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We present x-ray Si K, Si L, and 0 I( emission bands of hydrogenated amorphous SiO„alloy films cov-
ering the concentration range 0 & x ~ 2.2. All spectral features in the emission bands were identified and
attributed to Si 3s, Si 3p, and 0 2s, 2p derived states. With increasing x, the shape and the energy posi-
tion of the main features of the Si E and Si L emission bands change significantly, particularly in the
concentration interval 0.5 &x &1.5. A comparison with available ultraviolet (UPS) and x-ray (XPS)
photoemission spectra demonstrates that x-ray emission bands for a-SiO are more sensitive to sample
composition than UPS and/or XPS spectra. The random-bonding model and the random-mixture model
of the structure of SiO„alloys are discussed in view of the x-ray emission spectra. For x =2, the Si X, Si

L, and 0 K spectra are very similar to those observed for cx-quartz (c-Si02). This justifies interpretation
of all features of a-Si02:H on the basis of c-SiO&. We therefore performed self-consistent pseudopotential
calculations of the total density of states and the local partial density of states of Si 3s, Si 3p, Si 3d, 0 2s,
and 0 2p of cr-quartz. The calculations confirm that due to the high electronegativity of oxygen non-

bonding, Si 3d-like states are created which, for high values of x, clearly show up in the Si L emission
bands. Finally, we discuss the long-standing so-called d-orbital controversy about Si02 and give an ex-
planation of it.

I. INTRODUCTION

During the past few years the amorphous system a-
SiO has attracted a great deal of attention not only due
to its applications in silicon-based industry but also be-
cause this system can be studied in a wide range of con-
centrations x evolving from semiconducting amorphous
silicon (x=0) to insulating a-Si02. Moreover, the Si-0
bond combines strong ionic and covalent bonding, and
the understanding of the microscopic atomic structures
and the electronic properties of this system is a challeng-
ing task in condensed-rnatter physics. The lack of
periodicity and the disordered composition of a-SiO
make theoretical studies difTicult. ' However, crystal-
line silicon dioxide (c-Si02) existing in many forms, e.g. ,
quartz, cristobalite, tridymite, coesite, and stishovite is
not easy to describe theoretically and ab initio
quantum-mechanical calculations of the structural and
electronic properties of c-Si02 were published just recent-

5 —8

Experimentally the electronic structure of a-SiO alloy
films with x varying in a wide range of concentrations
(0(x (2.2) has been studied by applying photoelectron
spectroscopy (PES) and x-ray emission spectroscopy
(XES).' '" Bell and Ley measured the energy position of
silicon and oxygen core levels and the valence-band spec-
tra of unhydrogenated samples of SiO in the ultraviolet
(UPS) and x-ray (XPS) photoemission spectra regimes. In
our previous work' '" we used XES and measured the Si

K and Si I. emission bands of hydrogenated a-SiO„ for
only a few concentrations x. We have observed a re-
markable development of features in both Si K and Si L,

emission bands, while UPS and/or XPS valence-band
spectra preserve their basic structure and position of
peaks throughout the concentration range.

The relative insensitivity of photoelectron valence-
band spectra can be understood as a consequence of the
vastly different cross sections o. of silicon and oxygen
atoms' having the following mutual relations: UPS
(h v=40. 8 eV):

o (0 2p ) » o ( Si 3s ) & cr ( Si 3p ),
cr(0 2p) »o(0 2s) .

XPS (hv= 1486.6 eV):

o (Si 3s ) » o (0 2p ) & o (Si 3p ),
cr(0 2s) »o(0 2p),
cr(0 2s) &cr(Si 3s) .

In both UPS and XPS features arising from Si 3p-like
electrons are almost suppressed. This effect is enhanced
by charge transfer which additionally reduces the amount
of electrons on the silicon sites due to the high electrone-
gativity of oxygen. As a consequence the Si 3p-like elec-
trons which are crucial for the Si-0 bonds contribute to
UPS and/or XPS spectra only with very small intensities.

