tha
the first coordination shell the silicon atoms are connecte
oxygen and nitrogen atoms, because these bonds are
denced in the Fourier transform infrared spectrosco
~FTIR! spectra.11 The EXAFS results show that the avera
interatomic distances are (dSi-O51.6160.02 Å) and (dSi-N
51.7060.02 Å). The EXAFS analysis also shows that t
average oxygen and nitrogen coordination numbers aro
the silicon atoms areNSi-O52.75 andNSi-N51.25, for the
sample FR52.00, andNSi-O53.20 andNSi-N50.80, for the
sample FR53.00. The sum ofNSi-O andNSi-N equals 4, the
total number of Si first neighbors, as expected.19

Even though the experimental analysis gives an ove
qualitative idea about the structure of the samples, it does
provide a detailed atomic configuration. Experimental lim
tations, together with the amorphous nature of the mate
restrict the reliable structural information to the immedia
neighborhood of the Si atoms. The MC simulations can h
to bridge this gap. Therefore, we have performed MC sim
lations, as described in the previous section, for atomic c
centrations that are equivalent to the experimental samp
The final geometric structure~MC simulation! of the alloy,
with atomic concentration identical to the sample depos
with FR52.00, is depicted in Fig. 1.

These atomic positions~MC simulation, FR52.00) were
used to determine the theoretical FT. The results were c
pared with the experimental data, already published.11 The
theoretical EXAFS signal was obtained using theFEFF8
software,20 having as input the atomic structure genera
through the MC simulation. TheFEFF8 makes ab initio
multiple-scattering calculations of XAFS spectra for clust
of atoms. The calculations used a cluster of 60 atoms at
center of the supercell determined by the MC calculatio
The number of multiple scattering paths was taken as 4,
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the maximum distance to the absorbing Si atom as 9 Å. T
absorption function was obtained considering the SiK edge
and taking an average over these 60 atoms. The calcula
were performed at the same conditions used to analyze
experimental data.11 The comparison between the FT of th
EXAFS signal obtained theoretically~as described above!
and experimentally~as described in Ref. 11! is shown in
Fig. 2.

FIG. 1. Geometric structure obtained using the simulation p
cedure described in the text, for an atomic concentration simila
the sample (FR52.00). This supercell is repeated in space us
periodic boundary conditions. The gray spheres represen
~smaller! and Si~larger! atoms. The black spheres represent O
oms.

FIG. 2. Comparison between the Fourier transforms of the E
AFS signal obtained experimentally and theoretically~FEFF8!.
2-3
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Figure 2 shows a nearly quantitative agreement betw
~1! the FT obtained by theFEFF8 software plus the theoretica
structure and~2! the FT of the EXAFS experimental resul
for both the real and imaginary parts. The discrepancies
served in the range 1.5–2.5 Å can be described as an ov
between the second and third coordination shells in the
oretical spectrum, when compared to the experimental
sults. A possible cause of this discrepancy is the finite nu
ber of atomic clusters used to calculate the theoretical
with FEFF8. The long-range structure of the amorphous s
tem would be better described by taking a larger numbe
clusters, as well as longer distances to the silicon abso
thus generating a better EXAFS signal by multiple-scatter
calculations. Nevertheless, since the most relevant struc
information of amorphous systems is the first coordinat
shell, the comparison between theory and experiment in
approach provides consistent conclusions. In particular,
peak with large magnitude around 1.30 Å is associated w
the first coordination shell, which is formed by Si-O an
Si-N bonds. Thus, the atomic short-range order generate
the MC simulation is being well described when compared
the experimental results. Moreover, the absence of lo
range order is evident at distances larger than 3 Å, confi
ing that the Si-O-N system is amorphous.

From a morphological point of view, the theoretical res
of Fig. 1 reveals that the amorphous Si-O-N system is
mogeneous and is not composed by two distinct phases2
and Si3N4. One can also see, as expected, that the first ne
bors of silicon are oxygen and nitrogen atoms. Moreov
there are silicon atoms connected to~i! four oxygens,~ii !
three oxygens and one nitrogen,~iii ! two oxygens and two
nitrogens, and~iv! one oxygen and three nitrogens, in bo
systems characterized by FR52.00 and FR53.00.

