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We have studied silicon-nitrogen bonding states in amorphous SiN, :H alloy films and in crystalline
a-Si;N, and B-Si;N, by applying x-ray-emission spectroscopy (XES). We present x-ray Si K, Si L, and N
K emission bands of alloy films covering the concentration range 0<x <2.03 and identify spectral
features on the base of ab initio calculations of all emission bands of B-Si;N,. The calculations delineate
the role of Si 3s, 3p, and N 2s, 2p electrons in the bond and confirm the presence of silicon d-like elec-
trons in the top region of the valence band. A comparison with available ultraviolet and x-ray photo-
electron spectroscopy results is given. The position of the N 2s line observed in Si K and Si L emission
bands of the alloys is analyzed in terms of the random-bond and random-mixture (RMM) models of
nearest-neighbor structure of silicon atoms. The results unambiguously support the RMM structure of
our samples and demonstrate that a detailed analysis of x-ray transitions observable in XES can yield
unique and unconventional information about the local structure and the degree of phase separation in

a-SiN, :H alloy films.

I. INTRODUCTION

Silicon nitride films are widely used in a variety of elec-
tronic devices and the importance of amorphous hydro-
genated SiN,:H alloy films in the microelectronic and
ceramic industries during the past ten years has prompt-
ed quite a number of studies conducted to determine
structural and electronic properties of these alloys.!™'*
The composition x of the films affects the electronic
structure and the device performance. Therefore their
chemical bonding and electronic structure has been stud-
ied by applying ultraviolet and x-ray photoemission spec-
troscopy>1'1* (UPS and XPS), x-ray emission spectros-
copy>>8 (XES), infrared spectroscopy,” and extended x-
ray-absorption fine structure (EXAFS).* Structural mod-
els and various calculational methods have been em-
ployed to determine the valence-band densities of states
of amorphous silicon nitride (a-SiN,) theoretically.®1*13
Quite recently, a review about a different parametrization
of the valence and conduction bands of a-SiN, was given
by Robertson.?

The silicon-nitrogen bond combines covalent and ionic
bonding, and according to the commonly accepted view
of the nearest-neighbor structure, there are two different
structural models. Both are based on silicon-centered
tetrahedrons and in-plane triply coordinated nitrogen.
The first model is the random-bonding model (RBM), in
which a statistical distribution of five basic tetrahedral
units Si-(Si;_,N,) with n =0,1,2,3,4 is assumed. The
second model is the random-mixture model (RMM), in
which the basic units Si-Si, and Si-N, predominate over

0163-1829/94/49(8)/5398(8)/$06.00 49

the other units. Because Si-N, tetrahedrons and nitrogen
triply coordinated with silicon atoms determine the
short-range order of the crystalline forms of Si;N,
(a-Si3Ny, B-SizN,) the valence-band spectra of Si;N, crys-
tals have been studied, compared, and discussed with the
spectra of a-SiN, . >%5812

The sensitivity of XES valence-band spectra to the lo-
cal structure of solids and the direct information about
electronic valence states with p-like and s- and d-like
symmetry provided by Si K and Si L emission bands, re-
spectively, have been found very useful for the analysis of
the electronic structure of solids. In our previous work>?
we measured Si K and Si L emission bands of a-SiN,:H
for a few concentrations x. In this paper we present a
complete set of x-ray emission bands (Si K, Si L, and N
K) of a series of a-SiN,:H alloy films (x=0, 0.35, 0.49,
0.67, 0.79, 0.92, 1.08, 1.33 and 2.03) and of crystalline a-
and B-Si;N,. In addition, we present calculated Si K, Si
L, and N K x-ray emission bands of B-Si;N,. We com-
pared XES spectra with our calculations and with UPS
valence-band spectra, and identified all features observ-
able in XES and UPS valence-band spectra with respect
to Si 3s, 3p and N 2s, 2p derived states. Moreover, we
discussed structural models, RBM and RMM, in view of
the x-ray valence-band spectra and the chemical shift of
core levels.