In this paper we present Si K, Si L, and 0 K emission
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bands of a-SiO„:H alloy films with x varying in small
steps and covering the concentration range from x =0 to
x =2.2. The Si E emission bands reflect the local silicon
p-like character, the Si L emission bands the local silicon
s- and d-like character, and the O K emission bands the
local oxygen p-like character of the valence electrons.
The presented spectra therefore provide information
about the development and the behavior of all local s-, p-,
and d-like symmetries of valence electrons creating Si-O
bonds and originating from atomic Si 3s, Si 3p, and O 2p
electrons. The main purpose of our x-ray spectroscopic
study is to delineate the behavior of oxygen and silicon s-,
p-, and d-like electrons, which is difFicult to study by UPS
and XPS measurements. Furthermore, it was our aim to
elucidate the role of Si d-like electrons in the bond. Their
existence has been doubted for many years and the dis-
cussion is known as the "d-orbital controversy. "'

The paper is organized as follows. In Sec. II experi-
mental details are given. In Sec. III the experimental re-
sults are presented and described. The discussion and in-
terpretation of the x-ray spectra together with available
photoelectron spectra is given in Sec. IV. Finally, in Sec.
V all results are briefly summarized.

II. EXPERIMENT

A. Sample preparation

Details of sample preparation and sample characteris-
tics have been published recently. ' ' The most relevant
facts will be summarized in the following.

The specimens of a-SiO:H were prepared by rf glow
discharge of SiH4-CO2-H2 gas mixtures in a capacitive
reactor system. Films with low oxygen concentration
(x &0.5) were deposited at various CO2/SiH~ flow rates
using a rf power density of 26 mW/cm, while films with
higher oxygen concentration were prepared at varying rf
power densities (from 26 to 330 mW/cm ). In all cases
the pressure was 133 Pa, and the substrate temperature
was 250 'C. The substrates were thin copper plates
(25X25 mm ).

Film thicknesses were determined with an elec-
tromechanical stylus instrument and varied between —1

and 1.5 pm. Sample composition was determined by
electron-probe analysis (with c-Si and c-Si02 as stan-
dards) and from IR absorption in the 980 cm ' band.
The content of hydrogen was estimated from IR absorp-
tion to be 10+3 at. % in a-Si:H. According to the
preparation process incorporation of carbon into samples
cannot be excluded. XPS and Fourier-transformed IR
(FTIR) spectra, however, did not show any indication of
incorporated carbon atoms, i.e., the carbon content in the
samples was less than 0.5%.'

B. Measurement of XES spectra

The Si K, Si L, and 0 K emission bands were recorded
employing three different spectrometers.

1. Si E emission bands

The Si K emission bands were measured with a high
vacuum Johann spectrometer. The pressure in the spec-

trometer and the x-ray tube was below 1 X 10 mbar.
The x-ray tube was operated at 2 kW (10 kV, 200 mA).
The characteristic radiation and the bremsstrahlung of a
tungsten anode were used for excitation (Iluorescence ex-
citation). The samples were separated from the anode by
a 0.5-pm-thick Al foil to protect them from bombard-
ment with ions or scattered electrons and from evapora-
tion with tungsten of the filament. The specimens were
put in the spectrometer through a lock and fixed to the
water-cooled holder without breaking the vacuum.

The dispersing element was a quartz crystal
(50X25X0.3 mm ) cut parallel to the 1010 plane and
bent to a radius of 109 cm. The crystal holder was heated
to 29'C to keep the crystal at constant temperature. The
Bragg angle for the maximum of the E emission band of
c-Si (1836.0 eV) was 52.6'.

The detector was a position-sensitive flow proportional
counter with a backgammon cathode operated at about
1200 V. The gas pressure (argon-methane) was about 1

atm. Details of the detector have been published else-
where. ' The acquisition time was up to 42 h for about
20000 counts, depending on sample composition. The
measured spectra were corrected for the sensitivity of the
detector, and then a linear background was subtracted.
The energy resolution of the spectrometer was about 0.8
eV.

2. Si I. emission bands

The Si I. emission bands were measured with a 2-m
grazing incidence concave grating spectrometer using
electron bombardment for excitation (3 kV, ~0.5 mA).
The pressure in the sample chamber was 1 —5X10
mbar, and in the spectrometer tank, 5 X 10 mbar. Tur-
bomolecular and ion getter pumps were used. Therefore
the vacuum was free of hydrocarbons which could have
contaminated the sample surfaces.

The gold-coated blazed grating (blaze angle 3'31'; angle
of incidence 86) had 600 lines/mm. The energy resolu-
tion of the spectrometer was -0.7 eV at 95 eV. The
detector was a parallel-plate photoelectron multiplier de-
scribed elsewhere. ' It was automatically moved along
the Rowland circle and the spectra were recorded in the
step-scanning mode. Because electron bombardment can
decompose samples the electric power of the electron gun
was kept low. When the first spectrum of a sample was
taken only the main part of the spectrum between —88
and 102 eV was measured within less than 10 min using a
continuous recorder. After about 5 min from the begin-
ning, the size of the focal spot (diameter 2 —3 mm) be-
came visible on the sample, but no further changes of the
sample could be observed. These measurements were re-
peated and time was extended. Since the shape of the
spectra did not change with time, we passed over to the
step-scanning mode. The spectra were measured repeat-
edly, one run taking about 2 —3 h. During the course of
the measurements no changes of the spectra were ob-
served. The spectra of several runs were identical, and
therefore could be added up. A linear background was
subtracted. The peak/background ratio varied from 19
(a-Si:H) to 4 (a-Si02, .H).