On the other hand, our experimental results, publishe
Ref. 11, evidenced the formation of a disordered Si-O
structure, in which the silicon atoms are fourfold coordina
with N and/or O in the first shell. These experimental resu
are a combination of RBS, XAS, and FTIR data, and
discussed in detail in Ref. 11, they clearly show that
material is not composed of SiO2 and Si3N4 regions, but of a
homogeneous system with randomly distributed Si-O a
Si-N bonds. By randomly distributed, we do not mean t
there will be the same number of Si-N and Si-O bonds, si
the concentrations of O and N atoms are not the same.
these experimental results suggest, as a reasonable pictu
describe the local structure, the so-called random b
model ~RBM!.21 In the RBM, there are five types of neare
neighborhoods around the Si atoms or five types of tetra
dra SiOnN42n , wheren50, 1, 2, 3, or 4. For example, i
n52, it means that the silicon is connected to two oxyg
and two nitrogen atoms. According to the RBM, the relat
probabilities of these five types of tetrahedra are determi
as

W~x,y!5F 2x

2x13yGnF 3x

2x13yG42n 4!

n! ~42n!!
, ~4!

wherex andy are theexperimentallydetermined atomic ra
tios @O#/@Si# and @N#/@Si#, respectively, obtained from th
15533
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RBS data~see Fig. 3!. These probabilities can be used
calculate the number of oxygen and nitrogen atoms bon
to silicon, in the first coordination shell. It is important t
note that the values obtained forNSi-O andNSi-N in this way
are very similar to the onesindependently obtainedfrom the
XAS results ~see above!, within an uncertainty of 10%,11

which gives further confidence that the RBM is corre
From the MC simulation, we can also extract the statisti
distribution of these tetrahedra~using a cutoff distance of 1.7
Å to determine the nearest neighbors to the Si atoms!, which
is also shown in Fig. 3. From this figure, it can be seen t
the agreement between the MC and RBM results is v
good. It is important to remark that these results were
tained independently, as previously described. Therefore,
facts that ~1! the MC simulations describe well the firs
neighborhood around the Si atoms, as established ab
~Fig. 2!, and~2! there is the nice agreement shown in Fig.
are strong indications that the RBM is describing well t
local structure of the amorphous system.

The distinct partial pair-distribution functionsgAB(r ) be-
tween atomsA and B of the theoretically obtained amor
phous Si-O-N system, equivalent to the sample depos
with FR52.00, are shown in Fig. 4. From this figure, th
positions of the first peaks ingSi-O andgSi-N are determined
as (1.6060.04) and (1.7160.06), respectively. These value
for the average interatomic distancesdSi-O anddSi-N are con-
sistent with our experimental EXAFS data, as well as tho
in the literature.22 From the area under the first peak, th
nearest-neighbor coordination number of O is found to b
and of N it is found to be 2.54, for the simulated samp
FR52.00. It should be stressed that we are not imply
with this result that the N atoms would have,in the real
material, a coordination number smaller than 3. In the
perimental amorphous system, there is an incorporation

FIG. 3. Statistical distribution of tetrahedral configurations, o
tained from the MC simulations and the RBM, as a function ofn,
where n is related to the five types of tetrahedra SiOnN42n (n
50, 1, 2, 3, and 4!. For example, ifn52, it means that the silicon
is connected to two oxygen and two nitrogen atoms. The g
spheres represent N~smaller! and Si ~larger! atoms. The black
spheres represent O atoms.
2-4
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FIG. 4. Pair-distribution functions for the MC structure simulating the FR52.00 sample, for a temperature of 300 K.
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hydrogen atoms in the samples deposited by PECVD, m
fested through the detection of N-H bonds,11 as already men-
tioned. The number of N atoms that were considered in
simulation already reflect this fact: considering that we ha
190 Si, 278 O, and 74 N atoms and assuming that all th
atoms are four-fold coordinated and all the O atoms are t
fold coordinated, the maximum N coordination numb
would be 2.76. It is not exactly 3 here because some of th
atoms in the real system23 are making N-H bonds, a fact tha
was implicitly included in the simulation~through the num-
ber of N atoms!. In conclusion, the fact that the nitroge
coordination has a value smaller than 3 in our simulation
not a problem with our potential, but is a consequence of
fact that there are no H atoms in our theoretical procedur
saturate the ‘‘N dangling bonds,’’ as opposed to the r
samples where, as mentioned above, there are N-H b
present. Finally, the reason that the N coordination numbe
smaller than 2.76 is related to a small number of Si ato
that do not have a coordination number of 4~considering
only N and O atoms!.

