PHYSICAL REVIEW B

VOLUME 38, NUMBER 8

15 SEPTEMBER 1988-1

Soft-x-ray emission and inelastic electron-scattering study
of the electronic excitations in amorphous and crystalline silicon dioxide

V. Jeyasingh Nithianandam and S. E. Schnatterly
Jesse Beams Laboratory of Physics, University of Virginia, Charlottesville, Virginia 22901
(Received 7 March 1988)

The valence-band electronic structures of amorphous and crystalline SiO, are examined with
soft-x-ray emission spectroscopy. In addition, the absorption spectra of a-SiO, obtained by inelastic
electron scattering (IES) near the interband threshold and Si L,; threshold regions are presented.
Simple models used to describe the absorption in these spectral regions give consistent values for the
size of the band gap of SiO,. An empirical model based on these results is presented to explain the
positions of peaks in the ultraviolet optical spectrum and the IES valence excitation spectrum of
SiO,. The Si 2p core exciton observed in both x-ray emission and absorption spectra is discussed.

INTRODUCTION

Soft-x-ray emission spectroscopy (SXES) provides basic
information about the valence-band electronic structure
of solids. Inelastic-electron-scattering (IES) measure-
ments have been used to study interband transitions and
absorption near core thresholds. We present here the Si
L ,; x-ray valence-band emission spectrum and IES spec-
tra of silicon dioxide in the energy range of the Si L),
edge and in the energy range of valence- to conduction-
band transitions.

The optical-absorption spectrum of silicon dioxide in
the valence range remains one of the major unsolved
problems in the optical spectra of solids.! There is even a
significant uncertainty in the size of the band gap for this
material. One of the purposes of the present work is to
provide new information about the size of the band gap
of silicon dioxide obtained by describing these spectro-
scopic data near threshold with simple models.

PRINCIPLE AND EXPERIMENTAL DETAILS

The descriptions of our SXE and IES spectrometers
are given elsewhere.?* The SXE spectra were excited by
bombardment of the sample with an electron beam of
1-3 keV energy. The soft-x-ray photons emitted due to
electronic transitions from occupied valence or conduc-
tion states to the vacancy in the Si 2p core level were en-
ergy dispersed by a toroidal grating and detected by a
position-sensitive photodiode array detector. The energy
resolution of our SXE spectrometer in this energy range
is about 0.1 eV. The sample was a 3000- A-thick film of
amorphous silicon dioxide on a c¢-Si substrate. The film
was grown by a chemical-vapor-deposition (CVD) pro-
cess and is nearly stoichiometric. We also present x-ray
emission spectra from a crystalline quartz sample. The
quartz sample was “heat sunk” very well using a special
mount on a sample holder, and the temperature of the
sample was about 120 K during electron-beam excitation.
The incident-electron beam spot of about 1X0.5 mm?
size was changed to a new location on the SiO, sample
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every 5 min to prevent electron-beam-induced decompo-
sition of the sample. This was repeated several times
over a period of several hours and the SXE spectra re-
ported here are nearly free of electron-beam-induced
decomposition. In the IES measurements a monoener-
getic beam of 300-keV electrons was passed through an
evaporated amorphous silicon dioxide thin film 500 A
thick, and the transmitted intensity was recorded as a
function of energy loss with a resolution of 0.14 eV.

DATA REDUCTION

Data processing of our raw L x-ray emission spectra of
silicon dioxide samples includes removal of unwanted
multiple-order oxygen K emission contributions, and E°
division and normalization of spectra to an area of unity
as reported in our earlier work.* The L x-ray emission
spectra if SiO, obtained with 1.5- and 3-kV incident-
electron energies line up in the energy regions below 70
eV and above 110 eV, and the shape of these two spectra
between 70 and 110 eV agree well. The effects of self-
absorption in the x-ray emission spectra presented here
are negligible and do not alter any of our conclusions.