In the figures the intensity (counts) is plotted vs photon
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energy E. The I(E) vs -E-presentation is obtained from
the original I(x)-vs-x data (x being the position of the
exit slit on the Rowland circle) by using the identity
I(x)dx =I(A, )d A, =I(E)dE.

3. OK emission bands

The 0 K emission bands were measured with our 11.5
m grazing incidence concave grating spectrometer (angle
of incidence 87.8'). ' A rotating Cu anode x-ray tube
usually operated at 9100 V and 1.2 A was used for
Auorescence excitation. The spectrometer is equipped
with two turbomolecular pumps and a cryopump. The
pressure in the spectrometer was 2X10 and 1X10
mbar in the x-ray tube, which is connected with the tank
by a thin channel.

The holographic grating had 1200 lines/mm. The
movement of the detector along the focal curve is accom-
plished by an x-y —locating arrangement controlled by a
PC and operated in the step-scanning mode. The detec-
tor is a gas proportional counter (propane, 60 mbar).

8000—9000 counts were accumulated for the oxygen-
rich samples (x ~ 1.3) and 5000—7000 for the oxygen-
deficient samples. The peak/background ratio varied
from 20 (a-Si02 I.H) to 4.3 (a-Si003s). For evaluating the
spectra the same procedure has been applied as for the Si
L emission bands. The energy resolution of the spec-
trometer was about 0.6 eV at 526 eV.

III. EXPERIMENTAL RESULTS

In this section the Si K, Si L, and 0 E emission bands
of a-SiO:H with 0 +x + 2.20 are shown (Figs. 1 —3, re-
spectively) and the main features and their development
with concentration x will be described.
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FIG. 1. Si K emission bands of a-Si:H (x =0) and of a-SiO:H
(0. 13 ~ x ~ 2.20).

SiO2 this intensity is only -40%.
The line-shaped feature E, around 1819 eV is very

weak up to x =0.47. Between x =0.47 and x =0.83 its
intensity increases remarkably. For higher x it further
increases with increasing oxygen content of the samples.
Simultaneously, its position moves to higher photon ener-

gy from about 1817.8 eV (x-0.4) to about 1819.0 eV
(x -2).

A. Si EC emission bands B. Si I. emission bands

Figure 1 shows the Si K emission bands for x =0 to
x=2.20. In the concentration range O~x ~0.47 the
shape of the spectra develops gradually; the changes,
however, are small. With increasing x the position of
peak B is slightly shifted to lower photon energy, from
1836.25 for x =0 to 1836.05 eV (+0.05 eV) for x =0.47.
The full width at half maximum (FWHM) is approxi-
mately constant (4. 30+0. 10 eV) for low concentrations
and is slightly increased for x =0.47 (4.60 eV). Around
1832 eV there is a weak shoulder.

Going from x =0.47 to x =0.83 the spectrum changes
considerably. The main peak B has broadened and shift-
ed to lower photon energies (1835.5 eV) by 0.55 eV, thus
leading to a less steep slope on the high-energy side. In
the peak region some fine structure shows up. The shoul-
der at —1832 eV has turned into a peak C whose intensi-
ty is about 80%%uo of the main peak.

For x =1.30 the low-energy peak C has become the
main maximum. With further increasing x it gets nar-
rower; its position, however, remains at 1832.0 eV up to
x =2.20. Parallel in the region 1834—1837 eV the rela-
tive intensity decreases and the fine structure ( —1835 eV,
—1836 eV) disappears, resulting in a small peak at 1834.8
eV with about half the intensity of the maximum. For a-

The Si L emission bands of a-SiO:H with 0 x ~ 2.20
are shown in Fig. 2. The development of spectra with
concentration x parallels that of the Si K emission bands.

The spectrum of amorphous hydrogenated silicon (a-
Si:H) exhibits a broad peak (90.4 eV) and a shoulder on
the high photon energy side. With increasing x the peak
region develops some fine structure. The maximum be-
comes more pronounced and is slightly shifted to lower
photon energies: from 90.4 eV for x =0 to 89.5 eV for
x =0.47.