The paper is organized as follows: In Sec. II we briefly
describe the experiments, followed by a presentation and
description of the spectra in Sec. III. In Sec. IV we dis-
cuss the electronic and real structure of our samples. A
summary of the paper is given in Sec. V.
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II. EXPERIMENT

A. Sample preparation

The samples of a-SiN :H with x varying in the concen-
tration range 0 =<x =<2.03 were prepared from NH,/SiH,
gas mixtures by plasma deposition at low power (20 W) in
a capacitive reactor system. Films of thicknesses ~2 um
were deposited onto copper substrates. The deposition
parameters were T, =250°C, p =0.1 mbar, and flow 10
SCCM. Sample composition was determined by Auger
electron spectroscopy and microprobe analysis. The con-
tent of hydrogen was obtained from effusion measure-
ments and increased with increasing nitrogen content
from 1.7 to 2.6X10% atoms/cm? [corresponding to
10-20 at. % (Ref. 8)]. a- and B-Si;N, were commercially
available.

B. Measurement of XES spectra

For recording the Si K, Si L, and N K emission bands,
three different spectrometers were employed. Details
were reported in a recent paper,!’ therefore, only the
most relevant facts will be mentioned here.

The Si K emission bands were measured with a high
vacuum Johann-type spectrometer using fluorescence ex-
citation. The radiation (characteristic radiation and
bremsstrahlung of a tungsten anode; 10 kV, 200 mA) was
dispersed by a quartz crystal (1010 plane) bent to a radius
of 109 cm. The detector was a position-sensitive flow
proportional counter with back gammon geometry
operated at atmospheric pressure.!® The energy resolu-
tion of the spectrometer was about 0.8 eV at 1835 eV.

The Si L emission bands were measured with a 2-m
grazing incidence concave grating spectrometer using
primary excitation (electron bombardment; 3 kV,
0.30-0.35 mA; ¢-Si;N, up to 0.5 mA; focal spot ~10
mm?). All spectra remained unchanged throughout the
course of the measurement, i.e., the samples proved to be
stable. The dispersing element was a blazed grating
(3°31’, 600 lines/mm, angle of incidence 86°). The detec-
tor was a parallel-plate photoelectron multiplier.!” The
spectra were recorded in the step-scanning mode. The
spectral resolution was about 0.3 eV.

The N K emission bands were measured with a 11.5-m
grazing incidence concave grating spectrometer (holo-
graphic grating, 1200 lines/mm, angle of incidence
87.8°.!% The spectrum of a rotating copper anode x-ray
tube 9 kV, 1.2 A) was used for fluorescence excitation.
The detector was a gas proportional counter (propane, 60
mbar) operated in the step-scanning mode. The energy
resolution was about 0.6 eV at 390 eV.

III. RESULTS

A. Si K emission bands

Figure 1 shows the Si K emission bands of a-SiN,:H
for a series of concentrations in the range 0<x <2.03
and of a- and B-Si;N,. The spectra consist of broadbands
(maximum denoted B) without structural details and a
line-shaped feature (denoted A), the so-called “N 2s-
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line.” The bands develop gradually and exhibit small but
distinct differences.

With increasing x the position of B is shifted to lower
photon energy by about 2 eV, from 1836.4 eV (x =0) to
1834.5 eV (x =1.33). Practically no shift is observed in
going from x =1.33 to x =2.03. The full width at half
maximum (FWHM) is 4.3 eV for x =0 and increases rap-
idly to ~5.15 eV for x =0.49. Up to x=1.08, it
remains almost constant (5.1+0.1 eV) and then again be-
comes smaller: 4.3 eV for x =1.33 and 4.1 eV for
x =2.03. The position of the N 2s line A remains at the
same energy 1823.152+0. 15 eV within the accuracy of the
measurement; its intensity, however, increases with in-
creasing x.

