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Abstract

By de-convoluting the Si 2p X-ray photoelectronic spectra, it was found that the short-range order in amorphous

silicon oxynitride ðSiOxNyÞ films with different compositions can be quantitatively described by the random bonding

model. In this model the SiOxNy consists of five types of randomly distributed tetrahedra and it indicates that metal–

oxide–semiconductor transistor with this gate dielectric will not result in any gigantic potential fluctuation in the

conduction channel. On the contrary, the structure of silicon-rich silicon nitride SiNx can only be described by the

random mixture model where the local composition fluctuations in this film will result in gigantic potential contra-

variant fluctuation. � 2002 Elsevier Science B.V. All rights reserved.

PACS: 82.80Pv; 73.40.Qv; 73.60.Hy

1. Introduction

In future nanoscale silicon metal–oxide–semi-
conductor (MOS) devices, the gate dielectric
thickness will be further scaled down to less than 4
nm and many dielectric-induced instabilities will
result. To meet this challenge, it is proposed that
the amorphous thermal gate silicon dioxide (SiO2)
should be replaced by amorphous silicon oxynit-
ride ðSiOxNyÞ [1–3] or stacked SiO2=Si3N4 dielec-
tric [4]. Particularly, the oxynitride dielectric,

combining the advantages of SiO2 and amorphous
silicon nitride ðSi3N4Þ [1], has been investigated
extensively and silicon-rich silicon nitride ðSiNxÞ
has been used as in triple SiO2=SiNx=SiO2 struc-
tures for memory devices [5]. The bonding struc-
ture in oxynitride and nitride are quite clear now.
The bonding in stoichiometric SiOxNy is governed
by the Mott rule [6–8]. According to this rule, each
Si atom is co-ordinated by four O and/or N atoms,
each O atom (as in SiO2) is co-ordinated by two
Si atoms, and each N atom is co-ordinated by three
Si or O atoms. These bonds should also form
the basic network elements of non-stoichiomet-
ric amorphous oxynitride films. However, the
composition of the bonds and network structure
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for the non-stoichiometric dielectric films are still
unclear.
There are two extreme models for modeling the

structure of tetrahedral amorphous non-stoichio-
metric alloys: the random mixture model (RMM)
and the random bonding model (RBM). These
models have been widely used to describe the
structure of tetrahedral SiOxNy , non-stoichiomet-
ric amorphous silicon oxide ðSiOxÞ and non-stoi-
chiometric amorphous silicon nitride ðSiNxÞ [9–
19]. According to RMM, the SiOxNy film consists
of separated SiO2 and Si3N4 phases and the SiNx

film consists of separated Si3N4 and Si phases,
whereas, in the random bonding model, it is as-
sumed that the SiOxNy and SiNx film consist of a
network of five tetrahedra of SiOmN4�m and
SiNmSi4�m (where m ¼ 0, 1, 2, 3 and 4), respectively.
The dielectric constants of SiO2 and Si3N4 are

3.9 and 6.5, respectively. If RMM is the real
structure for oxynitride film, the gate oxynitride
should be composed of a mixture of SiO2 and
Si3N4 nanoclusters; then the gigantic surface po-
tential fluctuations (qd) will be probably generated
by the gate voltage in the vicinity of the channel of
MOS devices for very thin gate dielectric film (1–4
nm). The surface potential fluctuation may sig-
nificantly large than the thermal voltage ðkT Þ and
causes several undesirable effects such as carrier
mobility degradation. Hence it is essential to un-
derstand the short-range order in SiOxNy to have a
good gate oxynitride for MOS devices. As only
qualitative description of the RBM was reported,
this work aims to quantitatively validate the ap-
plicability of the RBM or RMM to a ternary alloy
SiOxNy and to compare with the short-range order
properties in SiNx.

2. Theory

The distribution function of the SiOmN4�m tet-
rahedron in SiOxNy with composition x and y in
RBM is given by [13,14]

W ðm; x; yÞ ¼ 2x
2xþ 3y

� �m
3y

2xþ 3y

� �4�m

� 4!

m!ð4� mÞ! : ð1Þ

Eq. (1) can be used to describe quantitatively the
relative probability of the five sorts of SiOmN4�m

tetrahedra in SiOxNy . To determine the chemical
shift of Si 2p peaks for tetrahedra SiO4, SiO3N,
SiO2N2, SiON3, and SiN4 in SiOxNy , we extended
the Hasegawa RBM for binary alloys (SiOx or
SiNx) [10] to ternary alloy. For a tetrahedron of
SiOmN4�m with bonding unit SikOmNn, the partial
charge PjðmÞ of atom j can be determined by