The spectra with 0 ~ x ~ 0.47 are similar in shape. The
spectrum for x =0.83, however, differs considerably (note
that in the concentration range x =0.47 to x =0.83 also
the Si L emission band has changed significantly): it ex-
hibits two well-developed peaks D and B at 89.0 and 94.1

eV (intensity ID =100, Iii =92). The weak feature at 97.5
eV is residue of the pronounced shoulder at the high-
energy edge for x ~0.47.

With further increasing concentration of oxygen the
intensity of the saddle point I„dd~, becomes lower and the
two peaks become more pronounced. Compared to
x =0.47 the intensity ratio ID/I~ is approximately re-
versed and ID /I~ decreases with increasing x. For
x =2.20 the intensity ratio ID:I„«„..I~ =80:35:100. The
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FIG. 2. Si L emission bands of a-Si:H (x =0) and of
a-SiO:H (0. 13 ~ x ~ 2.20).

FIG. 3. 0 E emission bands of a-SiO„:H (0.38~x ~2. 10)
and of unhydrogenated a-Si02.

corresponding values for a-quartz are 75:37:100.
With increasing x the low-energy peak and the high-

energy peak shift to lower and higher photon energy, re-
spectively, thus leading to a larger energy separation of
the two peaks. For x =0.83 the D —B separation is 5. 1

eV, for x =2.2 it is 5.9 eV.
The line-shaped feature E2 at about 76—77 eV is super-

imposed in the low-energy part by other features which
could not be identified and which also depend on sample
composition. However, it can be clearly seen that the in-
tensity of E2 is very low up to x =0.47 and then rises
quickly: for x =0.83 it is almost four times as intense as
for x =0.47. For compositions with 1.3 x 2.2 the in-
tensity of E2 is roughly constant. A similar behavior was
also observed for E, (Fig. 1).

On the high-energy side of the Si L emission bands (99
to 101 eV) a weak shoulder is visible for concentrations
up to x =0.47 which is absent at higher concentrations.

C. O E emission bands

Figure 3 shows the O K emission bands of a-SiO:H for
selected oxygen concentrations x and for unhydrogenated
a-SiOz. The spectrum for x =0.38 is almost featureless
with only two weak shoulders at —522 eV (denoted by C)
and at 518—519 eV (D). Maximum A is located at 525.75
eV (+0. 15 eV). With increasing oxygen concentration A
is gradually shifted to 526.4 eV for x =2. 10. The width
of the spectrum (FWHM) narrows from 3.95+0.05 eV
(x =0.38) to 2.95 eV (x =2. 10). Fine structure now be-
comes more clearly visible. Feature C shows a peak at
521.7 eV for concentrations with 1.3&x ~2. 1. In this
concentration range an additional weak feature shows up

at —524. 5 eV (marked by 8 in Fig. 3).
As can be seen from Fig. 3 there is close similarity of

the shape of the 0 K emission band of unhydrogenated
a-SiO2 to that with x =2. 10; the spectrum of a-SiOz,
however, as a whole is shifted to lower photon energy by-0.6 eV.

IV. DISCUSSION

As Figs. 1 and 2 show for concentrations x ~0.47 the
shapes of the Si K and Si L emission bands do not differ
significantly from that of a-Si:H. Although the concen-
tration of oxygen in a-SiO& 47 is considerable (-30%) the
Si-Si bonds dominate and it seems that the silicon
tetrahedrons are not disarranged by the presence of oxy-
gen. The FWHM of the 0 K emission bands (Fig. 3) for
x =0.38 and x =0.47 is larger than for x =0.83 and the
spectra do not show any significant features, probably
due to the different kinds of oxygen bonds with silicon.

Higher concentrations of oxygen distinctly reshape the
Si K and Si I. emission bands. At x =0.83 now features
characteristic of SiOz show up: B, C, and D. Features
characteristic of Si-Si bonds, however, are clearly observ-
able up to concentrations x =1.30 at —1836 eV (Si IC)
and -97 eV (Si L).

