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The methods of x-ray electron and x-ray emission spectroscopy were used to study the electron
structure of amorphous silicon oxynitride (a-SiN, O, ) of variable composition ranging from
SiO, to Si;N,. The short-range order in ¢-SiN, O, was described by a model of a disordered

randomly bound network.

We shall report a study carried out by x-ray electron
and x-ray emission spectroscopy methods, used to determine
the electron structure of amorphous silicon oxynitride (a-
SiN, O, ) of variable composition from SiO, to Si;N,. We
shall describe the structure of a-SiN, O, by a model of a
disordered randomly bound network in which an atom of Si
has a tetrahedral environment, an atom of N has a trigonal
environment, and an atom of O binds two tetrahedra. The
valence band consists of three subbands. The symmetry of
the wave functions responsible for the valence band is estab-
lished. It is shown that there are nonbonding 2p and 2p orbi-
tals of N and O near the top of the valence band.

Amorphous silicon dioxide (a-SiO,) and nitride (a-
Si,N,) are binary compounds with the structure that can be
described by the model of an ideal tetrahedral network.' Ex-
periments on the diffraction of x rays in a-SiO, and the
pulsed scattering of neutrons in a-Si; N, (Ref. 2) indicate that
the O-Si—O and N-Si-N angles in SiO, and Si;N,, respec-
tively, are close to the ideal angle of ~109°in a tetrahedron.
Disordering of a-SiO, is due to the scatter of the Si-O-Si
angles which vary within the range 120-180° with a maxi-
mum of the distribution function at 144° (Ref. 1). An elemen-
tary structural unit of a-SiO, is an SiO,, tetrahedron and an
oxygen atom in SiO, forms a bridge between two tetrahedra.
Ina-Si;N, each N atom is bound to three Si atoms in trigonal
positions. The elementary structure unit is SiN,/.

In the crystalline state there is a ternary compound,
silicon oxynitride Si,N,O, which has the orthorhombic crys-
tal structure® with a unit cell containing 20 atoms (an
SiN;,;0,,) tetrahedron is an elementary structure unit). In
the amorphous state the composition of this oxynitride can
vary from SiO, to Si;N, because the synthesis takes place
under strongly nonequilibrium conditions. A topological
disorder in a-SiN, O, is complemented by an order due to
fluctuations of the local atomic composition.

Depending on the characteristic scale of composition
inhomogeneities (in other words, for different forms of the
statistics of bonds), two models of variable-composition
compounds can be distinguished.* In the random mixture
(RM) model representing a disordered macroscopic mixture
there are only two kinds of tetrahedra: SiO, and SiN, in our
case. According to this model, ¢-SiN, O, represents a mac-
roscopic mixture of two phases: SiO, and Si;N,. A model ofa
disordered mixture at the atomic level, known as the random
bonding (RB), postulates that a-SiN, O, is a network of te-
trahedra of different configurations.

321 Sov. Phys. JETP 62 (2), August 1985

0038-5646/85/080321-07$04.00

The RB representations have been developed to explain
the structure of a-SiO, (0 <x <2) in Refs. 4 and 5, but the
experiments indicate that the short-range order in a-SiO, is
not described by the RB model.**

The band calculations of Si,N,O were carried out in
Ref. 7 from first principles without fitting to the experimen-
tal data because of the absence of such data. The purpose of
the present investigation was to determine the electron
structure and the energy band structure of ¢-SiN, O, in a
wide range of atomic compositions and to compare the ex-
perimental data with the theory in order to test its validity.

SAMPLES AND EXPERIMENTAL METHOD

Amorphous silicon oxynitride films of ~ 1000 A thick-
ness were synthesized from a mixture of SiH,, NH;, and O,
at 7= 875°C and the substrate was a single crystal of
Si(1, 1, 1). The technology of preparation and the properties
of the samples were described in detail in Ref. 8.

In x-ray spectroscopy the electronic levels of an atom
(counted away from the nucleus) are denoted as follows:

Typeofstate 1s 25 2p 3s 3p 3d 4s 4p
Designation K Ly L.s My Mys Mis Ny Ny

The double index denotes a spin doublet splitting of the rel-
evant level. An x-ray emission spectrum is formed as a result
of an allowed (obeying dipole selection rules) transition of an
electron from an outer level to a vacancy in an inner shell of
an atom.