VALENCE-BAND X-RAY EMISSION

The Si L,; valence-band emission spectra obtained us-
ing a 1.5-kV electron-beam excitation from amorphous
and crystalline silicon dioxide are shown in Figs. 1 and 2,
respectively. We found that quartz was more susceptible
to electron-beam-induced damage than a-SiO,, and hence
the SXE spectrum in Fig. 1 has better statistics than the
spectrum in Fig. 2. The x-ray emission spectrum of SiO,
contains a series of peaks, so using a spectral synthesis
method described in detail in our earlier work,* we fitted
these spectra with a small number of line-shape func-
tions. In general, line shapes in x-ray spectra are
influenced by lifetime broadening of the valence and core
hole, phonon coupling, disorder in the sample, and the
effects of the instrument. A Lorentzian distribution func-
tion accounts for the lifetime broadening of the valence
and core hole.> The broadening due to phonon coupling,
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FIG. 1. Si L x-ray emission band from amorphous silicon
dioxide. The area under the emission band has been normalized
to unity.

effects of the instrument, and disorder could be represent-
ed by a Gaussian function.’® Therefore we assumed a
Voigt profile for our line shape.® The Voigt profile re-
sults from the convolution of a Lorentzian and a Gauss-
ian line shape, and so it accounts well for the Lorentzian
and Gaussian contributions to the broadening due to the
different mechanisms that affect the line shapes in our x-
ray spectra.

We used the smallest number of Voigt components of
reasonable full width at half maximum (FWHM) that
could produce a good fit to each valence-band x-ray emis-
sion spectrum. The parameters in the nonlinear least-
squares program were allowed to vary freely. The root-
mean-square deviation of the fits from the data is 1% of
the peak intensity. The description of the parameters and
their values obtained from these fits are given in Table I.
The energy positions of the peaks are accurate to within

JEYASINGH NITHIANANDAM AND S. E. SCHNATTERLY 38

0.05

TDOS [States/(Si atom)eV]

0.00

110

65 80 95
Energy (eV)

FIG. 2. Si L x-ray emission band from crystalline quartz.

+0.05 eV, and the amplitudes of these peaks are good to
about 2% of their values. The positions of these peaks
agree well with the features in valence-band XPS data on
SiO, (Ref. 7) and may correspond to calculated molecular
orbital energies,® as discussed later. These parameters
will allow others to reproduce our data in a convenient
and accurate manner. Figure 3 shows a fit to the L x-ray
emission spectrum of a-SiO, using this method.

Various calculations of the electronic density-of-states
distribution of SiO,, XPS, and SXES measurements have
been reported.”’!® The molecular-orbital calculations of
Tossell® on a SiO,*~ cluster representing SiO, yields
seven molecular-orbital energy levels. The lower valence
subband from 70-85 eV has predominantly O 2s charac-
ter with some hybridization with Si 3s and 3p states.’
The peak centered at about 95 eV in the upper valence
subband has been attributed to nonbonding oxygen 2p or-

TABLE 1. Parameters of the multipeak fit to the valence-band emission spectra of a-SiO, and quartz.
E, is the energy position of the peak. ['; and ', are the full widths at half maximum (FWHM) of the
Gaussian and Lorentzian parts of the Voigt profile in eV. N(E,) is the intensity at the peak in
transition—density-of-states (TDOS) units and 4 (E,) is the area of the peak in units of states/Si.

Peaks
Parameter A B C D E F
Amorphous silicon dioxide
E, 74.87 76.79 88.92 91.97 94.43 95.78
s 3.38 3.65 2.17 2.68 2.08 2.55
r, 0.07 0.01 1.45 0.00 0.43 0.83
N(E;) 0.006 0.030 0.103 0.037 0.078 0.039
A(E)) 0.021 0.12 0.40 0.11 0.20 0.12
Quartz
E, 75.17 76.96 88.85 91.77 94.47 95.59
| 1.28 293 1.69 2.34 1.76 2.19
r, 2.36 0.31 2.08 2.66 0.85 1.45
N(E)) 0.010 0.021 0.080 0.036 0.063 0.038
A(E)) 0.043 0.073 0.36 0.20 0.17 0.14
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FIG. 3. Fit to the valence-band x-ray emission spectrum of
a-Si0, with six broadened line-shape functions.

bitals.® The emission near the bottom of the upper
valence subband is due to bonding orbitals involving oxy-
gen 2p and 2s states and 3p or 3s silicon states.