The line-shaped peaks E, and E2 originate from the
corelike O 2s states. E& and E2 are observable down to
small concentrations x even though with very low intensi-
ty indicating the presence of Si-O bonds. As can be seen
from Fig. 1 and —with some restrictions —also from Fig.
2, (i) the intensity of these 0 2s —derived states increases
with increasing x and particularly between x =0.47 and
x =0.83, and simultaneously (ii) their position shifts to
higher photon energies. Both effects are a consequence of
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the increasing number of Si-0 bonds: an increasing oxy-
gen content increases the intensity of the peaks formed by
0 2s electrons and it also increases the charge transfer
from silicon to oxygen atoms due to the high electronega-
tivity of the oxygen atoms. This charge transfer shifts all
silicon core levels towards higher binding energies and re-
sults in higher photon energy of E, and Ez in the Si K
and Si L emission bands, respectively. In fact, the shifts
of the E

&
and Ez peaks in x-ray photon energy scales pro-

vide the information which can distinguish between the
two structural models suggested for the structure, based
on the fourfold-bonded silicon and the twofold-bonded
oxygen in the case of SiO alloys.

The first model is the random-bonding model (RBM),
in which a statistical distribution of five basic bonding
tetrahedral units, Si-Si4, Si-Si30, Si-SizOz, Si-Si03, and
Si-04 is supposed. There are five possible bonding states
for the Si atom in these units; the 0 atoms are each bond-
ed to two Si atoms of different tetrahedra. The valence-
electron charge transfer from Si to 0 creates a shift of sil-
icon core levels. For the Si 2p level the shift is of about
1.05 eV per silicon-oxygen bond, and for the Si 1s level
we estimate the shift of about 1.20 eV per Si-0 bond tak-
ing into account the energies of Ea, lines 1739.9 and
1740.5 eV in silicon and a-quartz (Si02) crystals, respec-
tively. ' ' Consequently, there are five different core-
level positions of different Si atoms in RBM that corre-
spond to five basic bonding units.

The second model is the random-mixture model
(RMM). In the RMM of SiO„ the clusters of a-Si and
SiOz are randomly dispersed and each has a domain size
of a few tetrahedral units Si-Si4 or Si-04. Contrary to the
RBM, there are only two different core-level positions of
different Si atoms separated by 4.2 eV. The other basic
bonding units existing in RBM can be neglected in RMM
due to only a small amount of these units at the boundary
of a cluster.

The common structural feature of RBM and RMM is a
twofold-bounded oxygen in SiO alloys. Supposing that
oxygen atoms have the same local environment bridging
in both models, the silicon tetrahedra, the oxygen core
levels undergo no chemical shift dependent on oxygen
concentration. The measured binding energy of the O 2s
level in the SiO„alloy in the concentration range
0.5 ~ x ~ 2.0 is really stable and independent of x.

Since x-ray emission spectra probe the local environ-
ment of the atom, the Si K and Si L emission bands of the
SiO:H alloy are primarily determined by the nearest
neighbors of Si in silicon tetrahedra while the arrange-
ment of the tetrahedral basic bonding units in space has
an effect on the details of the spectra. ' This nearest-
neighbor sensitivity has different consequences for spec-
tra of RBM and RMM models.

In the case of RBM the binding energy of the core lev-
els in different Si atoms will be different depending on
how many oxygen atoms are present. in basic bonding
unit. As noted earlier the binding energy of O 2s is in-
dependent of concentration of oxygen. Consequently, the
photon energy of the E, and Ez peaks in XES of SiO al-
loys should depend on x. In the case of RMM, (i) the E&
and Ez peaks should have the same photon energy for all

concentrations x since these peaks in XES come only
from Si atoms surrounded always by four 0 atoms, and
(ii) the XES of SiO„should be very similar to the super-
position of the spectra of a-Si and a-SiOz taking into ac-
count the Si, SiOz cluster composition of samples.

The superpositions of Si E emission bands of a-Si and
a-SiOz corresponding in the SiO„alloy to concentrations
x =0.47, x =0.83, and x = 1.30 are presented and com-
pared with measured Si K bands of SiO:H in Fig. 4. The
analogous superpositions of Si L emission bands are
presented in Fig. 5. In the case of Si E bands in Fig. 4 we
observe that the peak is shifted in the photon energy scale
of about 0.4 and 0.7 eV for x = 1.30 and x =0.83, respec-
tively. This shift is related to the E, position in a-SiOz.
For x =0.47 the reliable position of E& cannot be deter-
mined. The observed shifts disprove the RMM model;
however, the magnitudes of the shifts are too small to be
in good agreement with the RBM. If we take into ac-
count the relative concentrations of the basic bonding
units vs oxygen concentration x as shown by Bell and Ley
in Fig. 2(a) of their work, these shifts should be more or
less two times larger than observed.

