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Soft-x-ray emission spectroscopy was used to investigate the electronic structure of non-
stoichiometric silicon nitride samples of different compositions. The Si L,; x-ray emission spectra
from these samples are presented and interpreted using a two-phase linear superposition model for
the valence-band region. We assumed a model for the valence-band edge and for the emission in the
gap region due to trap states and the Si 2p core exciton. The results obtained from these fits are com-

pared with relevant models and other experiments.

INTRODUCTION

Electron-stimulated soft-x-ray emission spectroscopy
(SXES) has been used to study the valence-band electronic
structure of many materials. The valence-band emission
spectrum of a material obtained by SXES is helpful in un-
derstanding its optical, electronic transport, and other
physical properties. Silicon nitride is used as a refractory
ceramic and silicon nitride in thin-film form prepared by
chemical vapor deposition (CVD) is used in the solid-state
electronics industry. A detailed understanding of the
changes in valence-band emission spectra due to composi-
tion changes in silicon nitride should be very useful in the
study of electronic states at the interfaces of these elec-
tronic devices. In this work we report the L,; emission
spectra of crystalline silicon, six different nonstoichio-
metric silicon nitride samples, and a nearly stoichiometric
thin-film silicon nitride sample prepared by CVD. A
comparison of our measured x-ray emission spectra from
these samples with a calculated density of states is dis-
cussed.

EXPERIMENT

Principle

We used SXES as a probe for gaining information
about the electronic structure of nonstoichiometric silicon
nitride of different compositions. An electron in the Si 2p
core level is ionized in the sample by a 3-kV electron
beam. An electron from an occupied valence-band state
of energy E(k) makes a transition to this core vacancy or
hole of energy E. and the energy released in the transition
appears in the form of a soft-x-ray photon of energy #iw.
The intensity of soft-x-ray emission in the dipole approxi-
mation is given by the expression

Ilw)=Bo3 |{c|a-V|k)|*(EK)—E,~#w), (1)
k
where B is a constant and 2 is a unit vector giving the po-

larization of the photon and the sum is over all occupied
electron states. The dipole transition matrix element
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(c |a-V | k) between an occupied electron state |k) and
core state \c) dominates the emission process, and so a
core state having an orbital angular momentum / probes
/%1 like components of the occupied electron states with
respect to the emitting site. The core state is deep in the
emitting atom with little overlap between core states on
neighboring atoms and has a well-defined energy. Ignor-
ing various many-body effects, most of which are weak,
the variation of spectral intensity with energy of the emit-
ted x-ray photons is thus expected to reflect the density of
states of the occupied electron states of the sample.

Experimental details

The soft-x-ray emission spectrograph used in this work
was designed and built in our laboratory and is described
in detail elsewhere.! The emitted x rays were energy
dispersed by a holographically aberration-corrected
toroidal grating. These soft-x-ray photons were detected
by a photodiode array detector. The specimen carousel
was cooled to about 195 K with the help of a closed-cycle
helium refrigerator and the pressure in the experimental
vacuum chamber was better than 2% 10~° torr. The en-
ergy resolution of the spectrometer in the silicon L3
emission range was about 0.1 eV. Nonstoichiometric sil-
icon nitride samples of different compositions were ob-
tained from the Amoco Research Center in fine powder
form. These samples were prepared by a pyrolytic pro-
cess assisted by a carbon dioxide laser. A uniform layer
of the silicon nitride powder of 2-3 um thickness was
spread on top of an indium-coated copper plate about
5% 5 mm?, and the powder layer was anchored well to the
indium by applying a pressure of 14000 lb/in.? using a
laboratory hydraulic press. For comparison with these
samples a nearly stoichiometric silicon nitride sample
prepared by CVD was used. Also a ¢-Si powder sample
made using the same pyrolytic process as for the non-
stoichiometric samples was measured.

