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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 Str{iEEKAES) 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 fienlye.
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[. INTRODUCTION terials. Not only they can help to understand the experimen-
tal results, but they can also provide valuable insight that is
The contemporary electronic industry is dominated bysometimes hard, or even impossible, to obtain experimen-
silicon. This is the reason why silicon compounds and alloygally.
are under constant investigation by researchers in the area of The structure in the EXAFS spectrum is closely related to
materials development. In particular, amorphous silicon oxthe local environment of the excited atofins this work Sj,
ide (a-Si0,) and amorphous silicon oxynitride{SiO;N,) and a Fourier transform of the oscillations yields a real-space

are intensely used in microelectrorfi@d integrated optical distribution, similar to a radial distribution function. Then,
supplie$® For example, the substitution 0&-Si0, by the immediate environment of the Si atoms can be obtained

a-SIO,N, in ultrathin planar film devicds® was proposed by EXAFS data. In addition, aiming at a better analysis of

since the N incorporation improves the dielectric properties:[he structurall properties obtam_ed from experimental datg, a
. . . model of the interatomic potential was developed to describe
of the insulator. Another important progress coming from the

) . o I ) the bulk structure of oxygen-rica-SiQ,N,, by means of
incorporation of N in silicon oxide is that this compound actsy, e Carlo simulations. The oxygen-rich system was cho-
as an efficient barrier against boron diffusion between th ;

o s ; %en because this material does not have Si-OH and Si-H
gate and the drain in metal-oxide-semiconductbtOS)  1,,hqslt The presence of these bonds in the oxynitride thin

; U
devices. _ - _ films significantly increases optical losses in the spectral re-
Among the different deposition techniques used to 9rovgion of interest in optical deviceg.

silicon oxynitride thin films, the plasma-enhanced chemical
vapor depositiofPECVD) technique joins the advantage of
low-temperature processing-@00°C) together with a high
deposition ratgmicrons per hoyrbeing a promising alter- The films analyzed in this work were deposited in a
native to deposit thick film&° The PECVD technique allows PECVD system from a mixture of JO and SiH gases
control of a certain number of experimental paramefeirs The [N,O/SiH,] flow ratios (FR) were 2.00 and 3.00. The
power, temperature, gas flow, and presswhich can be chemical composition of the film under investigation was
easily adjusted to obtain films with specific characteristicadetermined by Rutherford backscattering spectroscopy
for a predetermined applicatidfi. (RBS at LAMFI/USP (Sa Paulo, Brazil. The RBS data
The physical properties @-SiO;N, films depend on their were analyzed by theump (Ref. 13 routine and the atomic
atomic composition, morphology, and local structure. In parconcentrations of silicon, nitrogen, and oxygen were ob-
ticular, the correlation between local structure and physicatained. X-ray-absorption spectroscofYAS) measurements
properties is of fundamental importance to determine the maat the siliconK edge were performed to investigate the struc-
terials’ technological use. Among the experimental methodsural properties of the amorphous samples. The standard
to investigate the local structure of amorphous multicomposamples werea-SiO, (thermally grown and c-Si and
nent systems, the x-ray-absorption fine structGX&\FS) a-Si;N, (deposited by PECVD The experiments, per-
method is one of the most appropriate. The soft x-ray absorgormed at room temperature, were carried out at the SXS
tion at the SiK edge was the approach chosen in our work tobeamliné* of the Brazilian Synchrotron Light Laboratory
elucidate the structure o&-SiQ,N, films deposited by (LNLS, Campinas, Brazil The measurements were obtained
PECVD!! Moreover, theoretical simulations can also be ain the energy range of 1800—2300 eV, using a channel-cut
valuable tool to investigate the structure of amorphous mamnShb(111) monochromator. The detection mode was the total

Il. EXPERIMENTAL METHOD
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current yield at the sample’'s surface. The extended x-ray- TABLE |. Parameters used in the interatomic potential for the
absorption fine structuréEXAFS) spectra were collected Si-O-N system.

with a step of 1.0 eV. The EXAFS data obtained experimen
tally were treated using the software developed by AE©Y) w @) xA) A 1B rcA)