B. Si L emission bands

In Fig. 2 are shown the Si L emission bands of a-
SiN,:H for 0=x =<2.03 and of the crystalline a and
phases. With increasing x, the shape of the spectra devel-
ops gradually. The incorporation of nitrogen leads to a
reduction of intensity in the region 91-93 eV, the broad
maximum denoted B (x =0, ¢-Si:H) becomes much nar-
rower and develops into a line-shaped feature for
x =1.33. The shoulder of a-Si:H in the range 95-98 eV
forms a peak (denoted D) for higher x. For x > 1, a new
feature emerges at ~95 eV which forms a peak in the
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FIG. 1. Si K emission bands of a-SiN,:H (0<x <2.03) and
of a- and -Si;N,.
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emission bands of the crystalline phases (denoted C). The
intensity of the line-shaped feature A (N 2s line) increases
monotonously with increasing x up to x=1.33; for
x =2.03, A has the same intensity. Within the accuracy
of measurement, the positions of 4 (81.5+0.2 eV), B
(89.8+0.1 eV), and D (96.7£0.1 eV) are constant. The
position of Cis at 94.6 eV.

The top of the emission band (as determined by linear
extrapolation of the high photon energy edge) is approxi-
mately constant (~99.1-99.3 eV) for all x, while the
bottom of the emission band (also determined by linear
extrapolation) moves to higher photon energy from 84.7
eV (x =0) to 87.2 eV (x =2.03 and a- and B-Si;N,), i.e.,
the Si L emission bands become narrower by ~2.5 eV
with increasing nitrogen content.

The Si L emission bands of nonstoichiometric silicon
nitride samples SiN, with different compositions x were
studied by Nithianandam and Schnatterly.® Their
analysis of spectra revealed that the samples were inho-
mogeneous, consisting of regions of ¢-Si and a-Si;Nj,.
Therefore, the results of this study cannot be compared
with our results in Fig. 2. Moreover, it may be men-
tioned that in our experimental setup the Si L emission
bands of a-SiN,:H are not affected by the fourth- and
fifth-order N K emission bands.
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FIG. 2. Si L emission bands of a-SiN,:H (0<x <2.03) and
of a- and 3-Si;N,.

C. N K emission bands

In Fig. 3 the N K emission bands are presented for
0.49=<x =2.03, and for a-Si;N,. The spectra exhibit
three distinct features 4, B, and D, and a weak shoulder
C. Within the accuracy of measurement, the position of
the main peak D remains unchanged (392.9+0.1 eV) for
all x, while B with increasing x is slightly shifted (~0.5
eV) to smaller photon energy. With increasing x (i) peak
D becomes narrower, (ii) the intensity of the broad hump
B becomes lower compared to D, and (iii) the high-energy
falloff becomes steeper because the onset of energy is
shifted towards smaller photon energy.

The differences between the N K bands for x =1.33
and 2.03 may be due to the replacement of Si-N bonds by
N-H bonds. The presence of hydrogen in the a-SiN, al-
loy films has been discussed in detail by Kircher, Ley,
and Johnson.! In our measurements we observe that hy-
drogen does affect only the N K emission bands, while the
Si K and Si L emission bands are not affected. Therefore,
we will not discuss the case of hydrogen in this paper.

D. Comparison of a-SiN, ;3:H with ¢-Si;N,

The Si K, Si L, and N K emission bands presented in
Figs. 1, 2, and 3, respectively, also permit a comparison
of the electronic structure of a-SiN, ;; with that of c-
SisNy,.
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FIG. 3. N K emission bands of a-SiN:H (0.49<x <2.03)
and of a-Si;N,.
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The Si X band of a-Si;N, (Fig. 1) slightly differs from
that of B-Si;N, in that it has an additional weak shoulder
at ~1833 eV. The FWHM of the main bands is approxi-
mately the same (~4.9 eV), and the ratio of the intensi-
ties of the two main maxima, I 4:I, is very similar (0.22
and 0.23 for the a and B phases, respectively). On the
whole, the Si K emission bands of B-Si;N, and a-
SiN, ;;:H are similar; the FWHM of a-SiN, ;3:H, howev-
er, is smaller (~4.4 eV) and the N 2s line is of lower in-
tensity (intensity ratio I ,:[5~0.14). The results for
SiN, o3 are similar to those for SiN ;3.

