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ELECTRONIC STRUCTURE AND PROPERTIES OF
THE OXIDES OF THE TETRAHEDRAL SEMICONDUCTORS

AND THEIR INTERFACES

FINAL REPORT
by
Sokrates T. Pantelides

Principal Investigator for Contract No. N00014-76-C-0934

ABSTRACT

We have developed a simple but general model in terms of which the electronic
structure and spectra of SiO,, GeO, and the ABO,-type oxides are studied in a systematic
i way. Methods have also been developed in terms of which we calculate the energy levels of
impurities in bulk SiO, and at the §i-SiO, interface, and the electronic structure of free
surfaces and interfaces between crystalline materials. The main objectives of the work
reported here were to obtain a theoretical description of the electronic structure and properties
of the oxides of the tetrahedral semiconductors (in particular, SiO,, GeO,, and the ABO ,-type
] oxides, where AB is a tetrahedral semiconductor) and their interfaces with other materials and

vacuum. The results of the work are summarized below. Details are contained in Appendices
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1. BULK ELECTRONIC PROPERTIES
We have developed a simple tight-binding model, based on ideas previously developed
and tested for the simple tetrahedral semiconductors,!*? in terms of which three distinct kinds

of properties were studied: (a) Average Properties: These are properties which correspond to

an average over all the one-electron states. Examples are effective charges on atoms, dielectric
constants, cohesive energies, etc. (b) Dispersive Properties: These are properties which
depend on the details of the distribution of one-electron states. Examples are energy bands,
densities of states, photoemission spectra, X-ray emission spectra, etc. (c) Local Properties,
such as impurity and defect levels and excitons.

The main achievements of our work using this model are the following: The first sets
of energy bands for SiO,, GeO, and the ABO,-type oxides were obtained (Ref. 3 and
Appendix A). The photoemission spectrum and the X-ray emission spectra of SiO, were
calculated explicitly for the first time and compared with experiment, as opposed to previous
work which arrived at interpretations of the spectra in terms of electronic transitions (Appendix
A). The photoemission spectra of Six(.‘ne‘_,‘o2 alloys were also calculated and found to agree
well with experimental data (Appendix B). Two different complementary model calculations

of the optical absorption spectrum of SiO, were carried out which established that the

- observed peaks are excitonic in nature (Appendix C). Finally, by calculating the dielectric

constant of SiO, explicitly as a function of the Si-O-Si angle, it was possible to deduce

information about the structure of various polymorphs (Appendices A and D).

2. IMPURITIES IN BULK SiO,

The above model for the bulk properties of SiO, has been extended to provide a
description for substitutional impurities in the bulk material. In particular, we have studied P
and As at an O site and predicted their energy levels in the band gap. By using these resuits
we were able to interpret experimental data on ion-implanted SiO, and identify the observed

centers as substitutional P and As at O sites (Appendix E).




3. THE STOICHIOMETRY OF THE Si-SiO, INTERFACE

A large number of experiments have been carried out which have attempted to
determine whether there exists an SiO, (0 < x < 2) layer at the Si-SiO, interface, and, if so,
determine its width. In our study (Appendix F), we pointed out that the definition of a width
is not unique and suggested several possibilities that would give different numbers. We also
constructed continuous-random-network (CRN) modeis for the (100) interface and obtained
the following: (a) It is possible to construct models with a totally abrupt interface which have
distortions that are visually comparable to distortions present in models with a finite SiO,
layer. (b) A simple force model was used to perform computer caiculations which showed that
the net strain energy was reduced as the finite SiO, layer was gradually reduced in width,

suggesting that an abrupt interface may in fact be preferred. (See Appendix F for details.)

4. SURFACES AND INTERFACES

In this work the main goal was to develop efficient methods to calculate the electronic
structure of surfaces and interfaces. At this stage, the work was restricted to crystalline
materials for which two-dimensional periodicity could be exploited. We made use of the

Koster-Slater* idea for localized perturbations which was first introduced for point defects?*

" and was later extended to surfaces by Koutecky’ and others. The advantage of the method is

that it builds in the properties of the perfect bulk crystal from the start and then directly
calculates changes in the electronic structure produced by the perturbation. In contrast,
alternative methods, such as cluster and slab methods,® rely on a finite number of atoms or
layers of atoms to give an adequate description of both bulk properties (e.g., bandwidths,
bandgaps) and localized states. In the case of surfaces, we made use of empirical tight-binding
Hamiltonians and introduced a novel way to define the perturbation that creates free surfaces.
Instead of "cutting bonds" to divide an infinite solid into two decoupled semi-infinite solids.
we "remove" layers of atoms by setting their on-site Hamiltonian matrix elements to infinity, a

procedure first used to describe a single vacancy.”. This choice of perturbation makes the




calculations straightforward and fast. Calculations have been carried out for test purposes and
for cubic SiO,. The details of the method and the results are discussed in Appendix G.