Michalowicz!® as described elsewhete. 1502 100 443 250 260 550
o (A) Z; (e) ai (R)®
IIl. THEORETICAL METHOD
o _ _ _ Si 0.47 1.76 0.00
The atomic simulations, carried out to determine the 0 1.20 ~0.88 240
structural propertiegsespecially local ongsof the oxygen- N 1.30 1.104 3.00
rich Si-O-N system, were based on the empirical potential .
ij

models, developed by P. Vashishta and co-workers, to de-
scribe the systems SjdRef. 16§ and SiN, (Ref. 17. These Si-Si 11

effective interatomic potentials include both two- and three-  Si-O 9
body interactions. The two-body potential includes a steric  0-O 7
repulsion term related to the atomic sizes, screened Coulomb  Sj-N 9
interaction caused by the charge transfer effect, and charge- N-N 7
dipole interaction resulting from the large electronic polariz- O-N 7
ability of 0>~ and N¥~. The three-body covalent contribu- B\ (eV) % (deg
tion takes into account the bond bending and bond stretching : '
effects. In this work, we introduce two additional contribu-  O-Si-O 4.993 109.47
tions to the interatomic potentiali) a repulsive term to the Si-O-Si 19.972 141.00
two-body interactions in order to describe the O-N repulsion  N-Si-N 4.993 109.47
and(ii) a three-body interaction to correctly describe the lo-  Si-N-Si 12.480 120.00
cal N-Si-O configuration. The two-body interactions are rep- O-Si-N  4.993 109.47
resented by
O'i+0'j 7ij ZZ] rij
Vo(rij)=A - + . exp - N plored the structural properties of amorphoasSiON,
1] 1]

through the continuous Monte CarlMC) method!® using a
simulation box with periodic boundary conditions, in the
7 - —, (1 N-P-T ensemble. In order to generate an amorphous atomic
2rj; ¢ arrangement, we started our simulation from a crystalline
and the three-body interactions take the following form: ~ Structure of silicon nitride(supercell parametersa=b
=15.19 A; c=31.922 A; density:2.78 g/cni; 616 atoms
2 w This silicon nitride system is fully melted, and we then ran-
ex;{ + } domly replaced nitrogen atoms by oxygen atoms up to the
desired atomic concentrations, as determined by RBS for the
samples deposited with FR2.00 and 3.00. For FR2.0
To avoid a discontinuous two-body potential caused by it§3.0), we end up with 190186) Si, 278(312) O, and 74(38)

(aiij-l-a]-Ziz) F{ rij
— X

- -

V3(rlji |k) Bljk Cosaljk

rik lj—ro Trik—ro

truncation atr =r, we replaceV,(r;) by N atoms. The system was heated up to the temperature of
7000 K (60000 MC steps—a MC step is completed after we
V(P ) =Vl ) = V(T g) — (1 — )[dVZ(rij)} attempted to displace all the atoms in the systarmd it was
2] 2] 2e Dl dry ) equilibrated by 90000 MC steps at this temperature. This

(3) procedure guarantees that the initial state has no effect on the
final result. Then, the system was cooled from 7000 K down
The parameters defined in the potential, such as ionic radjy 6000 K in 30000 MC steps and equilibrated for another
o, repulsive exponents;; , repulsive strengtih, effective 30000 MC steps. This cooling was repeated until a configu-
chargeZ;, polarizabilitiesa; , strength of the three-body in- ration at 1000 K was obtained. From 1000 K the system was
teractionB; , average bond angleg;, , and the cutoff dis- cooled down to 800 K in 30000 MC steps and equilibrated
tances (p,r.,\, and &) for the two-body and three-body by another 30 000 MC steps. Using a similar cooling sched-
interactions are displayed in Table I. ule, a system at 400 K was obtained. Finally, the system was
The silicon oxynitride films deposited by PECVD under brought down from 400 K to 300 K in 30 000 MC steps, with