The Si L emission bands (Fig. 2) of a-Si;N, and B-Si3N,
are very similar, features C and D being somewhat
more pronounced in a-SizN, (a-Si;Ng:I ,/Ig /I
=34.9:100:72.2; B-Si3N,:I /I /I, =36.5:100:68.3).
For a-SiN, ;3:H (I, /I5/I;,=36.5:100:67.5), features B
and D are somewhat broader than in c-Si;N, and feature
C is very weak. The results for a-SiN, ,;:H again are very
similar to those of a-SiN, ;;:H.

The Si L emission band of nearly stoichiometric silicon
nitride (a-Si;N,) prepared by chemical vapor deposition
(CVD) was also measured by Nithianandam and
Schnatterly;? it shows the same features as the spectrum
for x =1.33 presented in Fig. 2. The Si L spectra of c-
Si;N, (Fig. 2) on the whole agree quite well with the Si L
band of ¢-Si;N, reported by Carson and Schnatterly®®
which, however, differs from our spectra on two points:
(i) the N 2s line is considerably higher and (ii) the main
peak is sharper in a-Si;N, than in ¢-Si;Nj.

On the whole, the N K emission bands of a-SiN, 3;;:H
and and a-Si;N, are similar (Fig. 3); the intensity ratio
I,:I, however, is larger (1.67) for the crystalline sample
than for the amorphous one (1.49), and in the amorphous
sample features are broader and not as pronounced as in
a-Si;Ny.

Summarizing, we find that the Si K, Si L, and N K
emission bands of a-SiN, ;; and ¢-Si;N, are quite similar.
This indicates that (i) the electronic structure, and (ii) the
local arrangement of Si and N atoms in @-SiN, ;3:H and
¢-Si;N, must be very similar, and that (iii) the influence of
hydrogen on the x-ray emission bands is marginal.

IV. CALCULATIONS OF X-RAY EMISSION
BANDS OF B-Si;N,

The electronic-structure calculations of B-Si;N, are
based on the self-consistent pseudopotential method, and
the plane-wave expansion of wave functions is used. The
form of the potential and the electronic charge density is
then fully determined by the structure and unbiased by
any approximations affecting the symmetry of states. The
local-density approximation is applied using the Hedin-
Lundqvist interpolation formula'® for the exchange and
correlation potentials. The soft nonlocal pseudopoten-
tials are generated employing the phase-shift technique.?®
The charge density and the crystal potential are iterated
to self-consistency with an energy cutoff at 35 Ry;
Brillouin-zone averages are sampled using three special k
points?! in the hexagonal Brillouin zone. The calcula-
tions are based on the experimental lattice constants with
a=17.606 A and ¢ =2.909 A. The resulting structure is
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in good accordance with the results of previous calcula-
tions. 122223

The Si K, Si L, and N K emission bands of 3-Si;N, are
calculated in the dipole approximation. To obtain the
matrix elements of the x-ray core-valence transitions in
the pseudopotential approach, the dipole transition ma-
trix element was split up into its radial and angular parts:

(W (k,7F)|e7|w,(k,7))

— —

7
er wu> ,
ang

were € is the polarization vector. The core states N 1s, Si
Is, and Si 2p are localized in the core region of the atoms
and therefore the W (k,7) functions are practically atom-
iclike. In the core region the valence electrons also have
atomic character (the frozen-core approximation), and
consequently the radial part of the matrix element
(W, |r|¥,).q is approximated by atomic calculations
taking into account the new charge redistribution in the
solid.** The angular part

(5 w)
ang

is adequately calculated by means of the pseudo-wave-
functions ¥ (k,7).

