
PHYSICAL REVIE%' B VOLUME 33, NUMBER 4 15 FEBRUARY 1986
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with the use of soft-x-ray emission
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We have studied the valence-band electronic structure of a-phase, P-phase, and amorphous silicon
nitride samples, using Si I.-x-ray emission. Our results are compared with a recent band-structure
calculation and show that Si 3d states are necessary to properly describe the upper-valence-band and
lower-conduction-band density of states. A prominent feature is seen above the valence band which

is attributed to conduction-band states that are populated by the incident electron beam. By reduc-

ing the energy of the electron beam it is possible to enhance the surface emission relative to bulk

emission, and such spectra are also presented and discussed.

I. INTRODUCTION

In recent years soft-x-ray emission (SXE) has been used
to study the valence-band density of states (DOS) of many
materials. Soft-x-ray emission is complementary to the
photoelectron spectroscopic techniques [x-ray photoemis-
sion spectroscopy (XPS), ultraviolet photoemission spec-
troscopy (UPS)] which are useful primarily near the sur-
face. While SXE is used mainly for bulk studies
(1000—2000 A penetration), it is possible to enhance the
surface sensitivity by reducing the energy of the incident
electrons used to excite the x rays. Although there has
been some previous experimental work on silicon nitride
using SXE (Refs. 1 and 2) and XPS (Ref. 3) only amor-
phous films have been studied, and there appears to be no
previous surface-enhanced SXE work in the literature.
Using Si L ii in-x-ray emission we have studied the
valence-band electronic structure of u-phase and P-phase
crystalline and thin-film amorphous silicon nitride sam-
ples. The amorphous sample was also studied at reduced
incident electron energy to emphasize the surface.

There have been recent electronic structure calculations
on silicon nitride. Sokel performed a linear combination
of atomic orbital (LCAO) calculation assuming silicon sp
hybrid states and nitrogen 2s, 2p states; in this model the
effect of the Si—N—Si bond angle on the electronic states
was considered. Robertson performed a calculation using
a bond-orbital model and assumed two different values for
the Si—N—Si bond angle; the electronic structure of
several likely impurities was considered and it was found
that some resulted in band-gap states. Ren and Ching
performed a calculation using an orthogonalized LCAO
model; their calculation was performed on a- and P-phase
crystalline silicon nitride and was done with and without
Si 3d states included in the basis set. %e will compare
our silicon nitride SXE spectra to the calculated DOS of
Ren and Ching.

II. EXPERIMENT

The data presented in this paper were taken on a soft-
x-ray spectrograph which covers the energy range 20—800
eV. The electron gun used to excite the x rays produces

currents of about a milliampere and the incident kinetic
energy could be varied over the range 300 to 3000 eV; at
low kinetic energy the surface emission is considerably
enhanced. The dispersive elements are four toroidal graz-
ing incidence diffraction gratings. The detector is a
phosphor-coated photodiode array cooled with liquid ni-
trogen. Details of the spectrograph have been described
previously in the literature. ' For the Si L-x-ray emission
spectra the energy range was 70—110 eV, the resolution
was about 0.1 eV, and the calibration uncertainty was
about 0.09 eV at 100 eV. During the experiment the sam-
ple chamber was maintained as a pressure of 10 Torr or
better. An argon ion gun mounted in the sample chamber
was used to clean the samples if necessary.

The ct-phase and P-phase crystalline samples were made
from commercially available micrometer-size powders.
The powders were pressed into a copper substrate which
had been wet with indium. The amorphous sample was a
thin film approximately 1000 A thick grown on a silicon
substrate by chemical vapor deposition (CVD). The
amorphous samples also had transmission windows
covered only by the 1000-A CVD film and could be stud-
ied in a related inelastic electron scattering experiment;
this allowed the determination of the x-ray absorption
coefficient of the CVD films in the energy range studied
by the SXE experiment.