investigation have a small amount of hydrog@ess than a final equilibration period of 30 000 MC steps.
4%). Moreover, as these H atoms are not bonded to Si It should be mentioned that the ideal procedure to gener-
atoms! and, as we are, in the present work, mostly interestedte the amorphous structure would be to perfaiminitio
in the analysis of the Si first neighborhood, we will not con- calculations. However, the size of the system used in the
sider explicitly the H atoms in our simulations. However, thepresent study, coupled to the large number of energy evalu-
amount of N and O atoms in the simulations will reflect theations that are required to generate the amorphous structure,
fact that N-H bond are experimentally observed. We exfrevents such an approach. Moreover, tight-bind{ié)
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calculations, which could also be an alternative, cannot be
carried out for this system owing to the lack of a suitable
parametrization. Nevertheless, even though the use of em-
pirical potentials is almost unavoidalffer the reasons men-
tioned abovg one must keep in mind the limitations of this
approach. However, as will be seen below, the good agree-
ment between the experimental and theoretical results gives
us confidence that the potential is describing, at least the
local order structure, correctly.

RESULTS OF THE CHEMICAL AND STRUCTURAL
PROPERTIES OF AMORPHOUS SiO;N,

The RBS results show that the samples, deposited with
FR=2.00 and 3.00, have the following atomic concentra-
tions: 36% Si, 50% O, and 14% N and 36% Si, 57% O, and
7% N, respectively. Thus, these results indicate that the sili-
con oxynitride films are oxygen rich.

The XANES spectrd of the samples under investigation
show that their short-range structures are similar to that of
amorphous SiQ Moreover, the Fourier transforT) of
the EXAFS signal shows that this short-range structure is of
the order of 3 A. In silicon oxynitrides, the Si atoms tend to
be tetrahedrallly coordinated, each O atom has two ,S' gtoms FIG. 1. Geometric structure obtained using the simulation pro-
as nearest neighbors, and each N atom has coordination 3,qyre described in the text, for an atomic concentration similar to
For the analysis of the EXAFS data, we considered that ifhe sample (FR2.00). This supercell is repeated in space using
the first coordination shell the silicon atoms are connected t@eriodic boundary conditions. The gray spheres represent N
oxygen and nitrogen atoms, because these bonds are eVémalley and Si(largen atoms. The black spheres represent O at-
denced in the Fourier transform infrared spectroscopyms.

(FTIR) spectra! The EXAFS results show that the average
interatomic distances aral{.o=1.61+0.02 A) and @g;y

=1.70+0.02 A). The EXAFS analysis also shows that the
average oxygen and nitrogen coordination numbers aroun

the maximum distance to the absorbing Si atom as 9 A. The
bsorption function was obtained considering th&KQidge

= = o nd taking an average over these 60 atoms. The calculations
the S||Ilc?:r|1%a2toorr(1)s argd’\fi.o—_Zé?ZSOanddl\’ilsm __](')%50 ffor :Ee were performed at the same conditions used to analyze the
sample FI%B.OO’ _?ﬂ S0~ N an dlfli_N_ ' 'I 0; he experimental dat& The comparison between the FT of the
sample :00. The sum olNs;.o andNsi.y equals 4, the gy Apg signal obtained theoreticallfas described aboye

total number of Si first neighbors, as exp_ec’c%_d. nd experimentallyas described in Ref. 1lis shown in
Even though the experimental analysis gives an overalF.

gualitative idea about the structure of the samples, it does notlg' 2
provide a detailed atomic configuration. Experimental limi-
tations, together with the amorphous nature of the material,
restrict the reliable structural information to the immediate &
neighborhood of the Si atoms. The MC simulations can helps
to bridge this gap. Therefore, we have performed MC simu-g
lations, as described in the previous section, for atomic con-=
centrations that are equivalent to the experimental sampless
The final geometric structuréMC simulation of the alloy,
with atomic concentration identical to the sample deposited,?
with FR=2.00, is depicted in Fig. 1.

These atomic position@MC simulation, FR=2.00) were
used to determine the theoretical FT. The results were com
pared with the experimental data, already publishethe
theoretical EXAFS signal was obtained using therr8
software?® having as input the atomic structure generated
through the MC simulation. The&er8 makesab initio
multiple-scattering calculations of XAFS spectra for clusters
of atoms. The calculations used a cluster of 60 atoms at the
center of the supercell determined by the MC calculations. FIG. 2. Comparison between the Fourier transforms of the EX-
The number of multiple scattering paths was taken as 4, andFS signal obtained experimentally and theoreticétgrrs).