Data reduction

Our raw L,; x-ray emission spectra measured in the en-
ergy range 65-110 eV were distorted due to contributions
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from fourth and fifth orders of the bright nitrogen K x-ray
emission spectrum. We introduced appropriate amplitude
and energy scaling factors to the measured third-order ni-
trogen K emission spectrum and subtracted this from the
raw L emission spectra of the silicon nitride samples, and
thus removed the unwanted fourth- and fifth-order nitro-
gen K emission contributions.? These corrected spectra
were divided by E* and normalized to an area of unity.
The vertical axis of the spectra reported in this paper is
referred to as the transition density of states (TDOS).

We obtained a self-absorption spectrum in the energy
region 98-115 eV for amorphous thin-film silicon nitride
by finding the point-by-point intensity ratio of two spectra
measured with 1.25 and 3-kV incident electron energies.’®
The shape of the self-absorption of this sample agrees with
the L,; absorption edge of silicon nitride obtained using
our inelastic electron scattering spectrometer. The self-
absorption spectra evaluated in the same way in this ener-
gy region from the powder silicon nitride samples do not
show the L,3 absorption edge clearly. It is as though the
mean penetration of the incident beam into the powder
samples is nearly voltage independent. In any case the
effects of self-absorption in the x-ray emission spectra
presented here are small and do not alter any of our con-
clusions.

RESULTS AND DISCUSSION

Two-phase linear superposition model

The experimental L,; valence-band x-ray emission
spectra for the ¢-Si and a-Si;N, samples are presented in
Fig. 1. These spectra agree with measurements reported
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FIG. 1. Si L;3 emission bands from ¢-Si, nearly

stoichiometric thin-film silicon nitride, and nonstoichiometric sil-
icon nitride sample 3.
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in the literature.*~° The spectra from six different non-
stoichiometric silicon nitride samples are presented in Fig.
2.

The measured L,; x-ray emission spectra from the six
nonstoichiometric silicon nitride samples have features
which are common to the L,; spectra of ¢-Si and a-Si;N,
samples. Moreover, x-ray diffraction and other measure-
ments on SiN, samples prepared by the CO,-laser-assisted
pyrolytic process'® show the coexistence of crystalline and
amorphous phases. We therefore assume a linear super-
position model to describe the x-ray emission spectra of
nonstoichiometric silicon nitride. The physical basis for
this model is the assumption that these samples are inho-
mogeneous, consisting of regions of Si and regions of
Si;N,. ! According to this model the transition density of
states p(E) of these samples is a linear combination of the
transition densities of states p,(E) and p,(E) of ¢-Si and
Si;Ny, respectively:

p(E)=Ap,(E)+Bp,(E) . (2)

A least-squares curve-fitting program based on Eq. (2)
was used to fit each of the L,; emission spectra of SiN,
samples with a composite spectrum obtained by a weight-
ed sum of the L,; emission spectra of ¢-Si and a-Si;Nj.
The adjustable parameters in the program are the weight-
ing factors 4 and B, and small shifts in the energy axis of
component spectra. The reduced X? values for fits to the
L,; valence-band emission of SiN, samples based on the
two-phase model range between 75 and 406. The values
of the parameters obtained from the fits are shown in
Table 1.

The curve in Fig. 3(b) shows the variation of the re-
duced X? value of these fits with molar concentration y,
where y =3x /4. The model based on Eq. (2) is a macro-
scopic model that does not take into consideration emis-
sions from states at the interfaces between silicon and sil-
icon nitride regions. We expect therefore that these values
of X? are a measure of the number of interface atoms in
the samples. Interface disorder will cause scattering of
electric states analogous to that in disordered substitution-
al binary alloys. In that case it is well known that the
average scattering power, and hence the resistivity, varies
as y(1—y). Our values of X2, shown in Fig. 3(b), peaks
near y=0.5 as expected, but the peak is much narrower
than that given by this expression. This may indicate a
significant interfacial surface tension between the two
phases.