Two methods of generating x-ray emission spectra can
be distinguished in accordance with the method used to form
a vacancy: the primary method when a vacancy is formed as
aresult of bombardment of a sample with a beam of electrons
and a secondary (fluorescence) method in which vacancies
result from irradiation of a sample with x rays generated by
the primary anode. The x-ray absorption spectrum repre-
sents the transfer of electrons from the inner levels of vacant
states in the conduction band. The x-ray emission lines are
denoted in accordance with the level at which a vacancy
responsible for the radiative transition is formed, whereas
the absorption lines are denoted in accordance with the level
from which an electron is released.

A set of x-ray spectra of the valence bands (representing
electron transitions from the valence band to some inner lev-
el) and of the absorption spectra of different series and for
different atoms in a compound gives an idea of the energy
positions of the singularities of the density of states N (E).
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The relationship between the intensity in the x-ray spectrum
I(E)and the electron density N (E ), as well as the transition
probability P (E ), can be represented by the following pro-
duct:

I(E)»N(E)P(E).

Strictly speaking, the complex dependence of P(E ) on
the electron characteristics in a crystal is not suitable for a
direct calculation of the N (E ) curve from the intensities of
the x-ray bands. Characteristic features of the x-ray bands
correspond to singularities of the N (E ) curve, which make it
possible to estimate qualitatively the total density of states
N (E), whereas a comparison of x-ray spectra belonging to
different series and different atoms in a compound allows us
to study the influence of P (E ) on the profile of the spectral
band. The absorption coefficient u(E ) near an absorption
edge can be described by a similar product:

w(E)N(E)P(E),

i.e., the singularities of the initial absorption band are asso-
ciated with the density of vacant states and with the transi-
tion probability.

Determination of the absorption spectra in the 1-7 A
range by the traditional transmission method (an analysis is
made of the x rays transmitted by an absorber) presents no
experimental difficulties. Investigation of the absorption
spectra in the ultrasoft x-ray range 10-500 A (precisely
where the lines of such elements as B, C, N, and O are locat-
ed) is difficult because of the need to prepare thin (100-1000
A) homogeneous absorber films. Therefore, in this range the
information on vacant states is obtained from the spectra of
the quantum efficiency (yield) of the x-ray photoeffect of the
investigated substance. This method is based on the fact that
irradiation of a substance with x rays from the bremsstrah-
lung spectrum results in the emission of photoelectrons and
Auger electrons and at energies of the incident radiation
close to the absorption edges the number of these electrons
varies proportionally to the absorption coefficient, so that
observed pattern repeats the absorption spectra.

In the present study we determined the L , ; x-ray emis-
sion spectra representing the energy distributions of the oc-
cupied states of the s and d symmetry in the valence band and
the nitrogen and oxygen K, x-ray emission spectra repre-
senting the energy distributions of the states of the p symme-
try in the valence band (wavelength range 150-23 A). These
spectra were obtained by the primary method using an
RSM-500 x-ray spectrometer-monochromator with a
spherical diffraction grating. The investigated samples were
bonded to a water-cooled copper anode which was under a
voltage of + 3 kV. The current of electrons which excited x
rays was 0.8—-10 mA. Vacuum in the x-ray tube was at least
5% 1076 Torr. The intensities of the L, ; lines of Si, and of
the K, lines of N and O at the maxima were 400, 150, and
100 counts/sec, respectively.

The K x-ray emission spectra reflecting the energy dis-
tribution of the states of the p symmetry in the valence band
and the K, lines (2p-1s transition) of silicon (wavelength
range 6-7 A) were obtained by a fluorescence method em-
ploying in SARF-1 spectrometer with a bent quartz crystal
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of the [1010] orientation. Vacuum in the x-ray tube was
~1x107% Torr. The fluorescence spectra were excited by
bremsstrahlung from the W anode subjected to a voltage
V, = 9kV and the current was I, = 0.4 A. The intensities at
the line maxima were ~ 10* and 10? pulses/sec for the K,
and Kz spectra of Si, respectively.