~
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Figure 2 shows a nearly quantitative agreement betweer 80

(1) the FT obtained by theerr8 software plus the theoretical |—e— Theory (FR =2.00) A .
structure and?2) the FT of the EXAFS experimental results so | RBM(FR =2.00) /ev; i
for both the real and imaginary parts. The discrepancies obgg | ¥ Theory (FR =3.00) |
served in the range 1.5-2.5 A can be described as an overla> , [—*— RBM(FR =3.00) ]

between the second and third coordination shells in the the.2
oretical spectrum, when compared to the experimental re-g
sults. A possible cause of this discrepancy is the finite num-% 30
ber of atomic clusters used to calculate the theoretical FTo -
with FEFF8. The long-range structure of the amorphous sys-%’ 2 |

tem would be better described by taking a larger number of @ - &6 .
%

w0

clusters, as well as longer distances to the silicon absorbelZ
thus generating a better EXAFS signal by multiple-scattering,®
calculations. Nevertheless, since the most relevant structure
information of amorphous systems is the first coordination
shell, the comparison between theory and experiment in oul
approach provides consistent conclusions. In particular, the
peak with large magnitude around 1.30 A is associated with
the first coordination shell, which is formed by Si-O and FIG. 3. Statistical distribution of tetrahedral configurations, ob-
Si-N bonds. Thus, the atomic short-range order generated dgined from the MC simulations and the RBM, as a function pf
the MC simulation is being well described when compared tgvhere v is related to the five types of tetrahedra 3Q-, (v
the experimental results. Moreover, the absence of long=0. 1,2, 3, and # For example, ifv=2, it means that the silicon
range order is evident at distances larger than 3 A, confirmiS connected to two oxygen and two nitrogen atoms. The gray
ing that the Si-O-N system is amorphous. spheres represent Ksmalley) and Si (largep atoms. The black
From a morphological point of view, the theoretical result SPheres represent O atoms.

of Fig. 1 reveals that the amorphous Si-O-N system is horps data(see Fig. 3 These probabilities can be used to
mogeneous and is not composed by two distinct phases SiQa|culate the number of oxygen and nitrogen atoms bonded
and SiN4. One can also see, as expected, that the first neighy silicon, in the first coordination shell. It is important to
bors of silicon are oxygen and nitrogen atoms. Moreoverpgte that the values obtained ;o andNg,y in this way
there are silicon atoms connected (¢ four oxygens,(ii)  are very similar to the ondadependently obtaineflom the
three oxygens and one nitrogeliij) two oxygens and two  xAS results (see above within an uncertainty of 109}
hitrogens, andiv) one oxygen and three nitrogens, in both which gives further confidence that the RBM is correct.
systems characterized by F2.00 and FR-3.00. From the MC simulation, we can also extract the statistical
On the other hand, our experimental results, published igjistribution of these tetrahedfasing a cutoff distance of 1.7
Ref. 11, evidenced the formation of a disordered Si-O-NA tg determine the nearest neighbors to the Si ajomkich
structure, in which the silicon atoms are fourfold coordinateds also shown in Fig. 3. From this figure, it can be seen that
with N and/or O in the first shell. These experimental resultgpe agreement between the MC and RBM results is very
are a combination of RBS, XAS, and FTIR data, and agjood. It is important to remark that these results were ob-
discussed in detail in Ref. 11, they clearly show that thegjned independently, as previously described. Therefore, the
material is not composed of Sj@nd SgN, regions, butof a  facts that(1) the MC simulations describe well the first
homogeneous system with randomly distributed Si-O angheighborhood around the Si atoms, as established above
Si-N bonds. By randomly distributed, we do not mean thatrig. 2), and(2) there is the nice agreement shown in Fig. 3
there will be the same number of Si-N and Si-O bonds, sincgre strong indications that the RBM is describing well the
the concentrations of O and N atoms are not the same. Albcal structure of the amorphous system.
these experimental results suggest, as a reasonable picture toThe distinct partial pair-distribution functiorgg(r) be-
describe the local structure, the so-called random bongyeen atomsA and B of the theoretically obtained amor-
model (RBM).?" In the RBM, there are five types of nearest phous Si-O-N system, equivalent to the sample deposited
neighborhoods around the Si atoms or five types of tetrahgjth FR=2.00, are shown in Fig. 4. From this figure, the
dra SIQN4—,, wherev=0, 1, 2, 3, or 4. For example, if positions of the first peaks igs.o andgs;y are determined
v=2, it means that the silicon is connected to two oxygenys (1.66- 0.04) and (1.7%0.06), respectively. These values
and two nitrogen atoms. According to the RBM, the relativesgy the average interatomic distanabs o andds;  are con-
probabilities of these five types of tetrahedra are determinegdistent with our experimental EXAFS data, as well as those