Multipeak description of spectra

The x-ray emission spectra of ¢-Si and the silicon ni-
tride samples do resemble a series of peaks and hence it is
tempting to fit them with a small number of broadened
line-shape functions. We used a spectral synthesis
method in which the shape of the measured spectrum was
simulated by a suitable combination of a single line-shape
functions. In general, line shapes in x-ray spectra are
influenced by the effects of the instrument, lifetime-
broadening of the valence and core hole, phonon cou-
pling, and disorder in the sample. We assumed a Voigt
profile for our line shape. This results from the convolu-
tion of a Lorentzian and a Gaussian line shape. The
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Voigt profile is given by

» _exp(—t?) d

) Fdt, (3)
- p4(x —1t)
where x =2V'In2(E —E) /Ty, and y=VIn2 T, /T,. E, is
the center of the peak, I'; and I', are the full widths at

half maximum (FWHM) of Lorentzian and Gaussian
functions. The FWHM of the Voigt profile, T',, can be

_y
H(x,y)= -
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[y =~0.5[T;+ (I} +403)'2] . @)

For a spectrum of M overlapping lines, the measured in-
tensity I (E) is given by
M
I(E)= Y N(E,)H(x;,y;) , (5)
i=1

and N (E,;) is the intensity of the peak at its center posi-

approximated by tion E,. In each case we used the smallest number of
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FIG. 2. (a) Si L,; emission bands from samples 1 and 2. (b) Si L,; emission bands from samples 3 and 4. (c) Si L,; emission bands

from samples 5 and 6.
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TABLE 1. Parameters of two-phase model fit to the valence band. A4 and B are the weighting factors
as defined in Eq. (2) and x is the composition index given by x =1.3B /(4 +B).

Weighting factors Composition X?
Sample no. A B X value
1 0.94 0.09 0.11 190.3
2 0.59 0.37 0.5 183.1
3 0.51 0.47 0.63 217.7
4 0.47 0.47 0.65 406.3
5 0.34 0.65 0.86 109.7
6 0.03 0.91 1.26 74.5

components of reasonable FWHM that could produce a
good fit to each spectrum. Figure 4 shows a fit to the
valence-band emission spectrum of sample 3 with five
broadened line-shape functions. Table II shows the pa-
rameter values obtained in fitting our spectra in this way.
The reduced X? values ranged between 5 and 21. Since
these fits are quite good, these parameters provide a con-
venient way for others to regenerate our results for later
comparison with calculations or other measurements.

There are no theoretical electronic structure calcula-
tions for nonstoichiometric silicon nitride with different
compositions. The L,; x-ray emission spectra of ¢-Si and
sample 1 show a shoulder region between 94 and 99 eV
and two prominent peaks at lower energies. The general
shape of these two spectra are very similar, but there are
some significant differences between them. The shoulder
region of sample 1 is more intense than the ¢-Si shoulder
region due to additional contributions from N:2p
states.'>~!" There is a small bump at 81.3 eV due to N:2s
states'® in the spectrum of sample 1. The valence-band
emission spectrum of sample 1 was resolved into six com-
ponents. The intensity of the resolved component at
about 92 eV in the spectrum of sample 1 is greater than
the corresponding peak of the c¢-Si spectrum, perhaps
due'>~! to additional contributions from nitrogen 2p
states.

Cartling’s?®  self-consistent-field Xa scattered-wave
(SCF-Xa-SW) molecular-orbital calculation for a cluster
of 17 silicon atoms in a simulated crystalline environment
yields seven molecular-orbital energy levels: la;, 1t,,
2a,, 2t5, le, 3t,, and 1¢;. But we obtained good fit to the
spectrum of ¢-Si between 86 and 99 eV with just six Voigt
components. A seven-component fit in this energy region
gave an additional component at 95.0 eV. The spacings
of Cartling’s energy levels do not however agree well with
the energy positions of the components obtained from our
curve-fitting method.