III. DATA PROCESSING

The unprocessed spectra are functions of several
energy-dependent factors in addition to the desired
features in the electronic structure. These include instru-
mental effects, self-absorption, various background contri-
butions, and the radiative transition probability. These
various effects can be summarized by the following rela-
tion in which I(E) represents the unprocessed spectral in-
tensity:

I (E)- I [D(E)P(E)+8(E)]A (E)+M (E)IS(E),
where S(E) is the spectrometer response, M(E) the
multiple-order interference, A (E) the self-absorption fac-
tor, B(E) the background contributions, P(E) the radia-
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tive transition probability, and D(E) the transition densi-

ty. Proceeding from right to left in the above equation
the first two terms S(E) and M(E) are both instrumental

in origin. S(E) represents the energy-dependent spec-
trometer response due to grating dispersion and the detec-
tor phosphor efficiency; the correction due to the spec-
trometer response must be applied to any spectrum.
M(E) represents the interference, if present, from a
higher-energy emission appearing in multiple order in the
desired first-order spectrum. This is the case in the Si I.
emission spectrum of silicon nitride. The nitrogen E
emission occurs at about 396 eV and appears in fourth or-
der at 99 eV where it interferes with the first-order Si I.
emission. However, by measuring the nitrogen E emis-

sion of silicon nitride in third order at 132 eV and then

scaling the energy values by —,
' a good measure of M (E) is

obtained and this can then be removed from the Si I.
spectrutn. In the case of silicon nitride the spectrum can
be severely distorted if there is instrumental interference
from fourth order N and this appears to have occurred in

the earlier work. '2 If the fourth order N is not removed

the feature at the top of the valence band is too intense.
Next the measured spectra are corrected for self-

absorption. The self-absorption factor A (E}depends on
the depth from which the x rays are emitted as well as the
energy-dependent x-ray absorption coefficient a(E). As-

suming that each layer of sample down to the maximum
x-ray escape depth Xm„radiates x rays equa&ly, the self-

absorption for all layers A (E) is found by simple integra-
tion to be

msx

A (E}=

The x-ray escape depth is approximately twice the elec-

tron penetration depth for flat samples mounted at about

a 30' angle to the horizontal plane of the spectrograph.
This was the case for the CVD film amorphous samples
and resulted in a maximum escape depth estimate of
X ~=1600 A. However, in the case of the a-phase and

P-phase material the samples were micrometer-size
powders. Therefore one would expect a distribution of
angles which the faces of the powder particles make with

the horizontal. In this case it was assumed that the aver-

age x-ray escape depth was equal to 1600 A just as in the
CVD sample. As previously mentioned, the absorption
coefficient a(E) was determined for the CVD film sample
in an auxilliary inelastic electron spectroscopy experiment.
The x-ray absorption measurements for the CVD film
samples were used for self-absorption corrections on all

three samples since absorption data for the a-phase and

P-phase crystalline saniples were not available. For these
reasons the self-absorption correction may not be quite
correct for the a-phase and P-phase spectra. An empiri-
cal range formula developed for use over the energy
range 1—10 kV w'as used to estimate the electron penetra-
tion at 3 kV. This formula is of the form R =bE", where

8 is the range in angstroms and E is the electron kinetic
energy in keV; the constants b and n are dependent on the
material properties such as density, molecular weight, and
the number of electrons per atom. The range formula

0

predicts a penetration for silicon nitride of about 800 A at
3 kV. However, at 500 eV the formula predicts about 10
A which is not realistic. A more reasonable estimate of
the penetration at 500 V can be obtained by assuming the
electron to follow a random walk as it makes a succession
of inelastic collisions. A reasonable estimate of the inelas-
tic mean free path is about 10—15 A and the average ener-

gy loss per collision about 20—2S eV. Thus a SOO-eV elec-
tron would make about 20—25 collisions and the square
root of this number (4—5 mean free paths) would apply
toward progress in a given direction for the random walk.
This results in an estimated penetration of 50—60 A. Of
course in the case of Si L-x-ray emission the quantity of
interest is the maximum depth at which 2p core holes are
still found; this depth is certainly less than a range esti-
mate since once the electron energy falls below 100 eV it
cannot create 2p core holes.

In general a number of sources contribute to the
energy-dependent background 8 (E). These include
bremsstrahlung x-ray intensity, emission from radiative
Auger processes, '0'" plasmon low-energy satellites, and
double-core-vacancy high-energy satellites. For the data
being presented here only the bremsstrahlung x-ray contri-
bution is significant. The featureless bremsstrahlung
spectrum is considered linear over the limits of the
valence band; the slope is determined by the measured in-

tensity at each end of the spectrum (70 and 110eV).
In the dipole approximation x-ray emission is propor-

tional to a dipole matrix element, a radiative transition
probability P(E), and the valence-band transition density
D(E). The dipole matrix element results in the usual
selection rules and is assumed independent of energy over
the valence band. P(E) is proportional to E and this
must be divided out to finally recover D(E). Within the
one-electron approximation D(E) is then proportional to
a projection of the usual density of states for the valence
band in question. In the data presented in this paper the
D(E) curves have been normalized to an area of unity so
that the vertical axes have units of states per eV.