On the other hand, the remarkable agreement between
the calculated superpositions in the valence-electron re-
gion at 1828—1840 eV and the measured Si K bands for
x=1.30 and x=0.83 favors the RMM. In the case of
x =0.47 the alloy spectrum is more similar to pure a-Si
than to the corresponding mixture in Fig. 4. The same
agreement between the calculated superpositions and the
measurements can be seen for the valence-electron region
of Si L bands at 86—99 eV presented in Fig. S. Here the
peak Ez for the x =1.30 sample is practically not shifted
contrary to the spectrum of the x =0.83 sample where
the shift adequately corresponds to RBM. As mentioned

I I I
]

I I I I
I

I ! I I
f

I I I 1
(

I I I I
J

I I

x=0.4/

CO

(D

o
N

O
E
O

E)
1

) I I I
I

I I I I
f

I I I I
(

I I I I
f

I I k I
/

I I

1815 1820 1825 1830 1835 1840

photon energy (eV)

FIG. 4. Si E emission bands of a-SiO„:H for intermediate ox-
ygen contents: (a) measurement and (b) calculated superposi-
tion of measured bands of a-Si and a-Si02 with weighting fac-
tors corresponding to x.
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earlier, however, the feature E2 is probably influenced by
other factors.

As observed in Figs. 4 and 5, for some samples with in-
termediate concentration, the XES of SiO„:H can be con-
sidered as superposition of XES of a-Si and a-Si02. It
seems that the structure of some samples is closer to
RMM and some of our samples are closer to RBM. Ac-
tually, the structure is more complex as has been dis-
cussed by Bell and Ley, and it depends on the prepara-
tion conditions of samples.

The comparison of XES with PES and theoretical re-
sults is very useful for the identification of the origin of
observable valence-band features. In our Si K and Si L
emission bands the photon energies are related to the Si
1s and Si 2p core levels, respectively, and we see in Figs. 1

and 2 the position of the valence electrons in the same en-
ergy intervals for all concentrations x. Also, the widths
of the bands and the photon energies of the valence-band
maxima remain nearly constant. Contrary to the XES in
the PES the reference energy level is the Fermi energy,
and therefore binding energies of Si core levels and the
valence-band maxima depend on the composition of the
samples. For that reason the direct comparison of the
XES and PES measurements in a common energy scale
can be carried out only in compounds having the same
binding energies for relevant x-ray core levels. '

The Si E, Si L, and 0 K emission bands for high
(x =2. 10) concentration are presented on a common
binding energy scale in Fig. 6, together with UPS and/or
XPS valence-band spectra of samples of similar composi-
tion. The UPS and/or XPS spectra and the correspond-
ing binding energy scale were taken from the paper by
Bell and Ley. For the alignment of the x-ray emission
bands with the UPS and/or XPS spectra we used the
binding energies of the core levels and the well-
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FIG. 6. X-ray emission bands (0 K, Si K, Si L) and photo-
electron valence-band spectra (Ref. 9) for high concentrations x
(1.90 x ~ 2.20) aligned on a common energy scale.

established character of the 0 2s and Si 3s peaks, and the
energies of the Si Ke emission line. %e estimate the ac-
curacy of the mutual positions of the spectra in Fig. 6 to
be about +0.2 eV.

The PES spectra presented in Fig. 6 were measured us-
ing samples which did not contain hydrogen. Actually,
hydrogen does not affect the position of features of the
UPS and/or XPS spectra on the binding energy scale,
and we also did not observe any effects caused by hydro-
gen comparing the Si K and Si L emission bands of a-
Si02 and a-Si02 2.H samples. Therefore a direct compar-
ison of these PES results with our silicon XES results
seems to be justified. Hydrogen, however, affects the 0 K
emission band. The 0 K emission band of a-Si02 2.H is
shifted by 0.6 eV to higher photon energy compared to
that of a-Si02 (Fig. 3). This shift originates from the
higher binding energy of the 0 1s level in hydrogenated
a-Si02 2. The different binding energy of the 0 1s level is
probably caused by the replacement of some Si-0 bonds
by less ionic O-H and possibly 0-0 bonds. These
changes reduce the negative charge on the oxygen atoms
and give rise to an 0 1s chemical shift.

The Si K, Si L, and O K emission bands for oxygen-
rich samples (x -2) are very similar to the corresponding
spectra of cx-quartz. It therefore is justified to discuss the
experimental results in Fig. 6 on the basis of our calcula-
tions of the local partial densities of states (LPDOS) of
a-quartz.

The computations are based on the self-consistent

pseud opotential method. For the calculation of the
LPDOS the wave functions calculated in the plane-wave
basis set were projected into Gaussian s,p, d orbitals lo-



47 ELECTRONIC STRUCTURE OF AMORPHOUS SiO:H ALLOY. . . 6987

cated on the oxygen and silicon atoms. The values of a
in the Gaussian factor exp( —ar ) are 1.5 and 1.0 for the
oxygen and silicon atoms, respectively, to obtain projec-
tions which are sufficiently localized to avoid undesirable
overlaps.