The effects of disorder on the DOS can be seen by com-
paring the SXE spectra of a-SiO, and quartz. The valley
at about 92 eV in our valence-band x-ray emission spec-
trum is deeper for a-SiO, than quartz. Moreover, we find
from Table I that the width and the area of the peak at
about 92 eV are smaller for a-SiO, than quartz. Laughlin
et al.’ compared the tight-binding DOS for quartz and
the cluster-Bethe-lattice DOS of a-SiO,. They show that
the peak 6 eV below the valence-band maximum in their
DOS is narrower in a-SiO, than quartz. It is unusual for
a DOS structure to be sharper in an amorphous material
than a corresponding crystalline phase, as has been pre-
dicted and observed here.

The electron-energy-loss spectroscopy (EELS) mea-
surements of a-SiO, by Ibach and Rowe'® showed that
the top of the valence band lies 10.6 eV below the vacu-
um level. In our SXE spectra the position of the top of
the valence band of both a-SiO, and quartz is at 97.5 eV
(L3). Combining these two results with an electron-
affinity value of 0.9 eV (Ref. 20) allows us to obtain the
energy positions of the Voigt components below the vac-
uum level. These values are shown in Table II. There is
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a good agreement of these energy positions with the
molecular-orbital energies of quartz obtained from the
positions of structures in the XPS spectrum’ and a
moderate agreement with molecular-orbital calcula-
tions.”® 1In calculations based on molecular-orbital clus-
ter models, the lattice is ignored, and the accuracy of the
results strongly depend upon the size of the cluster.
Therefore we only use the calculated ordering of the
molecular orbitals to assign identities to the peaks in our
fit to the spectrum.

X-RAY EMISSION NEAR THE VALENCE-BAND EDGE
AND IN THE GAP REGION

We developed a nonlinear least-squares program to fit
the measured spectra of silicon dioxide in the region
95.2-110 eV, which includes the top of the valence band,
the band-gap region, and the bottom of the conduction
band. This model is described in detail in our previous
work.* We briefly outline it here. We use a straight line
A,(E, —E) convoluted with a Gaussian broadening func-
tion of FWHM T to fit the top of the L,; valence-band
emission spectrum. E, is the position of the top of the
valence band, and 4, is a constant. We call the resulting
function V(E). We used an exponential energy-band
tail*""?? convoluted with a Gaussian broadening function
for the shape of the DOS near the valence-band edge of
amorphous silicon dioxide, and this function T (E) is
joined to the function V (E) so as to best fit the data.

The emission near the conduction-band minimum or
the L,; x-ray absorption edge is due to the Si 2p core ex-
citon. We used in our fit a Voigt line-shape function for
the core exciton. Thus our model for a-SiO, in the gap
region includes V(E), T(E), and Voigt functions for the
core exciton. The Voigt function at the higher-energy
position in the fit to a-SiO, spectrum represents the rest
of the exciton series and/or conduction-band states. The
value of the L; valence-band maximum position for a-
SiO, obtained from the fit to the data agrees reasonably
well with the value of 98.0 eV obtained for the valence-
band maximum of a-SiO, by the extrapolation of the
steepest descent of the leading edge of the valence-band
spectrum. A fit based on this model to the spectrum of
a-Si0, for states at the top of the valence band and in the
gap region is shown in Fig. 4.

We compared several L x-ray emission spectra of c-
Si0, and amorphous silicon in the region 99-102 eV and

TABLE . Energy positions of molecular orbitals of SiO, obtained from SXES and XPS spectra

(Ref. 7) and Tossell’s calculations (Ref. 8).