0

as in the literature?> From the area under the first peak, the
nearest-neighbor coordination number of O is found to be 2

[oax PTo3x ]t 4l and of N it is found to be 2.54, for the simulated sample

W(x,y) = 2x+3y| | 2x+ 3y v (4—v)l’ (4) FR=2.00. It should be stressed that we are not implying

with this result that the N atoms would havie, the real
wherex andy are theexperimentallydetermined atomic ra- material, a coordination number smaller than 3. In the ex-
tios [OJ/[Si] and [N]/[Si], respectively, obtained from the perimental amorphous system, there is an incorporation of
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FR = 2.00

|1 [ (b) si0]

[=__

8 0 1 2 3 4 5 8 7 8
r (&) r (&)

Partial pair-distribution functions (g (r))

FIG. 4. Pair-distribution functions for the MC structure simulating the=FZ00 sample, for a temperature of 300 K.

hydrogen atoms in the samples deposited by PECVD, mani, 2.66 A, 2.80 A, and 2.95 A, respectively. The O-O and
fested through the detection of N-H boridsis already men-  Si-Si bond lengths present a small shift-e6% when com-
tioned. The number of N atoms that were considered in th@ared to other simulations of theSiO, material®* On the
simulation already reflect this fact: considering that we haveother hand, the O-N and N-N average bond lengths are con-
190 Si, 278 O, and 74 N atoms and assuming that all the Siistent with other experimental works.
atoms are four-fold coordinated and all the O atoms are two-
fold coordinated, the maximum N coordination number
would be 2.76. It is not exactly 3 here because some of the N
atoms in the real systéthare making N-H bonds, a fact that
was implicitly included in the simulatiofthrough the num- In this work we have performed MC simulations of
ber of N atom& In conclusion, the fact that the nitrogen oxygen-rich amorphous Si-N-O systems in order to obtain an
coordination has a value smaller than 3 in our simulations isnsight into their atomic structure. To perform these simula-
not a problem with our potential, but is a consequence of théions we have extended empirical interatomic potentials that
fact that there are no H atoms in our theoretical procedure tavere previously developed to study Si@nd SiN,. The
saturate the “N dangling bonds,” as opposed to the reatomparison between experiment and theory, in particular the
samples where, as mentioned above, there are N-H bondéce agreement between the FT of the EXAFS signal ob-
present. Finally, the reason that the N coordination number itained theoretically and experimentally, indicates that, as a
smaller than 2.76 is related to a small number of Si atomdirst approximation, our developed model of interatomic po-
that do not have a coordination number of(ebnsidering tentials works satisfactorily well for the short-range order,
only N and O atoms not only with respect to the distribution of different kinds of
From Fig. 4, we obtain for the average nearest-neighbo&i nearest-neighbor atoms, but also with respect to their dis-
distances between O-0O, O-N, N-N, and Si-Si the values 2.5%ances. Also, the MC simulations help to confirm that the

IV. CONCLUSIONS

155332-5



W. L. SCOPELet al. PHYSICAL REVIEW B 68, 155332 (2003

amorphous structure appears to be formed by a random mix- ACKNOWLEDGMENTS
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