In Fig. 7 the total DOS and the LPDOS of a-quartz
are shown. The lowest six bands at energies around 20
eV correspond to 0 2s —like electrons. The middle six
valence bands in the energy range 5 —10 eV constitute the
0 2p-, Si 3s-, Si 3p-, and Si 3d-like bonding states. The
upper 12 valence bands in the energy range 0—5 eV origi-
nate from a mixture of 0 2p-, Si 3s-, Si 3p-, and Si 3d-like
nonbonding states. These nonbonding states form the
main peak of the UPS and 0 K spectrum. The electrons
which occupy the 24 valence bands are localized mainly
on the oxygen atoms. The spatial distribution of the
above-mentioned three groups of valence bands was cal-
culated by Allan and Teter. The fact that the majority
of the valence charge is localized on the oxygen atoms is
accordingly reAected in the similarity of the oxygen
LPDOS with the total DOS (Fig. 7).

Any variations of the valence-charge distribution in-
duced by diverse Si-0 bonds in the system a-Si0„lead to
larger relative changes of the small valence charge on sil-
icon than on oxygen, and consequently also the LPDOS
of silicon is being more affected than that of oxygen.
This is the reason why the Si E' and Si I. emission bands
to a large extent are sensitive to changes of concentration
x while UPS and/or XPS and 0 K valence-band spectra
preserve their main features almost throughout the con-
centration range x.

The short Si-0 distance, the strong electronegativity of
oxygen accompanied by charge redistribution, and the
overlap of Si 3s, Si 3p, and originally empty Si 3d orbitals
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FIG. 7. Density-of-states curves of a-quartz (c-SiO~). Top:
total DOS; middle: oxygen partial DOS, ( ) p-like DOS,
( . - -) s-like DOS; bottom: silicon partial DOS, ( ) p-
like, (. - - . ) s-like, ( ———) d-like DOS. The zero of the en-

ergy scale relates to the top of the valence band. Notation and
position of A, 8, C, and D are taken from Fig. 6.

with 0 2p electrons create a new atomic s,p, d
configuration in both the Si and 0 atoms. Our calcula-
tions for e-quartz yield the following quantitative results
for the s,p, d-like valence charge inside spheres around
the oxygen (ro =0.54 A) and silicon (rs; =0.97 A) atoms.

Oxygen: total charge, 2.98; 2s ', 2p '
Silicon: total charge, 1.98; 3s, 3p, 3d
In this example r~+rs; is equal to the Si-0 distance in

a-quartz (1.51 A) and ro and rs; are proportional to the
radii of oxygen (0.66 A) and silicon (1.17 A) atoms in
tetrahedral covalent bonds. The s,p, d charge composi-
tion within these spheres of course depends on their radii:
With increasing radius the amount of higher l com-
ponents increases.

To estimate the effect caused by charge transfer or a
new configuration of electrons the transition probabilities
were calculated for several electron configurations and
ionicities of the silicon atom. It was found that the ratio
of the transition matrix elements ( 2p l

r
l
3s ) /( 2p l

r
l
3d )

is more sensitive to the ionicity of the silicon atom than
to variations of the s,p, d electron configuration of the sil-
icon atom. As a consequence the relative intensities of s-
like and d-like peaks in the Si L emission bands (3s~2p
and 3d~2p electron transitions) yield experimental in-
formation about the ionicity of the silicon bond. Indeed
the peaks of the Si I, emission bands, as for instance of
SiC, Si3N4, ' SiO, Si02, ' ' are in qualitative accor-
dance with the electronegativity of the silicon partner.

The localization of most of the electrons on the oxygen
site and the nonbonding character of the upper 12
valence bands are the key for resolving the so-called d-
orbital controversy. For more than 20 years the question
has been discussed of whether or not Si 3d-like valence
states participate significantly in the bonding of
Si02. ' ' ' ' There is quite a number of calculations
based on oxygen 2s and 2p orbitals and silicon 3s and 3p
orbitals which yield excellent agreement with photoemis-
sion data, the total energies, and the structural properties
of Si02, ' and therefore the inclusion of Si 3d orbitals in
the basis set seemed to be superAuous. However, to our
knowledge a conclusive explanation of the intensity dis-
tribution of the Si L emission band of Si02 (quartz), par-
ticularly of the origin of the main maximum B [see Fig.
6], is not available yet. Si L emission bands of various
Si-0 compounds were measured by several authors pro-
viding the same result: a characteristic double-peak spec-
trum. ' ' ' ' ' The experimentalists argued that Si 3d
states appear necessary to explain the spectral intensity in
the upper part of the Si I. valence-band spectra. On the
other hand, quite recent first-principle calculations using
a minimal set of only 2s2p and 3s3p orbitals per oxygen
and silicon atom, respectively, result in equilibrium atom-
ic geometries, charge distribution, force constants, and
photoelectron spectra of amorphous SiO„which are in
good agreement with experimental results. Therefore
one might ask: Are the Si 3d states in Si02 redundant,
and the Si L emission bands incorrectly interpreted?