Position of features below vacuum level

Molecular SXE SXE XPS
Peak orbital Tossell a-Sio, quartz quartz
A 44, 29.33 33.18 33.05 31.50
B 3T, 26.66 31.26 31.26 30.30
C 54, 19.45 19.13 19.37 19.45
D 4T, 15.33 16.08 16.45 16.75
E 1E 13.66 13.62 13.75 13.45
F 57,,1T, 13.0, 12.66 12.28 12.62 11.95
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FIG. 4. The valence-band edge and gap region part of the L
x-ray emission spectrum of a@-SiO, and fit based on model de-
scribed in the text. The inset is an enlargement of the emission
near the conduction-band edge.

observed unexpected extra strength in the spectrum of c-
SiO,. This is apparently due to a small amount of
electron-beam-induced damage associated with excess Si
inside or on the surface of ¢-Si0,. The fitting program
takes these states into account by the function T(E).
The values of the parameters of these fits to our data are
shown in Table III.

INTERPRETATION OF IES SPECTRA

The absorption spectrum of evaporated a-SiO, near the
Si L,; threshold is shown in Fig. 5. The shape of this
spectrum is in agreement with previous measurements.?
We developed a simple Frenkel model for the shape of
the absorption data in the threshold region. The model
includes a step function convoluted with a Gaussian for
the continuum absorption as is done with an Elliot mod-
el** and a Gaussian peak for the Si 2p core exciton. The
spin-orbit splitting and intensity of the two components
were adjustable parameters in our program. We obtained
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FIG. 5. Loss function of a-SiO, in the energy range of the Si
L,; edge obtained by inelastic-electron-scattering spectroscopy
for small momentum transfer.

0.58 eV and 0.8 for spin-orbit splitting and branching ra-
tio, respectively. The absorption edge of a-SiO, (L;) was
found to be at 107.1 eV, and the corresponding Si 2p core
exciton was found to be at 105.67 eV. The values of pa-
rameters of the fit to the a-SiO, data are shown in Table
IV. Figure 6 shows a fit to the data. Using the value of
97.5 eV for the top of the valence band (L;) of both a-
SiO, and quartz with the L; continuum threshold of
107.1 eV, we obtain a value of 9.6 eV for the band gap of
silicon dioxide.

Kotani and Toyozawa argue that the branching ratio
of exciton states could deviate from its statistical value
due to mixing of spin-orbit partners by the electron-hole
exchange interaction.?® In SiO, we obtain a branching
ratio of 0.8 for the Si 2p core exciton in the absorption
spectrum. This deviation from the statistical value of 0.5
may be due to the Kotani-Toyozawa mechanism. In
passing we note that the spin-orbit-splitting value of 0.58
eV for SiO, is slightly lower than the value of 0.61 eV ob-

TABLE III. Model parameters for the top of the valence band and gap region of SiO,. E, is the po-
sition of the top of the valence band in eV. A, is the slope of the function representing the top of the
valence band in units of states/eV?Si-atom. I is the FWHM 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 energy band tail in eV. N, is the number of states/Si-atom at M. ', and T',, are the

FWHM of the Voigt functions in eV.

Parameters
Sample E, A, r M W N,
a-Si0, 97.45 1.33x 1073 1.84 96.78 1.1 49x1073
Quartz 97.51 1.13x 1073 2.09 96.69 1.25 5.4x1073
E, Ty, N(E,)) E, Ty, N(E,) X
a-Si0, 105.32 1.64 1.2x1073 106.82 1.13 5%x10~* 3.4
Quartz 105.60 3.92 1.2x10°3 2.0
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TABLE IV. Parameters of the Frenkel-model fit to the IES
spectrum in the energy range of the Si L,; edge. E, is the posi-
tion of the exciton and I', is the FWHM of the Gaussian func-
tion representing the exciton in eV. Ej is the position of the L,
absorption threshold and I'p is the FWHM of the broadening
function in eV. S is the spin-orbit splitting and R the branching
ratio.

E, T, Eg Iy S R xX?
105.67 0.53 107.05 1.26 0.58 0.8 1.2

tained from absorption measurements of Si in our labora-
tory and others’.?® This difference is small but may be
real.