Information on the vacant states was obtained by re-
cording the spectra of the quantum efficiency of the x-ray
photoeffect. The K quantum efficiency spectra of Si were
excited by bremsstrahlung from a Ta anode. The intensity at
the maximum was ~ 200 pulses/sec and the contrast was 3—
4. The L, ; quantum efficiency spectra of Si and the corre-
sponding K spectra of N were excited by bremsstrahlung
from the W anode. The intensity at the maximum was
~2000 and 100 pulses/sec, respectively, and the contrast for
both spectra was at least 2. The energy resolution depended
on the investigated part of the spectrum (in electron volts): at
least 0.5 for the K x-ray emission and quantum efficiency
spectra of Si; 0.5 for the X x-ray emission and quantum effi-
ciency spectra of N; 0.2 for the L, ; quantum efficiency
spectrum of Si; 0.4 for the L , ; x-ray emission spectrum of
Si; 0.4 for the K x-ray emission spectrum of O; 0.8 for the X
quantum efficiency spectrum of O.

The method of x-ray electron spectroscopy, which has
become one of the fundamental physical methods for investi-
gation of the structure of matter, provides valuable informa-
tion which supplements x-ray spectroscopy. We used the
method of x-ray electron spectroscopy to determine the en-
ergy position and width of an inner level at which a transi-
tion terminates, which made it possible to estimate the con-
tribution of the level width to the total width of a particular
spectrum and also to combine on a single energy scale the x-
ray spectra belonging to different series and different atoms
forming a given compound.

The physical essence of the method of x-ray electron
spectroscopy, based on the Einstein equation for the photo-
electric effect, consists of determination of the kinetic energy
of an inner or valence (outer) electron knocked out from the
investigated substance by an x-ray photon of known energy
hv, and of determination of the ionization energy (binding
energy) which is a sensitive characteristic of the chemical
binding of a compound.

We investigated the x-ray electron spectra employing
an HP 5960-A spectrometer using monochromatic radiation
of the X, , line of aluminum as the excitation. Energy cali-
bration was carried out using the 1s line of carbon, the bind-
ing of energy of which is E, = 285.0 eV. The composition of
a-SiN, O, was determined by normalization of the intensi-
ties of the ls lines of oxygen, nitrogen, and the 2p line of
silicon to the known photoionization cross sections. The re-
fractive index (1 = 6328 A) and the composition of the inves-

tigated samples are listed in Table I.

SHORT-RANGE ATOMIC ORDER IN a-SiN, O,

If the structure of a-SiN, O, can be described by the
RM model, the x-ray emission spectrum corresponding to
the 2s levels of Si should consist of two signals representing
SiO, and Si;N,, as found earlier for a-SiO, (Ref. 6). The
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TABLE 1. Composition, refractive index, and absolute energies of
A(SiL, ;), A'(OK,), and 4 '(NK, ) x-ray emission peaks (electron volts).

Sample no. x y n A(SiLa.) A’(0Kg) A’(NKg)
7004 0,5 1,3 1,56 95,0 526,3 394,0
7066 0,8 038 1,66 95,1 526,2 393,9
2038 0,9 0,6 1,72 95,2 526,1 393,8
7026 1,1 0,4 1,79 95,5 526,2 393,5
2010 1,2 0,2 1,87 96,1 526,2 393,9
7792 1,3 0,1 1,92 96,5 526,7 393,9

experimental evidence shows that there is only one peak and
the energy at its maximum decreases monotonically on in-
crease in the proportion of oxygen (Fig. 1). Similar data are
reported in Ref. 9 for the 2p levels of Si and for the 1s levels of
N and O (Fig. 2). The monotonic variation of the binding
energy of atomic levels as a result of variation of the compo-
sition of a-SiN, O, shows that the structure of the latter is
described by the RB model. In accordance with the RB mod-
el, a-SiN, O, represents a network of tetrahedra of the
SiN, O, _, type, where v = 0, 1, 3, and 4. The oxygen atoms
in such a tetrahedron replace the nitrogen atoms at random.
In the case of a random substitution and on condition that an
atom of N is coordinated by three Si atoms and an atom of O
by two such atoms, the probability W (v, x, y) of finding a
tetrahedron of the configuration v in @-SiN, O, of a given
composition (x, y) is
h—v
) 41 (1)

3z v 2y
W (v, z, =( .
v n=\313, ) (3x+2y VW (G—)!