We also extended the Koster-Slater approach to describe interfaces between crystalline
materials by assuming the unperturbed system to consist of two noninteracting infinite solids
and then coastructing an appropriate perturbation matrix. Calculations so far have only been
done on the Ge-GaAs and Ge-ZnSe systems for which other theoretical work is also available.
The method and results are discussed in Appendix H.

The perturbation matrices for free surfaces and for interfaces may be combined so that
calculations can be performed for monolayers or multiple layers of a given material on a
crystalline substrate. This technique is therefore capable of providing information about

gradual oxidation of materials.

5. IMPURITIES AT INTERFACES

Theoretical work has been done in two different areas:

(a) It has been observed® that some of the traps introduced into SiO, near a Si
interface by ionizing radiation and by electron-beam irradiation (procedures used in the
fabrication of some devices) do not anneal out. There are two types of such traps, one with a

cross section of about 107 cm?, and the other with a cross section of about 105 cm?. The

latter was not produced in samples irradiated at intensities below 200 W/ cm? at any tempera-

ture. The rate of production of the former was suppressed by lowering the irradiation
temperature down to 90K. These data have been explained in terms of two different process-
es, namely the formation of pbint-defect bound complexes by recombination-enhanced
diffusion and by dislocation migration. Details are given in Appendix I.

(b) We have developed a method to calculate binding energies of shallow impurities at
or near the Si-SiO, interface. The method is based on effective-mass theory, which is adapted
for the cylindrical symmetry of the interface problem. Results and comparison with experi-

mental data are contained in Appendix J.
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Appendix A

Some properties of the oxides of the tetrahedral
semiconductors and the oxide-semiconductor interfaces®

Sokrates T. Pantelides

IBM Thomas J. Watson Research Center, Yorktown Heights, New York 10598

(Received 10 February 1977; accepted 4 April 1977)

Continuous-random-network models have been constructed for the Si-SiO, interface. It is
found that an abrupt interface with no SiO, layer is posible. A simple tight-binding model is
described that is applicable for the calculation of the electronic properties of the bulk oxides
and the oxide-semiconductor interfaces. Results are given only for selected bulk properties,
namely the photoemission and x-ray zmission spectra, and the dielectric constants of SiO,,

GeO,, and various ABO,-type oxides.

PACS numbers: 71.45.Nt, 79.60.Eq, 73.40.Qv, 71.20.+c

I. INTRODUCTION

In order to develop a theory for the electronic properties
of a given material, it is essential that the stoichiometry and
the atomic arrangement be known. In this paper, a step is
taken toward understanding the stoichiometry, atomic ar-
rangement, and electronic properties of the native oxides of
the tetrahedral semiconductors and the oxide-semiconductor
interfaces.

ll. STOICHIOMETRY AND ATOMIC
ARRANGEMENT OF INTERFACES

The native oxide of silicon, SiO, exists in a variety of
crystalline forms (quartz, tridymite, etc.1), but the films grown
thermally on Si for the manufacture of devices are amorphous.
As for the Si-SiO; interface, the situation is complicated even
more by the question whether an SiO;, layer, with x = 2, exists
between Si and SiO,. Answers to this question have been
sought by various experimental techniques,2-¢ but evidence
thus far is inconclusive. Estimates of the width of the SiO;
layer include values of essentially zero® (abrupt interface),
about 4 A (Ref. 3), 12-15 A (Ref. 4), and even more.58 In an
attempt to obtain some insight into this question, a number
of continuous-random-network (CRN) models have been
built. Details of the construction will be given elsewhere.” The
main idea, however, was to start with a crystalline Si substrate,
expose a well-defined surface, and then attempt to build up