The IES spectra from a-SiO, for a momentum transfer
g ~0 in the region of interband transitions is shown in
Fig. 7. The features at about 10.6, 12.5, 14.5, and 17.8 eV
in Fig. 6 are in agreement with reported EELS measure-
ments obtained in reflection.?’~?° Laughlin® carried out
a detailed study of the optical-absorption spectrum of
SiO,. According to his calculations, there is a forbidden
valence exciton at 8.4 eV, and the peak at about 10.6 eV
in Fig. 7 is due to an excitonic resonance superimposed
on a background of interband transitions. The lack of
temperature dependence of the width of this peak is con-
sistent with this interpretation.’! According to calcula-
tions,” the highest valence-band states of SiO, are derived
from the nonbonding O 2p orbitals. The lowest conduc-
tion states are formed from a linear combination of s
functions on oxygen and silicon atoms, all with the same
phase.”!> The relative phases of the O 2p orbitals in the
valence-band wave functions cause the electric dipole
transition matrix elements between the highest valence-
band states and the lowest conduction-band states to be
zero.'> We expect, therefore, to see an interband absorp-
tion spectrum starting with zero strength at threshold
and increasing uniformly with energy. Visual inspection
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FIG. 6. Frenkel model fit to the IES spectrum of a-SiO, near
the Si L,; threshold.
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FIG. 7. Loss function of a-SiO, due to valence- to

conduction-band transitions obtained by inelastic electron
scattering.

of the IES data in Fig. 7 well above the band gap suggests
a straight line shape for the continuum absorption. Ac-
cordingly, we fit the region 6~12.3 eV in the data in Fig.
7 with a convolution of a linear function B(E —E,) with
a Gaussian, a constant for the background, and a Gauss-
ian function for the excitonically enhanced peak at about
10.6 eV. E, is the value of the band gap and B is a con-
stant. The fit to the data is shown in Fig. 8. The fit pa-
rameters are shown in Table V. The value of 9.7 eV for
the band gap of a-SiO, obtained from the fit to the IES
valence excitation spectrum is in excellent agreement
with the value of 9.6 eV obtained from the position of the
valence-band maximum in our SXE spectra and L; con-
tinuum absorption threshold of SiO, in our IES spec-
trum.

Weinberg et al.’? have reviewed other experimental
determinations of the band gap of SiO, and report a value
of 9.3 eV for the band gap of SiO, from photoconductivi-
ty measurements. We have obtained consistent values for
the band gap of a-SiO, by analyzing two different spectral
regions of our IES data, namely interband absorption
threshold and Si L,; absorption threshold regions with
simple models, and this lends credence to the simple
models we used to describe our data. Both SXES and
IES measurements give bulk value for the band gap of
SiO,, and so surface or impurity effects are negligible in
our estimation of the size of the band gap of SiO,. Sta-

TABLE V. Parameters of the fit to the IES spectrum in the
energy range of the fundamental interband threshold. E, is the
value of the band gap and I'; is the FWHM of the Gaussian
broadening function in eV. Egg is the position and gy is the
FWHM of the Gaussian representing the exciton resonance
peak.

E, g Egg Ter X
9.73 2.33

10.59 0.63 27.6
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FIG. 8. IES spectrum of a-SiO, for a momentum transfer
g ~0 in the region of the interband threshold and a fit to the
data based on the model described in the text.

tistical and other uncertainties in our estimation of the
band gap of SiO, are about 0.1 eV and are within limits of
the energy resolutions of SXE and IES spectrometers.