The calculated spectra have been convoluted with a
Lorentzian function whose width w(E)=w,+w
X (E /wyg)? increases with energy E [measured from the
top of the valence band (VB) with width wyg (Ref. 25)].
For the parameter w, which takes into account the life-
time of holes in the VB, we used the value 1 eV; for w,
corresponding to the lifetime of the Si K, Si L, and N K
core holes, we used the values 0.5, 0.3, and 0.3 eV, respec-
tively. In addition, all curves were smeared by a Gauss-
ian curve of FWHM 0.5 eV to take into account the spec-
tral resolution of the spectrometers.

The calculated Si K, Si L, and N K emission bands of
B-SizN, are presented on a common valence-band energy
scale (the top of VB corresponds to 0 eV) in Fig. 4 togeth-
er with the experimental results. In the case of the Si L
emission band, contributions of the s- and d-like states
are shown (Fig. 4, bottom). Since the three curves were
convoluted separately, the sum “s+d” is not equal to the
calculated Si L spectrum.

The alignment of experiment and theory in Fig. 4 was
performed to achieve the best coincidence of spectral
features; in addition the measured Si K and Si L bands
were mutually alligned by the energy of the Si Ka, line of
B-SizN, (1740.3 eV) applying the relation E (Si K) =E
(SiL) + E (Si Ka,).

The calculated spectra are in very good agreement with
our measurements and also with the Si L emission band
reported by Carson and Schnatterly.?

=<wc|r|\yu )rad<wc

er

V. DISCUSSION
A. Electronic structure

As shown in Figs. 1-3 and described in Sec. III D, the
Si K, Si L, and N K emission bands for x =1.33 are very
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similar to the corresponding emission bands of B-Si;Nj,.
This close relationship between the spectra of the amor-
phous and the crystalline phases also implies a close rela-
tionship between the corresponding valence electrons—
Si 3s, Si 3p, N 25, and N 2p —forming silicon-nitrogen
bonds, and therefore justifies identifying the observed
features in the spectra of the amorphous phase on the
basis of the calculated emission bands of B-Si;N,.

B-Si;N, contains two formula units in the unit cell, i.e.,
there are 32 occupied bands contributing to the emission
bands. The lowest eight bands with binding energy ~ 17
eV (see Fig. 4) correspond to N 2s states. The electronic
states in the energy interval 10 to 3.5 eV are formed by
approximately 16 bands. In the 10-7-eV region, these
states have mainly Si 3s character; with decreasing bind-
ing energy, the Si 3s character decreases in favor of the Si
3p and N 2p states. The valence states in the energy
range 10-3.5 eV are Si-N bonding states, and only a
small amount of Si 3d-like states forms a distinct feature
in the Si L emission band at ~4 eV. This feature (denot-
ed C in Fig. 2) is clearly observable at a photon energy of
~94.5 eV in both the a and B forms of crystalline Si;Nj,.
The interpretation of its origin up to now was unclear.?®
The upper eight valence bands in the energy range 3.5-0
eV originate from a mixture of Si 3s, 3p, 3d and N 2p
electrons localized on the nitrogen sites. Their nonbond-
ing character is clearly visible in plots of the valence
charge density published earlier by Liu and Cohen.”
The localization of electrons on nitrogen atoms and the
nonbonding N 2p-like character of states close to the top
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FIG. 4. Measured and calculated Si K, Si L, and N K emis-
sion bands of a-Si;N,. For the Si L emission band the contribu-
tion of s-like (- . . .) and d-like (— — —) electrons is shown.
The zero of the energy scale relates to the top of the valence
band.
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of the valence bands also explains the stable position of
the main peak D of the N K emission bands of SiN | :H in
Fig. 3 for all concentrations x.