Equation (1) postulates the absence of Si—Si and broken
bonds. Figure 3 shows the dependence (1) as a function of the
parameter z = 3x/(3x + 2y) representing the composition of
all possible configurations of the tetrahedra. The probability
of discovering a tetrahedron with a large value of the index
rises on increase in the nitrogen concentration. The x-ray
emission spectrum of the 2s levels of Si is a superposition of
the signals corresponding to five types of tetrahedra with
different values of the index v. Since an increase in the index
v reduces the binding energy of the 2s level of Si, the com-
bined peak shifts toward lower energies. The energy of the
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FIG. 1. X-ray electron spectra of the 2s levels of Si in a-SiO, (1), in a-
Si,N, (5), and in variable-composition ¢-SiN, 0, :2) x = 0.5,y = 1.3;3)
x=y=08;4)x=12,y=0.1.
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o, , line of Siin SiO, (Ref. 10) is practically the same as that
of silicon in Si;N, (Ref. 11), because the actual values are
1740.6 and 1740.5 eV, respectively. It therefore follows that
the 2p and 1s levels of Si shift by an approximately the same
amount when the environment of the silicon atom is altered.

Chemical shifts of the 1s levels of N and O (Fig. 2) indi-
cate that a redistribution of the electron density in¢-SiN, O,
occurs within at least two coordination spheres. In other
words, the N and O atoms “sense” the environment of the Si
atoms in which they are bound. In the opposite case the ener-
gies of the 1slevels of N and O are independent of the compo-
sition. An analysis of the composition of ¢-SiN, O, (Fig. 4)
shows that the following rule is obeyed'%:

4=3z+2y. (2)

The equality (2) represents the familiar rule that the co-
ordination number is 8 — m, where m is the number of va-
lence electrons of an atom. According to Eq. (2), an atom of
Si forms four bonds with N or O, an atom of N bonds three
tetrahedra, and an atom of O bonds two tetrahedra. Devia-
tions from Eq. (2) can be explained by the presence of Si-H
and N-H bonds in ¢-SiN, O, in amounts representing a few
atomic percent.'

ELECTRON STRUCTURE OF a-SiN, _,,0,_,,

The x-ray electron spectra of a-SiN, O, are presented in
Fig. 5. The density-of-states peaks with energies ~ 30 and
~25 eV in a-SiN, O, correspond to the positions of the 2s
levels of O and N. A comparison of the photoionization cross
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FIG.2. Energies of 2p levels of Si (1), 2s levels of Si (2), 1slevels of N (3) and
1slevels of O (4) in a-Si; N, a-SiO,, and a-SiN, O, plotted as a function of
the refractive index of the wavelength A = 6328 A (O represents our data
and @ represents the results from Ref. 10).
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FIG. 3. Probability of detection of a tetrahedron of configuration v, in the
RB model, plotted as a function of the parameter z = 3x/(3x + 2y) repre-
senting the composition.

sections of the 3s and 3p levels of Ni, and of the 2p levels of N
and O (Ref. 15) shows that the main contribution to the in-
tensity corresponding to the upper parts of the valence band
comes from the 3s orbitals of Si; the L , ; emission spectra of
Si (representing electron transitions from the valence band
to the 2p level of Si) reflect the distribution of the 3s, d states
of Si, whereas the Kz spectra of Si represent the density of
the 3p states of Si, and the K, spectra of N and O represent
the densities of the 2p states of N and O, respectively. The
same selection rules are satisfied by the experimental results
on x-ray absorption. We investigated the quantum efficiency
spectra which, as shown in Ref. 16, are similar to the absorp-
tion spectra.

Figure 6 shows x-ray emission and quantum efficiency
spectra of a-SiN, ; O, 4 similar in composition to crystalline
Si,N,0. The known values of the binding energies of the 2p
levels of Si and the 1s levels of N and O (Fig. 2) are used to
reduce all the spectra in Fig. 6 to the same origin which
represents the electron energy in vacuum. The K, x-ray
emission spectrum of Si in crystalline Si,N,O is taken from
Ref. 17. It is fitted to the other spectra allowing for the ener-
gy of the K,  line of Si.

The dipole selection rules for the x-ray transitions and
the results of a calculation of the electron structure of crys-
talline Si,N,O (Refs. 7 and 18) can be used to identify various
features in the x-ray spectra: the maxima denoted by C, and
C, correspond to a group of molecular orbitals (MO) domi-
nated by the contribution of the 2s atomic orbitals (AO) of
oxygen and nitrogen, respectively, with the admixture of the
3s and 3p atomic orbitals of Si. The maxima B, B’, and A
reflect the o and 7 bonds due to the interaction of the 3s, 3p,,,
3p,. AO of Si with the 2p,, and 2p, AO of N and O. The main
maximum, denoted by A’, of the K, bands of O and N repre-
sents the nonbonding MO consisting of the 2p,. AO of O and
N.