IV. g.ESULTS AND DISCUSSION

First we will briefly discuss the results of the calculated
DOS of Ren and Ching comparing their results obtained
with and without the presence of Si 3d states. Then our
bulk spectrum of P-Si&N4 will be compared with these cal-
culated DOS. Finally our spectra for the a-phase, P-
phase, and CVD amorphous Si3N4 are compared eath
each other. Comparisons will also be made between be-
tween spectra taken with 3-kV electron beams (bulk) and
those taken with 500-V beams (surface) for the P-phase
and CVD samples.

The calculation of Ren and Ching was performed using
orthogonalized linear combinations of atomic orbitals
(OLCAO) in which the valence orbitals were made
orthogonal to core states. This vvas applied to the a-phase
and P-phase crystalline silicon nitride structures using the
crystal atom positions and free-atom Hartree-Fock wave
functions as input. This allowed the atomic potentials to
be calculated using an overlap of atomic charge density
model. Gaussian-type orbitals (GTO) were used as basis
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functions to solve the eigenvalue problem for each atom.
The results of these band-structure calculations for P-

Si3Nq are shown in Fig. 1. In Fig. 1(a) is shown the Si
DOS calculated using a "minimal basis" set without Si 3d
states (ls, 2s, 2p, 3s,3p). When Si 3d states were added to
this miniinal basis set the results in Fig. 1(b) were ob-
tained. Figure 1(c) was calculated with an "extended
basis" set. The extended basis set also used Si 3d states
but in addition included two extra s-type and one extra
p-type GTO functions for both the Si and N atoms. A.s is
evident from the figure the main effect of including the
3d states is to put strength into the upper valence band
and lower conduction band. Note in particular that the
feature at the top of the valence band is nearly gone when
the minimal basis is used [Fig. 1(a)]. Thus the Si 3d
states appear to be necessary to provide intensity in the
upper 2 V of the Si valence-band DOS. A similar situa-
tion has been noted for the case of silicon dioxide

A comparison between the calculated DOS using the
extended basis and our measured spectra for P-Si3N4 ls
shown in Fig. 2. The energy axis has beni shifted so that
there is optimal agreement between the measured spec-
trum and the calculated DOS. The main features have
been labeled A, 8, C, D, and E in order of increasing en-
ergy. Feature A at about 81 eU results from the effect
that the N 2s orbitals have on the Si DOS. The
molecular-orbital o bonds between Si spi hybrid orbitals
and N sp2 hybrid orbitals produce a strong peak in the Si
spectra at 90 eV (feature B). There is a very strong peak
in the N partial DOS just below the top of the valence
band which comes from the N lone-pair 2p electrons; also
at the top of the valence band in the Si DOS is a feature
which only appears when the Si 3d orbitals are used [Figs.
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FIG. 1. Calculated silicon DOS for P-phase silicon nitride ac-
cording to Ren and Ching. Zero of energy is at the top of the
valence band. {a) Minimal basis calculation; (b) using 31 states;
(c) extended basis states.
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FIG. 2. Comparison of experimental and calculated (extend-
ed basis) DOS for P-phase silicon nitride. Energy scales have
been shifted to produce optimal agreement of the features.

1(b) and 1(c)]. This suggests that some degree of pm
molecular-orbital bonding occurs between N lone-pair 2p
states and normally empty Si 3d states as has been sug-
gested. '~ Feature D is thus assigned to Si 3d states. We
believe that the structure at 104 eV (feature E) represents
electron states in the lower conduction band which have
been populated by the incident electron beam. Note that
features 8, D, and E align well with the calculated Si
DOS when the top of the valence band (E =0) is placed
at about 98 eV in the spectrum. There is a 1—2-eV
discrepancy between the measured spectra and calculated
DOS for feature A. This discrepancy was also noted by
Ren and Ching when they compared their calculated DOS
to the experimental XPS spectra of Weinberg and Pol-
lack.