Figure 8 shows the measured and calculated Si I. emis-
sion band of o.-quartz. The contribution of the s-like and
d-like electrons were calculated separately and are includ-
ed in the figure. The calculated Si I. emission band exhib-
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the total charge density on the silicon atoms is low only a
small fraction of all the valence electrons makes a contri-
bution to the silicon emission bands, and therefore even a
small amount of Si d-like electrons clearly shows up in
the Si L emission band. Accordingly, we conclude that Si
E and Si L emission bands of Si-0 compounds yield ex-
perimental data which provide a more stringent test for
the electronic structure calculations than available UPS
and/or XPS data.

V. SUMMARY

BINDING ENERGY (eV)

FIT&. 8. Si L emission band of u-quartz {c-Si02): measured
spectrum (points), calculated spectrum (full line), contribution
of s-like electrons (short-dashed line), and contribution of d-like
electrons (long-dashed line). The zero of the energy scale corre-
sponds to that of Fig. 6.

its the same double-peaked shape as the measured spec-
trum. The positions of the peaks are identical in the mea-
sured and calculated spectra. The gap at about 10.5 eV
and the shoulder at about 13 eV are smeared and not visi-
ble in the experiment. Details of the calculation will be
published elsewhere.

In view of our measurements of the Si L emission
bands of various Si-0 compounds and the good agree-
ment between theory and experiment of all measured and
calculated x-ray emission bands of a-quartz and stisho-
vite, we suggest the following interpretation which may
resolve the long-standing d controversy.

The bonding states in Si-0 compounds are governed by
0 2s,2p- and Si 3s, 3p-like electrons. These electrons form
the lower 12 bands in a-quartz. The electrons forming
the upper 12 bands in o.-quartz are localized on the oxy-
gen atoms and are of nonbonding character; for these
electrons the description by 0 2p orbitals is quite ade-
quate as can be seen also from a contour plot of valence-
charge densities of these states. The structural proper-
ties are determined by bonds, i.e., by states having s,p
character. PES measurements predominantly display 0
2s, 2p and Si 3s states. Therefore XPS and/or UPS spec-
tra are appropriately described by the widely employed
s,p basis calculations. XES, however, is a local probe and
Si E and Si L emission bands delineate the Si 3p and Si
3s, 3d character in a compound, respectively, i.e., they
delineate the character of silicon located electrons. Since

This work provides a comprehensive description of the
local orbital character of the electrons in a-SiO: H alloy
Alms based on Si K, Si I, and 0 L emission bands mea-
sured in the concentration range 0~x ~2.2. The devel-
opment of features in the Si K and Si L emission bands
runs parallel. The spectra, however, do not develop grad-
ually; there is a strong reshaping of features between
x=0.47 and 1.3. The pronounced changes of spectral
features with x in both emission bands yield valuable in-
formation about the behavior of valence electrons in
bonding and about basic bonding units Si-(Si~ „0„),
n =0, 1, . . . , 4, of samples. The results to some extent
favor the random-mixture model over the random-bond
model. Our x-ray emission spectra unambiguously del-
ineate the role of originally Si 3s, 3p and 0 2s, 2p electrons
in the bond and the formation of silicon d-like electrons
due to silicon-oxygen interaction. The interpretation of
the experimental results is supported by our ab initio cal-
culation of the electronic structure of a-quartz. Since the
local density of electrons is low in the vicinity of silicon
atoms some properties (energy levels, total energy, or
UPS and/or XPS spectra) are not significantly influenced
by changes of the silicon sited orbital symmetry of
valence electrons induced by the development of Si-O
bonds in the system SiO:H. X-ray emission bands, how-
ever, and particularly the emission bands of electroposi-
tive elements are very sensitive to the relative changes of
the LPDOS. Therefore XES supplies experimental data
forming a stringent test of theoretical models.
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