968 J. Vac. Scl. Technol., Vol. 14, No. 4, July/Aug. 1977

an amorphous oxide layer bond by bond.8 Clearly, an SiO,-
type interface layer of arbitrary width can be built before full
SiO; coordination is reached, and therefore the aim was to
strive for a minimum interface width. The first models that
were built indicated that a finite minimum width existed, but
finally a model was constructed with zero interface width
(abrupt interface). No dangling bonds were allowed and the
local distortions are comparable to those present in bulk
amorphous CRN models. This model is shown in Fig. 1.
The construction of the model indicates that an atomically
sbarp interface may in fact be energetically possible, but does
not rule out the possibility that some real interfaces have an
SiO; layer of finite width, which may be a function of the
growth conditions. An attempt is now under way to quantify
the amount of local distortions in the various models in order
to extract preferred configurations. Work is also in progress
to calculate the electronic properties of the Si-SiOy interface,
assuming the atomic arrangements of these models. The na-

P
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i | N
b4

FIG. 2. The basis orbitals for the model described in the text. (a) orbitals used
in the ideal cubic (8-cristobalite) structure; (b) orbitals used for the more
general case. The Si-O-Si angle is 144°.

Copyright © 1977 by the American Vacuum Soclety 965
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FIC. 3. The valence energy bands and DOS of cubic SiOg and typical
ABOj-type oxide.

ture of interface states may suggest preferred configurations.
The basic aspects of the model used in this calculations and
results on bulk properties are described in the next section.

It should be noted that the CRN models described above
apply to the compound semiconductors as well, assuming that
the native oxide is of the ABO4 type. Other possibilities, of
course, exist. For example, any of three oxides may be formed
on GaAs, namely GagOs, Al;Os, and GaAsOy.

ll. BULK ELECTRONIC PROPERTIES

SiOg and GeOs, are special cases of the general ABO,-type
oxide, where AB is a tetrahedral semiconductor, with A = B
= Siand A = B = Ge, respectively. The properties of all these
materials can therefore be described in a systematic manner.
A simple parametrized tight-binding model has previously?
been introduced for SiO; and GeO; and has now been ex-
tended to treat the ABO-type oxides. The model is similar
to that used for the tetrahedral semiconductors.!® In this
paper, the model will be discussed briefly and a few new
applications will be given.

Central to the understanding of the model is the concept
of a bonding unit. In the case of the tetrahedral semicon-
ductors, one constructs the familiar sp® hybrids on each atom.
A bonding unit is then defined to consist of two hybrids, h,
and hjp, on nearest neighbors, directed toward each other. One
then constructs bonding and antibonding orbitals in each
bonding unit. By focusing on the bonding orbitals alone
(bond-orbital approximation?!9), two distinct kinds of cal-
culations can be carried out: (a) Calculations of the valence
energy bands by setting up an LCAO secular matrix. The
form of the bands is determined by the off-diagonal matrix
elements, i.e., interactions between bonding orbitals on dif-
ferent sites. (b) Calculations of the total electronic energy both
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FIG. 4. The DOS for the simulated amorphous SiOg. See text.
J. Vac. Scl. Technol., Vol. 14, No. 4, July/Aug. 1977
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FIG. 5. The UPS spectrum of SiOp (dotted curve) compared with the

broadened DOS (solid curve). The experimental curve is from B. Fischer,

R. A. Pollak, T. H. DiStefano,and W. D. Grobman, Phys. Rev. B 15, 3193

(1977).

in the absence and presence of external perturbations and thus
of explicit analytical expressions for response functions. For
this kind of calculation, one needs only the diagonal matrix
elements and no matrix diagonalization or Brillouin zone sums
are necessary.

The bonding unit in an ABO4-type oxide is an sp® hybrid
on an A atom, and sp? hybrid on a B atom and oxygen orbitals
on the oxygen atom in between. For valence-band and
total-energy studies the oxygen 2p orbitals are adequate. The
important point is that an A-O or B-O bond is not a well-
defined entity and one must construct A-O-B bonding or-
bitals, which will be referred to as extended bonding orbitals
(EBO’s).

INTENSITY (ARB UNITS)

UNITS)

INTENSITY (ARS

UNITS)

INTENSITY (ARG

428 100 75 S0 25 00 25
ENERGY (eV)
FIG. 6. Theoretical (solid curves) and experimental (dotted curves) x-ray
emission spectra of SiOg. The experimental curves are from G. Wiech, in
Soft-X-Ray Band Spectra, edited by D. J. Fabian (Academic, New York,
1968), and G. Klein. and H. U. Chun, Phys. Stat. Solidi B 49, 167 (1972).
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TABLE'l. Theoretical and experimental values for the electronic
(high-frequency) dielectric constants of SiO,, GeO,, and various
ABO,-type oxides.