The L,; x-ray emission spectra from silicon nitride
samples show that the valence band consists of two subJ—

V(E)=1V7A,bT(E,—E) s

erf +erf

t
bI"

The disorder in these amorphous samples introduces po-
tential fluctuations which remove sharp band edges, and a
valence-band tail occurs. Robertson'*!> concludes that
localized states in the valence-band tail could extend up to
1.5 eV into the gap region for silicon nitride and that

+14

bands. Our spectra for samples 2 to 5 show an upper
valence band with four discernible peaks. The peak at 92
eV in the spectra apparently due to the presence of ¢-Si in
the samples has not been reported in previous x-ray emis-
sion measurements.”~° Although Robertson’s'? electronic
structure calculation for Si;N, shows four features in the
upper valence subband, the positions of these features do
not line up with the positions of the four resolved com-
ponents of our spectrum. Although the spacings of the
energy levels do not agree with our measurements, the or-
der of the various features is agreed upon by all present
calculations.'> ! According to these calculations,'®!?
peak B is mostly N:2p, and 2p, with some admixture of
Si:3s states. These calculations show that the peaks C and
E'>'3 have some contributions from Si:3p in addition to
N:2p, and 2p, states and the peak G has contributions
from N:2p, states.

Valence-band edge and gap region

The electronic and optical properties of silicon nitride
are associated with the states at the top of the valence
band, in the gap region and in the conduction band. We
developed a nonlinear least-squares program to fit our
measured spectra of silicon nitride samples in the region
98-108 eV which includes the top of the valence band,
band-gap region, and the bottom of the conduction band.
We briefly outline the basis of our model for this energy
region.

We assume a straight line 4,(E, —E) convoluted with a
Gaussian function exp[ —(E —E,)/bT)?*], where b=1/
2V'In2 to fit the top of L,; valence-band emission spectra.
E, is the position of the top of the valence band and T is
the FWHM of the Gaussian broadening function. This
broadening is probably due to the presence of inequivalent
Si sites in the unit cell of silicon nitride as well as disor-
der. The functional form of our model, V' (E), for the L,;
valence-band edge of silicon nitride is described by the fol-
lowing expression:

] e

lthese tail states are due to the =Si—Si= homopolar
unit and = N centers. Theoretical calculations'*!> show
that gap states due to =Si—Si= units have bonding
character and =Si dangling bonds have antibonding
character. Recent investigations on the photolumines-

2 2

E,—E
bT

E
bT

(bT)? Jexp —exp
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cence properties?! of SiN, show evidence for the existence
of electronic states in the valence-band tail. As is com-
monly done,?? we assume for the shape of the density of
states distribution in the valence-band tail a simple ex-
ponential form:

G(E)=G E—E 7
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FIG. 3. (a) Fit to the valence-band emission spectrum of sam-
ple 3 based on two-phase linear superposition model. (b) Re-
duced X? value of fits based on Eq. (2) as a function of molar
concentration y.
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where Go=N,/W is the density of states just above the
mobility edge. Here W is the width of the exponential
valence-band tail, and N, is the number density of defect
states in the gap. In order to fit our experimental data we
convoluted Eq. (7) with a Gaussian broadening function,
and the resulting expression for the valence-band tail
T (E) is given by

2
_ E,—E
T(E)=1V7GobT exp | — exp % ]
/73 S E b’ E
oL = | _erf | 2 =
O e B e e L
for E>M,
(8)

T(E)=0 for E<M .

E,, is the upper limit of the convolution integral and M
presumably corresponds to the mobility edge. The func-
tion T(E) is joined to the function V(E) at the mobility
edge so as to best fit the data.

The shape and the strength of the emission near the
middle of the gap region and near the conduction-band
edge changes as the composition index x changes in SiN,.
The emission near the conduction-band edge or L,; x-ray
absorption edge is due to the Si 2p core exciton, and the
remaining emission at lower energies in the gap is likely
due to =Si trap states.!> We assumed Voigt profiles for
the core exciton and the =Si trap states in our model for
the gap region.

Our model for the emission in the gap region includes
V(E), T(E), and a set of Voigt line-shape functions for
the trap states and core exciton. We include the L,/L;

°
o

0.05

TDOS [ States/(si atom) eV |

[T ST N FE T f U ST ET FRE T SU T T U SR W SR e |

0.00-
70 80 90

Energy (eV)

FIG. 4. Fit the valence-band emission spectrum of sample 3
with five broadened line-shape functions.
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TABLE II. Parameters of multipeak fit to the vale

nce band. E, is the energy position of peak and

I, is the full width at half maximum of the Voigt profile in eV. N(E,) is the intensity of the peak in

transition density-of-states units.