,,”f"";f“%__}__f__l i-
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FIG. 4. Ratio of the number of bonds of silicon to the number of bonds of
nitrogen and oxygen plotted as a function of the refractive index of a-
SiN, O, (O represents our results and @ represents data from Ref. 13).
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FIG. 5. X-ray electron spectra of the valence band of a-SiO, (1), a-Si;N,
(4), and a-SiN, O, (2 corresponds to SiNg 4O, ¢ and 3 corresponds to
SiN, 56 0o.11)- The energies are measured from the electron level in vacu-
um.

Our experiments do not allow us to identify the partial
contribution of the 3d states of Si, but the results of calcula-
tions relating to Si,N,O (Ref. 7), @ and B forms of Si; N, (Ref.
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FIG. 6. X-ray emission and quantum efficiency spectra of Si, N, and O
atoms in @-SiN, ; O, 4. The K emission spectrum of Si in Si,N,O is taken
from Ref. 17. The total density of states in Si,N,O taken from Ref. 18 is
plotted at the bottom of the figure. The spectra are reduced to the single
energy scale. The origin corresponds to the electron energy in vacuum
(vertical continuous line). The arrows identify the positions of the edges of
the E, and E, bands deduced from the data on internal photoemission and
absorption taken from Ref. 8. The dashed curves are the partial densities
of states of the Si, N, and O atoms taken from Ref. 7.
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19), and SiO, (Ref. 20) are evidence of a small contribution of
the 3d orbitals of Si to the formation of the valence band. The
model calculation of the electron structure of Si,N,O report-
ed in Ref. 18 and the more accurate calculations of Ref. 7
(Fig. 6) demonstrate the existence near the top of the valence
band of nonbonding 2p, orbitals of N and O, which is in
general agreement with the results of our experiments. How-
ever, in contrast to the experimental results, the 2p,. orbital
of O is—according to Ref. 7—located above the 2p,. orbital
of N. An energy gap between a subband formed from the 3s
and 3p states of Si hybridized with the 2p states of O and N,
and the subband formed from the nonbonding 2p,. orbitals
of N and O (Fig. 6) does not correspond to the calculated x-
ray spectra reported in Ref. 7. This discrepancy is, in our
opinion, due to the following factors:

1) the finite width of the levels involved in the x-ray
transitions and the instrumental broadening of the spectra;

2) the overlap of the MO groups as a result of deviation
of the configuration of the tetrahedron and the nature of the
linkage of the tetrahedra in g-SiN, ;O,, from the corre-
sponding situation in an ideal crystal;

3) inaccuracies of the calculation method.

The L, ; x-ray emission spectrum of Si has a maximum
A" at ~103 eV, similar to that reported for a-Si; N, (Ref. 9),
and the relative intensity of this maximum is approximately
one-twentieth of the maximum denoted by A. The nature of
the additional maximum cannot be explained by the results
of calculations of the electron structure of Si,N,O reported
in Refs. 7 and 18. In our opinion, by analogy with ¢-Si;N,,
this maximum represents the occupied states related geneti-
cally to the 3s, d states of Si and split off to this part of the
energy band. Interpretation of the absence of reliable calcu-
lations of the electron structure in the region of vacant states
of nitrides of group III elements which would allow for the
exciton effects and for the relaxation of the outer shells.

In accordance with the calculations of Refs. 7 and 18,
the main contribution to the density of vacant states comes
from the Si states and an allowance for the 3d orbitals of Si
(in the @ and B forms of Si;N,) increases the density of the
vacant states near the bottom of the conduction band.'®
Bearing in mind also the dipole rules for the x-ray tansitions,
we can propose the following identification of the main
maxima in the quantum efficiency spectra: a maximum de-
noted by a in the K quantum efficiency spectrum of Si and a
humpain the L , ; spectrum of Si (which coincide on a uni-
fied energy scale) represent a level formed by the 3d-AO*
state of Si hybridized with an admixture of the 2p-A O* states
of N and O; the main contribution to a level denoted by b is
made by the vacant 3s-AO* states of Si with the 2p-AO*
admixture due to N; the levels denoted by ¢ and d are formed
mainly from the contribution of the vacant 3p-AO* states of
Siand 2p-AO* states of N and O containing an admixture of
3d-AO* from Si; finally, the levels denoted by e and f consist
of contributions of 3d-AO* from Si and 2p-AO* from N
(here, AO* are the vacant orbitals).