PjðmÞ ¼ ðSSiON � SjÞ=ð2:08S1=2j Þ; ð2Þ

where j ¼ Si, O or N, and SSiON ¼ ðSk
SiS

m
O

Sn
NÞ

1=ðkþmþnÞ
is the Sanderson electronegativity in

the bonding unit of SikOmNn and the Sanderson
electronegativities for Si, O, and N atoms are
SSi ¼ 2:84, SO ¼ 5:21, and SN ¼ 4:49, respectively
[20].
Considering a SiOxNy film with composition x

and y, the average partial charge at Si, O and N
can be calculated as

PSiðx; yÞ ¼
X4
m¼0

½PSiðmÞW ðm; x; yÞ�
X4
m¼0

½W ðm; x; yÞ�
,

;

ð3Þ

POðx; yÞ ¼
X4
m¼0

m½POðmÞW ðm; x; yÞ�
X4
m¼0

m½W ðm; x; yÞ�
,

;

ð4Þ

PNðx; yÞ ¼
X4
m¼0

ð4� mÞ½PNðmÞW ðm; x; yÞ�

X4
m¼0

ð4
,

� mÞ½W ðm; x; yÞ�:
ð5Þ

Since the chemical shift of Si 2p level for each of
the five tetrahedra is proportional to the partial
charge on the Si atom, we can use the Si 2p3=2
position in SiO2 and Si3N4 to determine the Si
2p3=2 positions of SiON3, SiO2N2 and SiO3N tet-
rahedra.

3. Results and discussion

The amorphous SiOxNy films of different com-
positions were prepared on silicon h100i sub-
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strates by low-pressure chemical vapour deposi-
tion (LPCVD) from SiH4, NH3 and O2 source at
875 �C. The chemical compositions were deter-
mined by X-ray photoelectron spectroscopy
(XPS). Angle-resolved XPS measurements were
used. With this approach, when the detector is
normal to the sample surface, the XPS signals are
considered as the bulk signals of the dielectric
films. Further details of SiOxNy film preparation
and XPS measurements were reported previ-
ously [6]. The SiNx samples with thickness about
200 �AA were produced by LPCVD from a mixture
of SiH2Cl2 and NH3 with different ratios at 760 �C
on silicon h100i wafers.
Random bonding simulations of the Si 2p peaks

with spin doublet splitting energy of 0.61 eV were
conducted for comparison. For all the six mea-
sured SiOxNy samples, the same values of chemical
shifts and full-width half-maximum (FWHM) for
the five tetrahedra were used and the calculated
binding energies were used as the peak positions.
The same approach was also used for the SiNx

spectra simulations.
Fig. 1 shows the Si 2p core level XPS of SiOxNy

films with different compositions. Experimental
spectra are shown in dots and the simulated
spectra from RMM (second spectrum) and RBM
(except second spectrum) are depicted in solid
lines. For SiOxNy simulation the chemical shift of
SiO4, SiO3N, SiO2N2, SiON3, and SiN4 tetrahedra
was calculated using Eq. (3), and the assumption
that the chemical shift is proportional to charge on
the central silicon atom. The experimental FWHM
values for Si3N4 and SiO2 are 1.87 and 1.66 eV,
respectively (see Fig. 1). FWHM values for SiO3N,
SiO2N2, and SiON3 tetrahedra were estimated
based on linear interpolation using the number of
oxygen atoms as a parameter. Regardless of the
different compositions of x and y, only one peak is
observed in experimental spectra. These results do
not agree with the RMM. According to the RMM,
the Si 2p XPS spectrum should have two peaks,
corresponding to the SiO2 and Si3N4 phases, re-
spectively (see the second spectrum in Fig. 1). In-
stead, the RBM can fit the XPS results for all the
samples very well. Curves (except the second trace)
below the experimental spectra are the compo-
nents of different tetrahedra ðSiOmN4�mÞ that make

up the solid lines to approximate the experimental
spectra. However, the RBM is not applicable to all
kinds of dielectric films.
Fig. 2 shows the Si 2p levels XPS of SiNx with

different compositions. The experimental spectra,
the spectra simulated by RBM and the spectra
simulated by RMM are shown in dots, dashed
lines and solid lines, respectively. For SiNx RBM
simulation, the chemical shifts and values of
FWHM of SiNmSi4�m (m ¼ 1; 2; 3) tetrahedra were
considered as linear functions of the number of
nitrogen atoms. The experimental spectrum (first
trace of Fig. 2) shows a feature dominated by two
components. The RBM calculation predicts that
the Si 2p spectrum consists of a single broad peak
only and does not agree with the corresponding