Peak A B C D E F G X?
Parameter
c-Si

E, 89.55 91.84 92.62 94.02 95.84 97.56
r, 4.98 1.0 1.51 2.26 242 1.76 13.2
N(E,) 0.10 0.032 0.045 0.023 0.031 0.016

SiN film
E, 81.39 89.81 92.01 94.44 97.24
r, 4.07 2.78 2.43 3.59 2.52 4.8
N(E,) 0.043 0.10 0.022 0.052 0.048

Sample 1
E, 81.25 89.49 92.24 93.78 95.87 97.66
r, 6.08 4.38 1.62 2.78 2.72 1.81 10.4
N(E,) 0.01 0.10 0.048 0.026 0.033 0.019

Sample 2
E, 81.48 89.88 92.23 94.23 97.13
r, 5.28 3.59 1.64 3.87 2.66 13.8
N(E,) 0.017 0.10 0.035 0.044 0.037

Sample 3
E, 81.77 90.12 92.49 94.63 97.29
r, 5.95 3.98 1.75 3.2 2.57 21.0
N(E,) 0.02 0.099 0.028 0.015 0.047

Sample 4
E,; 81.64 90.04 92.48 94.92 97.5
r, 5.61 3.57 2.0 34 2.35 16.4
N(E,) 0.019 0.099 0.037 0.05 0.046

Sample 5
E, 81.5 89.80 92.27 94.99 97.46
r, 5.06 3.33 2.55 3.65 2.36 16.4
N(E,) 0.03 0.084 0.041 0.048 0.03

Sample 6
E, 81.18 89.84 92.21 94.36 97.1
r, 4.60 3.11 1.99 3.28 2.68 9.5
N(E,) 0.044 0.093 0.02 0.048 0.044

emission intensity ratio of 0.5, and the 0.61-eV Si 2p
spin-orbit splitting. A fit based on this model to the spec-
trum of sample 3 for states at the top of the valence band
and in the gap region is shown in Fig. 5. The values of
the parameters of the fits to our data are given in Table
ITI. The reduced X? values for the fits based on our mod-
el to the spectra in the gap region lie between 1.3 to 19.0.
The fits to the silicon-rich SiN, samples show some in-
teresting features. The shape of the emission peak above
the top of the valence band of sample 2 was symmetric,
and we obtained a good fit to the spectrum of sample 2 in
the gap region with just one Voigt profile. The spectra of
samples 3-5 in this energy region were not symmetric
and we were forced to use two Voigt functions to fit the
emission from the occupied gap states. The band due to
traps for samples 3 and 4 was found to be at 3.5 eV above

the top of the valence-band edge. The trap state for sam-
ple 5 was found to be at 3.2 eV above the top of the
valence-band edge. The peaks due to trap states in sam-
ples 3-5 are well separated from the exciton states at the
bottom of the conduction band by 0.9, 1.1, and 1.6 eV, re-
spectively while the exciton peak in sample 2 merges with
the defect states.

Robertson,'*!* in his electronic-structure calculations
of gap states in silicon nitride obtained the result that the
singly occupied =Si° gap state or trapped hole level and
the doubly occupied =Si~ state or trapped electron level
are at 3.1 and 3.5 eV, respectively, above the top of the
valence band. Our emission peaks fall in the range
3.2-3.5 eV above the valence-band top, so it is quite likely
that we are seeing emission from these defect states.