Actually, the Si d-like states do not play a significant
role in the Si-N bond.?>?} Due to the electronegativity of
nitrogen, the majority of the valence charge is localized
on the nitrogen atoms, and the charge transfer reduces
the valence charge screening of silicon atoms. As a
consequence of insufficient screening, the core levels of
silicon are shifted to higher binding energy and the rela-
tive small valence charge on silicon exhibits not only s-
and p- but also d-like character. The creation of d-like
states on electropositive elements was also found in mag-
nesium and aluminum oxides?’ and studied in detail for
Si-O compounds.'>?* Although the influence of these d-
like electrons is marginal for the Si-N bond, d-like elec-
trons are observable by local and orbital selective
XES.26’28

To demonstrate the advantages of XES for identifying
the origin of valence-band states in Fig. 5, we present x-
ray emission bands of a-SiN, :H (x =1.33) together with
available UPS (x =1.45) spectra' of comparable concen-
tration x on a common energy scale. For the alignment
of UPS spectra with XES spectra, we used the binding
energy of the core levels' and the well-defined character
of N 2s and Si 3s peaks. In the concentration range
1.33<x <1.50, the silicon atoms are bonded to four ni-
trogen atoms and therefore the core-level shift is the
same for all silicon atoms, thus allowing us to compare
UPS with XES spectra. The three features observable in
UPS spectra and denoted a—c are clearly resolved by XES
into Si 3s- (peak a), Si 3p- and N2 p- (b), Si 3s- and 3d-
and N2p-(c) like states. The Si-N bond is formed mainly
by electron states at energy positions b and c; the electron
states at ¢ are predominantly of nonbonding character.
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FIG. 5. X-ray emission bands (N K, Si K, and Si L) and pho-
toelectron valence-band spectrum (Ref. 1) (UPS) for high con-
centrations x (1.33<x <1.50) aligned on a common energy
scale.
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character.

The evolution of the x-ray emission spectra of a-
SiN,:H alloys for eight different concentrations x is
presented in Figs. 1-3; in each Figure the corresponding
spectra of crystalline Si;N, are also shown. The detailed
description of the local orbital character of c¢-Si;N,
presented at the beginning of this chapter served as the
basis for the identification of the spectral features of the
a-SiN, :H alloy films.

B. RBM and RMM structural models

In this chapter we use the x-ray spectroscopic results
to study the local structure of our samples in view of
RBM and RMM. Structural aspects were already treated
in the photoemission spectroscopy (PES) studies of
Kircher, Ley, and Johnson,' further analyses of PES re-
sults were carried out by Guraya, Ascolani, and Zampi-
eri'! and Hasegawa, He, Inokuma, and Kurata.'*

The ionicity of the Si-N bond and the charge transfer
from the Si atoms to the more electronegative N atoms
reduce the electronic screening on Si. As a result, the
positive charge on the Si atoms creates a shift of all Si
core levels towards higher binding energy. According to
Kircher, Ley, and Johnson,! the binding energy of the Si
2p level is 99.60 eV in a-Si and 102.80 eV in a-SiN| s.
This 3.2-eV increase in binding energy goes monotonical-
ly with increasing x and is accompanied by a gradual in-
crease of the width of the Si 2p line.

According to RBM, the bonding structure of a-SiN, is
composed of five basic bonding configurations Si-
(Siy_,N,) with n =0, 1,2, 3,4, and therefore five different
bonding states of the Si atom are possible. By applying a
curve-fitting procedure, the numerical analysis of the PES
Si 2p line shape and binding energy yields a shift of the Si
2p level by 0.78 eV per Si-N bond."!!