The origin of feature C is unclear. To our knowledge
this feature has not been previously reported in earlier
SXE measurements. Two possible extraneous explana-
tions of the feature are third-order E emission from car-
bon contamination or L emission from SiOz contamina-
tion. Feature C is located at about 94.3 eV, third-order
carbon at 92.0 eV, and the upper valence-band feature of
Si02 at 94.5 eV. Third-order carbon must be ruled out
since it is too far removed in energy. Although SiOq
emission could be the source it is difficult to accept this as
the explanation. Feature C is just as prominent in a-
phase and P-phase crystalline samples as in the CVD sam-
ple, yet the crystalline samples should be rather pure and
free of oxygen. Indeed when the 0 E emission and N K
emission were compared in each sample it was estimated
that less than l%%uo of the N atoms had been replaced by 0
atoms, so we do not believe that this is the origin of the
feature. A third possibility is that C is a real feature in
the valence-band DOS resulting from Si 3p states. This
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TABLE I. Listed are the measured energies {eV) for features A —E of the bulk and surface data. The N 2S and exciton areas are
expressed as a fraction of the total spectral area. The fit parameters {E„o„,cr, ) are shorn at the right and are in eV. The extrapolat-
ed band edge is listed as E„'.

81.5
81.5
81.4

90.0
89.9
89.8

94.3
94.5
94.0

96.7
96.6
96.7

104.3
104.3
104.2

Bulk

N 2S
area

0.21
0.21
0.25

Exciton
area

0.020
0.016
0.0082

99.6
99.4
99.4

98.7
98.5
98.8

0.9
1.0
0.8

0.7
0.6
0.5

81.4
81.3

89.9
90.0

96.6
96.6

Near surface
104.0 0.15
104.2 0.23

0.0045
0.011

99.4
99.4

98.3
98.9

1.2
0.8

0.5
1.0

cannot be ruled out by dipole selection rules if the 3p state
and the 2p core hole are associated with different Si
atoms. The Si-Si nearest-neighbor separation is about 3 A
in P-Si&Nq. Using Hermann-Skil'/man wave functions"
for the Si 2p, 3s states and nearest-neighbor Si 3p states a
rough estimate of the matrix elements suggests that the
probability of making such a nearest-neighbor transition
is about 5—10% of the probability of a one-atom
(3s~2p) transition. Thus it is reasonable that small
features in the spectrum could be due to such transitions.
This interpretation is consistent with the results reported
by Brytov et al. in which the Si K- and L-x-ray spectra
were compared. When the K and L spectra were aligned
in energy the main peak in the K spectrum from 3p states
corresponded to. 94.5 eV in the L spectrum. Although the
L spectrum of Brytov does not clearly show a feature at
this energy, our feature C lies within 0.2 eV of this point.

When the spectra of a-phase, p-phase, and CVD sam-
ples are compared they appear quite similar, unlike the
case of elemental silicon in which there are marked differ-
ences between the crystalline and amorphaus spectra. The
spectrum of each sample is shown in Fig. 3. Table I
shows the approximate energy of the spectral features in
each sample. Also shown for each sample is an estimate
of the upper valence-band edge (E„), the broadening of
this edge (o, ), and the width of the conduction-band peak
(o, ). The valence-band edge was assumed to be linear in
energy and broadened by a Gaussian and the conduction-
band peak was assumed to be a Gaussian. The major
difference is in the intensity of feature A in the CVD
spectrum —it is considerably more intense than in the a-
phase and P-phase samples The fractional area of feature
A was measured for the a-phase, P-phase, and CVD sam-
ples and found to be 0.21, 0.21, and 0.25, respectively.

In order to facilitate comparisons the difference be-
tween each pair of spectra has been platted in Fig. 4. As
can be seen from the figure the a phase and p phase are
the most similar. The strength of feature A in the CVD
spectrum is responsible for the pronounced dip at 82 eV in
the difference plots. Notice the region between 85 and 95
eV in each difference spectrum. For the a —CVD and
p—CVD plots the shape in this region indicates that both
the a and p spectra have a broader 8 feature than does
the CVD spectrum. The shape of the a —p plot suggests
that feature 8 of the a-phase spectrutn is shifted upward
relative to the p-phase spectimn. Table I shows this shift
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FIG. 3. Experimentally measured bulk DOS for silicon ni-

tride samples. Data have been normalized so that the area
under each curve corresponds to one electron state. Horizontal
scales are in eV.
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to be about 0.1 eV. There are also differences which ap-
pear in the regian above the valence band (100—105 eV).
The exciton in the a-phase sample is stronger but broader
than in either of the other two samples. In fact all of the
features af the a-phase spectrum appear broadened when
compared to the other two samples; this is most evident in
the features B and E. It is reasonable that the a-phase
spectrum should show increased broadening compared to
the P phase since the a-phase unit cell is more complex.
The a-phase unit cell has 12 Si atoms while the P phase
only has 6 Si atoms. ' This means that a phase has more
inequivalent site Si atoms which may explain the in-
creased broadening. It is rather surprising, however, that
the CVD spectrum appears to be the sharpest of the three
spectra.