The energy separation between the exciton and the im-
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1

0.03 purity band increases as the excess silicon content de-
creases or the value of the composition index x increases.
The energy of the exciton peak increases with an increase
in the value of x. Thus there is a red shift of the L,; ab-
sorption edge in SiN, with the enrichment by excess sil-
icon.”> The difference in the energy of the position of the
top of the valence band and the position of the Si 2p core
exciton, discounting any change in the exciton binding en-
- ergy, is a measure of the value of the band gap, and we
see that this value steadily increases as the excess silicon
content decreases. Following the discussions mentioned
above we speculate as follows: The merging of the Si 2p
core exciton peak with the emission due to =Si defect
states in the spectrum of sample 2 with an estimated com-
position x =0.5, is reminiscent of a transition to the me-
tallic phase in a metal-nonmetal transition and the curves
in Fig. 6 representing the position of the exciton peak and
the trap peak intersect at composition x =0.5. This pic-
ture of the localized states merging into the conduction
0.00- band only makes sense if the sample is fairly homogene-
98 101 104 107 ous, i.e., if the .two—phase model.descrlbed above is no

longer accurate in this concentration range. Indeed, the

Energy (eV) reduced Y? values in Table I suggest that this may be the

FIG. 5. The valence-band edge and gap region part of the L3 case. It is interesting that this merging is roughly con-
emission spectrum of sample 3 and fit based on a model for this sistent with the Mott condition®* n!/3a, 2 0.26, where aq
region. is the modified Bohr radius. Estimating the number den-
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TABLE III. Model parameters for top of valence band and gap region. E, is the position of the top of the valence band in eV. A4,
is slope of the function representing the top of the valence band in units of states/(eV2Si atom). T is the full width at half maximum of
the Gaussian broadening function in eV. M is the energy position at which the T (E) function joins the V (E) function, and W is the
width of the exponential tail in eV. N, is the number of states/(Si atom) at M.

Sample SiN film 2 3 4 5 6
Parameter ’
V(E)
E, 98.98 99.31 99.2 99.08 99.26 98.96
A, 1.35% 1072 1.77x 1072 2.2x107? 2.7x 1072 2.01x 1072 1.2x1072
r 1.74 0.83 0.91 1.02 0.84 1.72
T(E)
M 99.31 99.17 99.06 99.06 99.22 99.12
w 1.31 1.20 1.06 1.1 1.19 1.53
N, 2.0x1073 3.36 1073 4.0x1073 4.2x1073 3.9x10°3 2.7x1073
Gap states
E, 102.48 102.67 102.56 102.45 102.43
r, 2.25 2.45 2.12 2.84 1.84
N(E,) 1.4x1073 1.1x1073 1.1x10°3 7.0x10~* 1.2x103
Exciton
E, 103.74 103.24 103.61 103.62 104.03 103.61
T, 1.02 1.97 1.2 1.23 2.47 1.15
N(E,) 1.8x1073 1.5x1073 9.0x 10~ 1.3x107* 9.0x10~* 1.4x1073
x? 19.0 5.2 2.7 3.0 6.92 1.3
value

Spin-density values
Spins/cm? 4.2x 10" 1.3x10" 5.4x10" 1.6 10"
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FIG. 6. The upper curve is the position of Si 2p core exciton
and the lower curve is the peak representing trap states as a
function of molar concentration y, where y =3x /4.

sity n from the emission intensity in the gap region we
find n!3ay=0.46 for this sample.

The Lorentzian width of the Voigt profile used to fit the
Si 2p core exciton represents the lifetime broadening of
the core and valence hole. The width of the valence-band
tail estimated from our fits for the spectra of samples 4-6,
increases with the increase in the value of the composition
index x. The increase in the width of the valence-band
tail and the band gap with the decrease in the silicon con-
tent are in agreement with the conclusions from photo-
luminescence measurements?! on nonstoichiometric sil-
icon nitride.