In RMM the alloy is considered to be composed of ran-
domly dispersed clusters of a-Si and a-Si;N, where each
has a domain size of a few tetrahedral units Si-Si, (n =0)
or Si-N, (n=4). It is supposed that in RMM other
bonding units with n =1, 2, and 3 occur only at the
boundary of clusters and therefore can be neglected. As
a consequence, there are only two different Si 2p binding
energies separated by 3.2 eV. Taking into account the
energy of the Si Ka, lines (the 2p-1s transition) in silicon
and Si3N, crystals (1739.9 and 1740.3 eV, respectively;
AE =0.4 eV), we can estimate the shift of the Si 1s level
to be about 3.6 eV (3.2+0.4 eV), i.e., about 0.90 eV per
Si-N bond.

There is common agreement that nitrogen atoms in a-
SiN, are always fully coordinated by three Si atoms in a
planar or near-planar configuration independent of con-
centration x. Infrared and Raman spectra suggest that
the trivalent configuration of nitrogen is also retained in
hydrogenated a-SiN,:H alloys.!? The absence of N-N
bonds is understandable because of the very low stability
of N-N single bonds compared to the bonds found in
gaseous N, molecules.!?> As a consequence of the stable
coordination of nitrogen, no chemical shift of the N 2s
level is expected and found "% 9~ 13:N 2s-like states form a
band (N 2s band) with a width of 4-5 eV at binding ener-
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gy ~20 eV which does not change with the composition
of samples.

The local character of x-ray dipole transitions implies
that the N 2s lines in Figs. 1 and 2 correspond to transi-
tions from the Si 3p and Si 3s and 3d contributions of the
N 2s band to Si 1s and Si 2p core holes, respectively. In
the Si K emission bands the center of gravity of the Si 3p
contribution (peak A4 in Fig. 1) is at the photon energy
1823.2+0.2 €V; in the Si L emission band the center of
gravity of the Si 3s and 3d contributions (peak A4 in Fig.
2) is at the photon energy 81.610.2 eV. This means (i)
the energy position of 4 does not change with concentra-
tion for x 20.35 and (ii) it has the same value for the
amorphous and crystalline samples. Using the energy of
the Si Ka; lines of ¢-Si (1739.9 eV) and ¢-Si;N, (1740.3
eV), we find that the binding energy of the center of grav-
ity of the Si 3s and 3d component of the N 2s band is
higher than that of the Si 3p component by 1.3 eV
[=1823.2—(1740.3+81.6)] in ¢-Si;N, and therefore by
0.9 to 1.3 eV for all concentrations x >0. These values
for the energy separation and the values for the widths of
the N 2s lines in Figs. 1 (FWHM ~3.0 eV) and 2
(FWHM ~4.0 eV) yield a width of the N 2s band of 4-5
eV resulting from the Si 3p and Si 3s and 3d contributions
[$X3.0+(0.9 to 1.3)+1X4.0]. Therefore, the width of
the N 2s band which is predominantly of N 2s character
according to our x-ray measurements should have at least
4-5eV.

Let us now discuss these experimental data in view of
RBM and RMM local structures. Based on the PES and
XES results, we present in Fig. 6 and energy-level dia-
gram providing a summary of the valence-band and
core-level energy positions in various structural
configurations. Considering XES measurements, the dia-
grams for the RBM and RMM differ with respect to the
position of the N 2s line (peak A) in the Si K as well as
the Si L emission bands.

In the case of RBM there are five Si 1s and five Si 2p
core levels separated by 0.90 and 0.78 eV, respectively.
In XES emission bands of a-SiN | :H alloys, four of these
levels of the basic bonding units Si-(Si,_,N,) with
n =1,2,3,4 contribute to the N 2s line observable in the
Si K and Si L emission bands for x =0.35 (indicated by
the arrows in Fig. 6). With increasing x, basic units with
higher n should contribute more than the others,’!"!*
and consequently the photon energy of the N 2s line
should increase in both the Si K and Si L bands. This,
however, is not observed, as Figs. 1 and 2 show. On the
other hand, one could speculate that the photon energy
of peaks 4 in Figs. 1 and 2 is independent of concentra-
tion x, if the centers of gravity of both the Si 3p and Si 3s
and 3d contributions were shifted by the same amount as
the corresponding core levels in Si-(Si,_,N,) with
n =1,2,3,4. According to this assumption and the fact
that no chemical shift of the N 2s band is observed, the Si
3p and Si 3s and 3d contributions having a total width of
4-5 eV should move to higher binding energy within the
N 25 band. This, however, would lead to a width of the
N 2s band of at least 7 eV, contrary to all available data.