Fig. 1. Si 2p XPS spectra of SiOxNy with different composi-

tions. The experimental spectra are shown in dots and the

simulated spectra are depicted in solid lines.
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experimental spectrum. The first RMM Si 2p
spectrum has two peaks corresponding to Si and
Si3N4 phases and correlates quite well with the
experimental spectrum in the peak locations. The
XPS data show the existence of different chemical
phases in SiNx, corresponding to SiN4, SiN3Si,
SiN2Si2, SiNSi3, and SiN4 tetrahedra. The exis-
tence of Si clusters for the present SiNx samples
has been reported previously using Raman scat-
tering study [21]. The size of the Si cluster is esti-
mated to be in the range of 1.5–5.0 nm. Previously,
silicon clusters in SiNx with size in the range 1.3–
2.4 nm were observed directly with high-resolution
transmission electron microscopy, photolumines-
cence, and optical absorption [22]. The sub-nitride
components can be due to the species at the in-

terfaces between the Si clusters and Si3N4. To have
a better correlation to other experimental spectra,
further de-convolution based on the mixture of Si,
Si3N4 and sub-nitrides (SiN3Si, SiN2Si2, and
SiNSi3 tetrahedra) is needed.
Depending on the chemical composition, the

band gap for the SiNx can vary from 4:6� 0:2 eV
(nitride) to 1.1 eV (silicon) [15,23]. Hence the en-
ergy gap will fluctuate locally due to the spatial
chemical composition fluctuations. The local gap
fluctuations of the SiNx result in spatial fluctua-
tions of potentials for electrons and holes (see Fig.
3(a)). The XPS valence band spectra of Si3N4, Si,
Au, and SiNx samples had been measured to have
quantitative information on the maximum of po-
tential fluctuation for holes. Since the Si3N4 va-

A B

Fig. 3. Gigantic potential fluctuation model: (a) one-dimen-

sional energy band diagram for SiNx; (b) the corresponding

spatial chemical composition fluctuation; and (c) the potential

fluctuation model for highly doped compensated semiconduc-

tor.

Fig. 2. Si 2p core level of SiNx with different compositions. The

experimental spectra, the spectra simulated by RBM and the

spectra simulated by RMM are shown in dots, dashed lines and

solid lines, respectively.
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lence band edge Ev is 1:5� 0:2 eV lower than that
of Si [23] and the SiNx valence band edge shifts
towards the silicon band gap as the silicon content
increases, the maximum value of hole potential
fluctuation in SiNx is 1.5 eV and the maximum
value of electron potential fluctuation in SiNx is
equal to the electron barrier height Ue ¼ 2:0� 0:2
eV at the Si=Si3N4 interface which was measured
using internal photoemission and tunnel injection
[8,15,23]. Based on these findings, a gigantic po-
tential contra-variant fluctuations (GPF) model
for SiNx is developed and is depicted in Fig. 3(a).
The qualitative model of GPF in SiNx was dis-
cussed previously in [24,25] and in SiOx in [12].
Note that Fig. 3(a) is the one-dimensional energy
diagram for the cross-sectional view (AB line) of
the local chemical composition fluctuation model
in Fig. 3(b). In our GPF model for SiNx, charge
neutrality is maintained at every point in space.
The local electric fields for electrons and holes at
the same point are different in magnitude and
opposite in direction. These gigantic contra-vari-
ant (for electrons and holes) potential fluctuations
will cause non-equilibrium electron/hole pairs
moving to the same spatial position with minimum
energies. In addition, it results in excited carriers’
confinement and increases the probability of car-
rier recombination. This phenomenon does not
exist in SiOxNy with the RBM scenario. This
model is similar to the gigantic potential co-vari-
ant fluctuation model for highly doped compen-
sated semiconductor as shown in Fig. 3(c) [26,27].
However, the energy gap in the GPF model for
highly doped compensated semiconductor is con-
stant. The local electric field leads to carrier sep-
aration and local charge neutrality does not exist
in this material.

4. Conclusion

In conclusion, XPS results show that the
structure of SiOxNy film is not a mixture of SiO2

and Si3N4 clusters. Instead, we found that the
short-range order of SiOxNy film can be quanti-
tatively described by the RBM. The SiOxNy con-
stituted by the bonded networks comprises five
sorts of randomly distributed tetrahedra SiOmN4�m

(where m ¼ 0, 1, 2, 3, and 4). With this connection,
MOS devices with oxynitride as the gate dielectric
will not induce gigantic surface potential fluctua-
tions in the vicinity of the channel as no spatial
local fluctuation of dielectric constant exists in the
randomly distributed oxynitride tetrahedra.
However, although silicon-rich SiNx also com-
prises five tetrahedra, the distribution of these
tetrahedra does not obey the RBM but the RMM.
As a result, gigantic potential fluctuations in SiNx

occur due to the energy gap variation induced by
spatial local chemical composition fluctuations.
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