The experiments on the internal photoemission of elec-
trons from Si and Al in a-SiN, ; Oy 4, reported in Ref. 8§,
given an electron affinity x = 1.6 eV (defined as the separa-

325 Sov. Phys. JETP 62 (2), August 1985

tion from the bottom of the conduction band E, to the elec-
tron level in vacuum). The optical width of the band gap of a-
SiN;;0¢4, determined by extrapolation of the
(afiw)"/? — #iw dependence to zero absorption coefficient,
amounts to E, = 5.7 €V. This values is in satisfactory agree-
ment with the “x-ray”’ width of the band gap E, =6.1eV,
equal to the energy gap between the top of the valence band
(E,) and the bottom of the conduction band (E.). The posi-
tion of E, isdetermined fromthe L , ; x-ray emission spectra
of Si and the K, emission spectra of O and N by linear extra-
polation of their short-wavelength edges to the point of in-
tersection with the background. This method of determina-
tion of E, and E, gave earlier good results in the case of Al
and Si oxides'' and also in the case of Ref. 9. Theory predicts
the value E, = 5.97 eV for Si,N,O (Ref. 7).

INFLUENCE OF THE ATOMIC COMPOSITION ON THE
DENSITY OF STATES IN VARIABLE-COMPOSITION a-SiN, O,

A series of investigations has been carried out on the
influence of the atomic composition of @-SiO,. on the density
of electron states.?"?? A similar study has not yet been made
in the case of a-SiN, O, . Figure 7 shows the L , ; x-ray emis-
sion and quantum efficiency spectra of Si and the corre-
sponding K spectra of N and O. The spectra are combined on
the same energy scale relative to the Fermi level of an elec-
tron spectrometer. Table I gives the absolute values of the
energies at the maxima of the L , ; emission spectra of Siand
of the K emission spectra of N and O.
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FIG. 7. X-ray emission and absorption spectra of variable-composition a-
SiN, O, : the continuous curves represent the L, ; spectra of Si (lower
scale), the dotted curves and the K spectra of Si, the dashed curves and the
K spectra of N, and the chain curves are the K spectra of O. The X spectra
of N and O obtained for each sample are fitted using the energies of the 1s
levels of N and O; the zero energy point is taken to be the Fermi level of the
electron spectrometer (corresponding to the 1s and 2p levels of Si and to
the lslevels of N and O); E is the relative energy of x-ray quanta due to the
various transitions.
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It follows from Fig. 7 that the relative positions of the
partial density-of-states peaks of a-SiN, O, are qualitatively
the same for all compositions. The observed shifts to the
energies of the maxima confirm the RB model. In the RM
model the peak positions would have been constant for dif-
ferent compositions. The shifts of the density-of-states peaks
manifested in the emission spectra are in qualitative agree-
ment with the shifts of the LVV Auger spectra of Si in vari-
able-composition a-SiN, O, (Ref. 23).

Enrichment of ¢-SiN, O, with oxygen is accompanied
by an increase in the relative contribution of the 3s, d states
of Si to the upper part of the valence band (4 ' maximum in
the L, ; spectrum of Si).

The L, ; x-ray emission spectrum of Si has a maximum
A" observed at =~ 1 eV on the reduced energy scale (Fig. 7)
and the relative intensity of this maximum is an order of
magnitude less than the intensity of the A maximum in the
L, ; spectrum of Si, and it decreases in the direction from a-
SiN, to a-SiO,. A hypothesis on the nature of this maximum
has been put forward above in a discussion of g-SiN, ; O ,.
Agreement between the initial part of the absorption spec-
trum of the N and O atoms in SiN, O, indicates hybridiza-
tion of the vacant states of these atoms in the region of the
conduction band.

The Si-N bond length is less than the sum of the cova-
lent radii of Si and N, which is explained in Ref. 24 by postu-
lating an interaction between the 3d,, states of Si and the 2p,,
states of N in Si;N,. Similar ideas have been put forward for
SiO, in Ref. 25. Our experimental results provide a clear
evidence on this point.