In the case of RMM the N 2s line arises only from the
Si-N, basic unit and therefore feature A should stay at
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FIG. 6. Energy-level diagram of a-SiN,:H
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the same photon energy for all compositions of samples.
Moreover, if the a-SiN, samples are composed of Si as
well as of Si;N, clusters, the XES spectra should be simi-
lar to those resulting from a weighted superposition of
spectra of a-Si and a-Si;N,.

The measured Si K and Si L emission bands of a-
SiN, :H presented in Figs. 1 and 2 display the characteris-
tics mentioned above which are related to RMM struc-
ture of our samples: We do not observe any changes in
photon energy of the N 2s lines (features A4) in the Si K
and Si L spectra. Moreover, the gradual development of
shapes in Si K and Si L emission bands with increasing x
also makes it evident that weighted superpositions of the
spectra of a-Si and a-Si;N, would be very similar to the
corresponding measured spectra.

For the system a-SiO, :H, 0 <x =2.2, we have calculat-
ed superpositions of measured emission bands of a-Si:H
and a-SiO,:H with weighting factors corresponding to
x.15 Contrary to the system a-SiN, :H, we found that the
structure of a-SiO,:H can be considered as some
mixture —depending on concentration x —of RBM and
RMM structure.

Amorphous a-SiN,:H films can be prepared over a
wide range of concentrations x by various preparation
techniques such as dc sputtering,’ rf sputtering,'! photo-
chemical vapor deposition,’ plasma-enhanced chemical
vapor deposition,?’ glow discharge deposition,*” and ion
implantation.®® For our samples prepared by plasma
deposition at low power in a capacitive reactor system,®
we have found that the RMM structure for samples with
concentrations x = 0.35 is consistent with our experimen-
tal XES results. The RMM structure was also found in
samples prepared by glow discharge deposition.*’ On
the other hand, the results of XPS measurements of sam-
ples prepared by sputtering and chemical vapor deposi-
tion were analyzed on the basis of the RBM structure.
Therefore it seems that (i) the microstructure of samples

depends on the preparation techniques or (ii) the experi-
mental techniques XPS and EELS which are more sur-
face sensitive than XES, and EXAFS (Ref. 4) probe
Ls =v the more diverse bonds (RBM) on and close to the
surface than the simpler composition (RMM) in the bulk.

VI. SUMMARY

In this paper we presented Si K, Si L, and N K emis-
sion bands of a-SiN, :H alloy films measured in the con-
centration range 0 <x <2.03, and Si K and Si L emission
bands of crystalline a-Si;N, and B-Si;N,, and the N K
emission band of a-Si;N,. We carried out ab initio calcu-
lations of the electronic structure and the Si K, Si L, and
N K emission bands of 5-Si;N,. The XES emission bands
were compared with available UPS and XPS valence-
band spectra. All features in the spectra were identified
and attributed to Si 3s, Si 3p and N 25, N 2p derived
states. The calculations show that the silicon-nitrogen
bond creates a small amount of Si d-like states in the
upper part of the valence band which clearly show up in
the Si L emission bands.

We analyzed the x-ray transitions in view of the RBM
and RMM structure of a-SiN, :H and found that our re-
sults for x 20.35 support the RMM local structure of
our samples. X-ray emission bands were used to distin-
guish between the local structure described by the
random-bond and random-mixture models.
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