Since peak A is associated with N 2s states, changes in
stoichiometry might affect its intensity. As a rough esti-
mate of the stoichiometry the ratio of third-order N K
emission (132 eV) to the Si 1. emission (90 eV) was mea-
sured for both the P-phase and CVD samples. It was
found that this ratio was 0.067 for the P phase and 0.061
far the CVD sample; the uncertainty in these ratios is
about S%%uo. Thus the CVD sample appears to have a slight
deficit in N suggesting a weaker peak-A intensity. We
therefore conclude that the observed peak-A differences
are nat due to stoichiometry but instead to structural
differences between crystalline and CVD amorphous sil-
icon nitride.

A. Near-surface emission

Surface spectra for both P-phase and CVD samples
have b;xm taken and have been compared with the bulk
spectra. The surface spectra were taken using 500-V in-
cident electron energies with an assumed electron penetra-
tion of about 50 A whereas the bulk spectra used 3-kV
electrons with a 800-A penetration depth. Figure 5 shows
the surface spectra and Fig. 6 shows the bul&-surface

difference spectrum for each sample. The surface spectra
show increased broadening and have differences in the
band gap and exciton region when compared with the
bulk spectra. The surface broadening appears greater in
the P-phase sample than in the CVD film sample. Note
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FIG. 5. Experimentally measured near-surface DOS for P-
phase crystalline and amorphous CVD film silicon nitride.
Data have been normalized so that the area under each curve
corresponds to our electron state. Horizontal scales are in eV.
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that in the P-phase surface spectrum feature C cannot be
resolved. Also, feature 8 in the CVD surface spectrum
scans to be shifted to higher energy by about 0.2 eV; this
is evident in the CVD bulk-surface difference plot which
shows a derivative shape, near peak B. This shift is also
noted in the data in Table I. In both the P-phase and
CVD surface spectra feature A appears weaker as can be
ski by the positive difference values between 75—85 eV.

There are two reasons why surface broiidening may be
occurring. First there could be a surface core-level shift;
such a shift could be important in our surface data where
the estimated electron penetration is only about 50 A.
Such core-level shifts have been reported in the case of
crystalhne Si and Au (Refs. 17 and 18) and were in the
direction of weaker core-level binding at the surface. In
both cases these shifts are in the wrong direction to ex-
plain our data in which peak 8 is asymmetrically
broadened toward higher energies in the surface spectra.

It is also possible that the surface spectra reflect a dif-
ferent DOS. A number of workers in recent years have
dealt with DOS changes at the surface due to dangling
bonds, relaxation, or rehybridization. '920 In the case of
crystalline Si it has lmsn shown that surface states pro-
duce two new bands in the valence band as well as states
in the band gap. ' It is known that when surface rehy-
bridization occurs (e.g., sp3 to sp ) that bond lengths are
often shortened. It might be reasonable that this would
promote increased interaction among surface atoms and
thus broaden the electronic structure.

8. Gap region and exciton

The region above the valence band in silicon nitride
displays a rather pronounced feature at about 104 eV
(feature E). Structure such as this is not uncommon in
large-band-gap materials and can in part by attributed to
self-absorption. Zhukova et al. ' explained it as brems-
strahlung x-ray intensity with self-absorption which began
at 104 eV. However, when our silicon nitride spectra were
corrected for self-absorption as previously discussed, it
was found that the feature at E remained although the
gap region intensity was considerably reduced. Brytov
et al. ~ measured a feature at about 103 eV and explained
it as emission from a state in the band gap; our measure-
ments do not agree with this energy. As shown in Fig. 2
feature E aligns well with the bottom of the conduction
band in the calculated DOS. We identify the feature at
104 eV as a Si core exciton because its energy agrees with
our measured Si 2p core threshold (104.0 eV at the 50%%uo

point) in absorption using inelastic electron scattering.
Using our measured values of the valence-band edge and
conduction-band exciton the apparent band gap is about
5.5 eV. Measurements on silicon nitride using optical
techniques give values for the band gap which range be-
tween 5.1 and 5.3 eV. '

Although Table I shows that our fits suggest a band
gap of 5.5—5.8 eV this is probably too large. When the
top of the valence band was fit as described above, a
broadening of the valence band, o„,was determined which
we believe to be excessive. Note that the valence-band

broadening is usually considerably larger than the
conduction-band broadening. This could be the result of
gap states just above the valence band which have not
ben included in the fitting function and would require a
larger o„. The interplay between o„and E„ is such that
increasing o, tends to reduce E„and this is probably re-
sponsible for the large band gap. It is likely that the
broadening for both valence and conduction band is ap-
proximately 0.5—0.7 eV exclusive of gap states and that
gap states are responsible for part of the valence-band tail.
When a simple linear extrapolation is applied to the data
near the top of the valence band, values for the edge of
about 99.3—99.5 eV are obtained which gives a band gap
of 4.7—4.9 eV. This leaves room for a small exciton shift
which should be reasonable.