Phillip first carried out reflectivity measurements on a-
SiO, and crystalline quartz.** He observed four prom-
inent peaks between 10 and 18 eV in the spectrum. By
means of a Kramers-Kronig analysis of our IES spec-
trum, we have evaluated the real and imaginary parts of
the dielectric function and the optical reflectivity of a-
Si0,, finding good agreement with Phillip’s results. Ac-
cording to Laughlin®® these four prominent peaks in the
optical reflectivity spectra of SiO, are excitonic reso-
nances due to transitions from the nonbonding and bond-
ing states in the upper valence subband of SiO,. The en-
ergy differences between the four Voigt components of
the upper valence subband of SiO, obtained from the fit
to our L x-ray emission spectrum agree reasonably well
with the corresponding differences between the energy
positions of the peaks in the reflectivity spectrum. It is
tempting to speculate, therefore, that the features in the
reflectivity spectra are due to transitions from upper
valence-subband molecular orbitals to the same final
state.” Using the information obtained from the SXES
and IES measurements, we constructed a model similar
to a model based on XPS data!®** for the experimentally
observed electron-energy levels and transitions for a-SiO,
shown in Fig. 9. According to this model, the four peaks
in the reflectivity and IES spectra are due to excitons in-
volving the molecular orbitals of the upper valence sub-
band of SiO,, and in each case the exciton binding energy
is about 1.2 eV. We used in this model the positions of
the Voigt components of the multipeak fit to the valence-
band x-ray emission spectrum. Table VI shows the
different energy values of the transitions we propose to
explain the features in the optical reflectivity and IES
spectra. This empirical model is very simple, and so fur-
ther calculations will be necessary to confirm it.
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FIG. 9. Schematic diagram of molecular-orbital energy levels
obtained from the L,; valence-band x-ray emission spectrum
and the valence absorption spectrum of @-SiO,. A -F refer to
the valence energy components shown in Tables I and II. E,,
Ecg, and Eyg represent vacuum level, conduction-band edge,
and valence-band edge, respectively. Vertical arrows indicate
the energy difference between the conduction-band bottom and
a given molecular orbital.

TABLE VI. Comparison of energy values of transitions from
different molecular orbitals of the valence band to states at the
conduction-band minimum and positions of peaks in the optical
reflectivity spectrum. Eyo is the difference between the posi-
tion of the Voigt components of the valence-band TDOS and
the valence-band maximum. The column labeled R (E) shows
the energies of the peaks in the reflectivity spectrum. These en-
ergies are similar to, but not the same as, those of the corre-
sponding features in the IES spectrum. E, is the band gap of a-
SiO, obtained from the fit to the IES spectrum in Fig. 8. Ej is
the estimated binding energy of excitons observed in Fig. 7
above the interband absorption threshold. The energy of transi-
tions from peaks A4 and B of the lower valence subband corre-
spond to peaks at 28.2 and 31.0 eV in other EELS data (Refs. 28
and 29).

Ep=Ewmo
Peak Evo Ewo+E; R(E) +E,—R(E)

F 1.88 11.58 10.3 1.28
E 3.22 12.92 11.7 1.22
D 5.69 15.39 14.3 1.09
C 8.74 18.44 17.3 1.14
B 20.87 30.69

A 22.78 32.48
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The fit to the Si 2p core-exciton peak at 105.7 eV in the
L, absorption spectrum yields a Gaussian standard devi-
ation o of 0.2 eV for the width. If the transition from the
2p core level to the bottom of the conduction band is cou-
pled linearly to phonons of frequency w, the absorption
will be broadened in a Gaussian shape with a standard
deviation ¢ given by

o%=S(#w)*coth(#iw /2kT) ,

where S is a dimensionless coupling constant equal to the
mean number of phonons created in the transition.** For
this highly localized core transition, the most important
modes are likely to be longitudinal-optical phonons with
fiwy 0=0.153 eV.*3" Using our absorption value for o
and T =300 K, we find S =2.0. According to the linear
coupling model® the excited state relaxes to a new
configuration after absorption occurs by radiating the
phonons which have been created to the rest of the lat-
tice. The emission spectrum is then shifted down in ener-
gy by the Stokes shift given by

Ea —‘Eb =2ﬁ(DLO .

In our L x-ray emission spectrum of a-SiO, we observe an
exciton peak centered at 105.3 eV. Thus we obtain
Stokes shift of 0.36+0.15 eV. This corresponds to a cou-
pling constant S of only 1.0+0.5, indicating that incom-
plete phonon relaxation must be occurring in a-SiO,.
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