Figure 8 shows the experimentally determined diagram
of the levels in the investigated compounds. We can see that
in the Si;N,, SiN, O,, SiO, series the value of » decreases
monotonically from 2 to 1 eV and E, rises from 4.5to 9 eV,
in agreement with the optical absorption experiments®; the
ionization energy of the 3s levels of Si (represented by the B
maximum in the L, ; x-ray emission spectrum of Si) rises
from 15.8 to 19.4 eV; the ionization energy of the 2p,. levels

510, SiNA0, SizNy
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FIG. 8. Energy diagram of the levels (relative to the electron energy in
vacuum) obtained for SiO,, SiN, O, , and Si,N: x is the electron affinity
which sets the position of the bottom of the conduction band E, ; E, isthe
width of the band gap.
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of N and O varies to a lesser degree and increases approxi-
mately by about 0.8 eV the splitting between them amount-
ing to 1.5 eV for n = 1.92 and then remain practically con-
stant on increase in # (=2 eV); the relative intensity of the a
maximum in the K quantum efficiency spectrum of Si de-
creases, but for samples with 7 < 1.79 this maximum is hard-
ly noticeable and the energy gap E, — E, rises from 0.3 to 1.2
eVv.

CONCLUSIONS

The constant energy positions of the Van Hove singu-
larities in the reflection spectra of amorphous SiO, and a-
quartz, the absence of broadening of the peaks in the reflec-
tion spectra®®, and a comparison of the x-ray spectra of
amorphous and crystalline SiO, (Ref. 11) indicate that the
main features in the electron spectrum of ionic-covalent so-
lids is governed by the short-range order. The results of the
present investigation make it possible to extend this conclu-
sion to the case of solids characterized not only by topologi-
cal disorder but also by local fluctuations of the atomic com-
position. The presence of the density-of-states peaks in the
spectrum of a-SiN,, O, is due to the existence of Si-N and Si-
O bonds.

The structure of amorphous silicon oxynitride is de-
scribed by the model of a disordered randomly connected
network or the random bonding model. An atom of silicon in
this network does not have a tetrahedral environment, the
atoms in N and O displace one another in a random manner,
an atom of N has a trigonal coordination, and an atom of O is
bound to two Si atoms.

It should be stressed that near the top of the valence
band the electron states in a-SiN, O, are formed not only by
the 2p, nonbonding orbitals of N and O, but also by the
bonding 3s and 3p orbitals of Si and the 2p orbitals of N and
O. In terms of the energy band structure the top of the va-
lence band is degenerate. In the case of the narrow 2p,. bands
of Oin SiO, (Ref. 19) and of N in Si, N, (Ref. 20) the effective
mass of holes is anomalously high: m¥(SiO,) ~ 10m, and m¥
(Si;N4) = 3m,. The bonding orbitals near the top of the va-
lence band of these materials correspond clearly to m¥ ~m,.
This is of fundamental importance because anomalously
high values of m} provide the basis for explaining the anom-
alously low mobility of holes in SiO, (Ref. 27), and it is used
in Ref. 28 to interpret the transport of holes in a-Si;N,.

More rigorous calculations of the density of states in the
conduction bands of Si;N,, Si,N,O, and SiO, are needed to
determine the nature of the low-energy maxima in the L , ,
and K absorption spectra of Si corresponding to the band
gap.

The much steeper rise of the L , ; absorption edge of Si
of the crystalline material, compared with the calculated
density of states, has stimulated an experimental study®’
aimed to detect excitons near the L , ; absorption edge of Si
using synchrotron radiation. However, the results reported
in Ref. 29 could not be used to draw a definite conclusion on
the existence of excitons in Si. Theoretical representations in
the RB model were developed by investigating the structure
of a-SiO, . However, the experiments showed that amor-
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phous SiO, films prepared by a method similar to that used
to obtain a-SiN, O, are described by the RM model, i.e., in
the first approximation they represent a mixture of SiO, and
Si clusters.® Dissociation of SiO, into SiO, and Si is clearly
due to the fact that in the case of SiO, the topological condi-
tions for the saturation of bonds and dense packing are not
satisfied in SiO, .

A comparison of the experimental results with the theo-
retical predictions based on calculations of the electron
structure of Si,N,O made from first principles’ indicate that
the theoretical results agree qualitatively with the experi-
ments, but several effects not predicted by the theory are
observed experimentally. A quantitative agreement between
the experiments and calculations in respect of the energy
posi‘tions of the density-of-states peaks is also quite good.

The authors are grateful to V. M. Popov for the a-
SiN, O, samples used in our experiments and to S. P. Sinitsa
for comments which have helped to improve the present pa-
per, and also to L. B. Vasil’eva for her help in the acquisition
and analysis of the experimental data.
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