What is unusual about silicon nitride is the intensity of
this core exciton when compared with other large-band-

gap materials. For example, when silicon dioxide is stud-
ied using SXE the core exciton is very weak or absent.
Both silicon nitride and silicon dioxide have much greater
strength of the Si DOS in the conduction band than in the
valence band yet only silicon nitride shows a strong core
exciton. Why this is so is not clear but it is probably due
to an efficient mechanism for electron trapping peculiar
to silicon nitride. Electron trapping in silicon nitride has
been studied extensively because of its application in
memory devices. In studies of capacitors in which silicon
nitride was the dielectric it has ben determined that elec-
tron trapping extends into the bulk with trapped electron
densities measured at 6X10' e/cc; it was noted that
the trap density could have been much higher than this
value.

Knowing the area under the exciton peak allows a
rough estimate of the trapped electron concentration asso-
ciated with the exciton as seen in our SXF. experiment.
The area under the valence band is about 1 and the exci-
ton peaks had areas of 0.005—0.02. Assuming that one
electron per silicon atom contributes to the valence-band
emission, simple rate-equation arguments suggest that the
minimum lifetime for trapped electrons must be at least
10 ~ sec to account for this 1% exciton strength. This
represents a lower limit to the trap lifetime. Traps present
in the sainple but not created by the incident electron
beam could have a longer lifetime and still contribute to
the emission we see.

The bulk spectra of all three samples appeared to show
emission in the band-gap region even after correcting for
self-absorption. The gap emission of the CVD sample
was much closer to the background level and this may re-
flect a better self-absorption correction for the CVD sam-
ple. As seen in Fig. 3 there appears to be considerable in-
tensity in the band gap due only to the broadening of the
valence-band edge and exciton. Because of this and the
uncertainty in the self-absorption correction, particularly
in the crystaBine samples, it is not possible to say with
certainty that there is band-gap emission. A stronger case
can be made for gap emission when the CVD near-surface
emission is examined. As shown in Fig. 5 there is definite
evidence for the emission from gap states near the surface.
The assumed x-ray escape depth was 100 A for the 500-V
spectra. To make the intensity between 100 and 104 eV
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approach the background level an unrealistic x-ray escape
depth far in excess of 100 A would be necessary. There-
fore it is assumed that this emission is from gap states
predominately at the surface. Such band-gap emission
could result from damaged structure, dangling bonds, or
impurities which might be present in higher concentration
near the surface. Robertson has investigated various im-
purity configurations in silicon nitride and shown that
some result in gap states which are not removed by hydro-
genation.

V. CONCLUSIONS

Several conclusions can be made based on our SXE
study of the silicon nitride samples. These are listed
below.

(1) Bulk SXE qualitatively agrees with the calculated
DOS provided Si 3d states are used in the calculation.
The 3d states are required for the proper structure in the
upper valence band and lower conduction band.

(2) The feature above the valence band at 104 eV is not
due to self-absorption or band-gap states but is the result
of lower conduction-band states which are populated by
the electron beam forming a core exciton.

(3) The feature in the middle of the valence band
(feature C) is the result of transitions between Si 3p
valence states and nearest-neighbor Si 2p core states. This

is somewhat unusual in that Si I. spectra are generally
considered to reveal only s and d valence states.

(4) The a, P, and CVD spectra are all very similar with
the closest agreement being between the a-phase and P-
phase crystalline samples. The CVD result differs from
the crystalline in two respects —the CVD spectrum is
somewhat sharper and it has a stronger low-energy
feature; the strength of this feature is probably not the re-
sult of altered stoichiometry but reflects a different Si
DOS for the CVD sample.

(5) For both P-phase and CVD samples the surface data
differ from bulk data in three respects.

(a) The surface spectra are broadened.
(b) The surface spectra have weaker low-energy peaks.
(c) The surface spectra have weaker excitons and may

have surface gap states.
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