From Fig. 4, we obtain for the average nearest-neigh
distances between O-O, O-N, N-N, and Si-Si the values 2
15533
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Å, 2.66 Å, 2.80 Å, and 2.95 Å, respectively. The O-O a
Si-Si bond lengths present a small shift of.5% when com-
pared to other simulations of thea-SiO2 material.24 On the
other hand, the O-N and N-N average bond lengths are c
sistent with other experimental works.22

IV. CONCLUSIONS

In this work we have performed MC simulations o
oxygen-rich amorphous Si-N-O systems in order to obtain
insight into their atomic structure. To perform these simu
tions we have extended empirical interatomic potentials t
were previously developed to study SiO2 and Si3N4. The
comparison between experiment and theory, in particular
nice agreement between the FT of the EXAFS signal
tained theoretically and experimentally, indicates that, a
first approximation, our developed model of interatomic p
tentials works satisfactorily well for the short-range ord
not only with respect to the distribution of different kinds
Si nearest-neighbor atoms, but also with respect to their
tances. Also, the MC simulations help to confirm that t
2-5
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amorphous structure appears to be formed by a random
ture of silicon atoms bonded to oxygen and nitrogen, as
denced by the good agreement between the statistical d
butions of the five types of tetrahedra obtained using the
results and the RBM.

*Electronic address: fazzio@if.usp.br
1R. Chau, J. Kavalieros, B. Roberts, R. Schenker, D. Lionber

D. Barlage, B. Doyle, R. Arghavani, A. Murthy, and G. Dewe
Tech. Dig. Int. Electron Devices Meet.2000, 45 ~2000!.

2M. Hoffman, P. Koka, and E. Voges, J. Lightwave Technol.16,
395 ~1998!.

3D.A. Buchanan, IBM J. Res. Dev.43, 245 ~1999!.
4C.S. Mian and I.S. Flora, Solid-State Electron.43, 1997~1999!.
5T.M. Pan, T.F. Lei, and T.S. Chao, IEEE Electron Device Lett.21,

378 ~2000!.
6S. Bernerjee, A. Gibaud, D. Chateigner, S. Ferrari, and M. F

ciulli, J. Appl. Phys.91, 540 ~2002!.
7K.A. Ellis and R.A. Buhrman, Appl. Phys. Lett.69, 535 ~1996!.
8M.I. Alayo, I. Pereira, and M.N.P. Carreno˜, Thin Solid Films332,

40 ~1998!.
9I. Pereira and M.I. Alayo, J. Non-Cryst. Solids212, 225 ~1997!.

10C. Domı́nguez, J.A. Rodrı´guez, F.J. Muno˜z, and N. Zine, Vacuum
52, 3 ~1999!; A.H. Teller and E. Teller, J. Chem. Phys.21, 1087
~1953!.

11W.L. Scopel, M.C.A. Fantini, M.I. Alayo, and I. Pereyra, Th
Solid Films413, 59 ~2002!.

12K. Worhoff, A. Driessen, P.V. Lambeck, L.T.H. Hilderink, P.W.C
Linders, and T.J.A. Popma, Sens. Actuators A74, 9 ~1999!.
15533
ix-
i-
tri-
C

ACKNOWLEDGMENTS

Thanks are due to the Brazilian agencies FAPESP
CNPQ for financial support and LNLS-Brazil for the XA
measurements.

r,

-

13L.R. Doolitle, Nucl. Instrum. Methods Phys. Res. B9, 344
~1985!.

14M. Abbate, F.C. Vicentin, V. Compagnon-Cailhol, M.C. Roch
and H. Tolentino, J. Synchrotron Radiat.6, 964 ~1999!.

15A. Michalowicz, EXAFS pour le Mac, Logiciels por la Chimie
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