The L emission spectrum of sample 6 in the energy re-
gion 98 to 108 eV was fit using a Voigt function for the
trap states, one more, as shown in Table III, for an n =1
exciton, and another at 104.2 for the n =2 exciton. The
reduced Y? value for the fit is 1.3. Let us assume that the
latter two Voigt functions correspond to the first two exci-
ton lines with n =1,2 in the excitonic series given by

E,
E,=E,——, 9)

g n2

where E, is the binding energy of the exciton, E, is the
energy gap, and E, is the position of exciton lines below
the bottom of the conduction band. By fitting both peaks
with a Voigt profile, we estimate from the difference in the
positions of the two exciton lines the binding energy of
Si:2p core exciton as 0.8 eV and the band-gap value as 5.4
eV. The composition of this sample from our two-phase
model is x =1.26. The optical absorption gives a value of
5.5 eV for the optical gap.?> Ley et al.,? in their work
on Fano-type antiresonance below the L,; threshold, re-
ported 0.6 and 1.45 eV for the binding energy of a Si:2p
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core exciton in a-SiN,:H with x =1.2 and 1.45, respec-
tively. Hjalmarson, Butner, and Dow?® in their theoreti-
cal calculation have estimated the binding energy of a
Si:2p Frenkel core exciton in Siz;Ny as 1.2 eV.

The spin-density values measured by electron spin reso-
nance for some of these SiN, samples are given in Table
III. Fujita and Sasaki?’ show that the memory trap den-
sity due to =Si dangling bonds in CVD silicon nitride
films are larger than the spin-density values, and the rela-
tionship between these two quantities is nonlinear. The
volume densities obtained from our fit to the DOS for the
=Si traps range between 4.5X10% and 6.4x10%°
states/cm?, 1 to 2 orders of magnitude greater than the
spin densities, and in reasonable agreement with other re-
sults.?’

The variation in the energy gap with composition in
crystalline semiconductor alloys?® is approximated by a
quadrative form:

E,(y)=E 4 +ay +by?, (10)

where a=(Ez —E  )—b, y is the molar concentration,
and E 4 and Ep are the band gaps of the two component
semiconductor compounds 4 and B. The factor b is
called as the bowing parameter, and it is a measure of the
nonlinearity of the variation. We assume the position of
the Si 2p core exciton E,,. above the top of the valence
band to be a measure of the band gap. The values of E,,
obtained for different a-SiN, samples based on our model
in the gap region are given in Table III. We assume that
Eq. (10) applies to amorphous semiconductors. We ob-
tained for SiN, a fit to the values of E,,. and y=3x/4
based on Eq. (10) and Fig. 7 shows the fit to the data.
The values of E 4, a, b, and Ep obtained from the fit are
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FIG. 7. Position of Si 2p core exciton as a function of molar
concentration y and a fit based on Eq. (10).
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1.95, 6.6, —3.3, and 5.24 eV, respectively. The fact that
the band gap has the expected variation lends credence to
the y values obtained from the two-phase model, at least
for large y.

SUMMARY AND CONCLUSIONS

We have investigated the electronic structure of SiN, as
a function of excess silicon content using high-resolution
soft-x-ray emission spectroscopy. We conclude as follows.

1. The two-phase linear superposition model describes
the electronic structure of SiN, reasonably well. The
discrepancies between the two-phase model fits and our
spectra for y >0.5 are small and the discrepancies are
large for y <0.5 in the nitrogen 2s bump region and for
the nitrogen 2p, peak region. We obtained reasonable
values for the composition x for our samples from these
fits.

2. Our assumed model for the top of the valence band
and the gap region gave good fits to our spectra for
y>0.1. We estimated the number of electronic states per
cm? due to defect states in the gap.

3. We conclude on the basis of the energy of the Si 2p
Frenkel core exciton that there is a red shift of the L,; ab-
sorption edge in SiN, with the enrichment by excess sil-
icon.

4. The shape of the emission in the gap region changes

drastically as the composition changes. The intensity is
minimum for y=0.6 and the shape of the emission for
y=0.95 is asymmetric near the L,; absorption threshold.
The shape of the emission is symmetric for y=0.4 and
the =Si defect states merge with the Si 2p core exciton,
reminiscent of a transition between metallic and nonme-
tallic behavior.

5. We obtained the binding energy of the Si 2p Frenkel
core exciton as 0.8 eV for the composition x =1.26. The
width of the core exciton changes with composition and it
has a maximum value for y =0.7.

6. The band gap increases with the decrease of excess
silicon content, and the width of the exponential tail in-
creases for y > 0.49.
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