Material A-O-Bangle ) e(th.) e(expd)

SiO, (a-quartz) 1440 2.4 24
SiO0, (g-quartz) 144b 2.3 2.3
Si0, (a-cristobalite) 1440 2.3 2.2
Si0, (g-cristobalite) 180b 27 22
Si0, (g-cristobalite) 144¢ 2:2 2.2
Si0, (coesite) 120b 2.0 2.6
SiO, (coesite) 144¢ 2.6 2.6
Si0, (vitreous) 144d 2.1 2.1
GeQ, (quartzlike) 130b 2.9 2.9
BPO, 135b 2.0 2.6
BAsO, 125b 2.3 2.8
AIPG, 1456 24 23
AlAsO, 146b 2.9 LA
GaPO, 1356 2.6

a Landolt-Bornstein, Zahlenwerte und Funktionen (Springer, Berlin,
1962), Vol. 2, pt. 8.

b Reference 1.

¢ See text.

d Assumed.

- The internal structure of the EBO’s is rather intriguing. Let
h4 and hp denote the hybrids in a bonding unit and p,, p,,
p:, the p orbitals on the oxygen (Fig. 2). Instead of h4 and hg,
are given elsewhere.12 In this paper a few new results will
be given to demonstrate the power of the method. Figure 3
shows the valence energy bands and densities of states (DOS)
one can work with their linear combinations 5 = h4 + hg and
a = hy — hg. Note that these would be the bonding and an-
tibonding orbitals, respectively in an elemental semiconductor
like Si. In SiOs, the main EBO is formed from p. and the
antibonding combination, a, so that it is odd about the mid-
point between the two Si’s. The structure of some of the va-
lence-band orbitals of SiO is thus similar to the structure of
the conduction-band orbitals of Si and vice-versa.

In constructing the EBO’s for SiOs, two quantities, 8y, and
Bpz, enter, which describe the charge transfer between the
oxygen and its two neighboring Si’s. in constructing the EBQO’s
for a typical ABO-type oxide, b and a defined above are not
adequate, just as they are not adequate for the description of
zinc-blende-type compounds.!? For the latter, modified b’s
and a’s are introduced, given by b = (1 + ap)'/2h4 + (1 =
ap)/?hg anda = (1 = ap)"/2h, = (1 + ap)'/2hg, where ap,
the polarity, describes the charge transfer between atom A
and B. Similar quantities enter the construction of the EBO’s
for the ABO,-type oxides. They are denoted by ap, and ap,
and are referred to as external polarities. The quantities 3,
and 3y, are referred to as internal polarities.

Mathematical detail and the method of parametrization

J. Vac. Sci. Technol., Vol. 14, No. 4, July/Aug. 1977

for the ideal cubic form of SiO; and a typical ABO4-type
oxide. Note the opening of an additional gap in ABO;, which
is analogous to the so-called antisymmetric gap in the bands
of the AB-type semiconductors. !¢ Figure 4 shows the DOS for
a more general SiO; structure, which is a simulation® of
amorphous SiO: and has the Si-O-Si angle to be the observed
144° instead of the ideal 180°. Figure 5 shows the same DOS
broadened by 0.8 eV and compares it with the measured ul-
traviolet photoemission spectrum (UPS). The agreement be-
tween theory and experiment is substantially better than that
obtained previously!! with only 0.5 eV of broadening. Figure
6 shows the calculated and experimental x-ray-emission
spectra of SiOq. This is the first such calculation of these
spectra and the agreement with experiment is seen to be very
satisfactory. Comparable spectra have been calculated for
ABOjy-type oxides but no experiments are available. One of
the response functions that can be calculated without needing
the energy bands, as mentioned earlier, is the electronic
(high-frequency) dielectric constant ¢, for which an explicit
analytical expression is obtained.?2 It turns out that, in ad-
dition to the density of electrons, ¢ depends on the angle at the
oxygen atom in an important way. In Table I, a number of
theoretical and experimental values of ¢ are given. In the case
of the B-cristobalite and coesite forms of SiOo, € was calculated
with the Si-O-Si angles listed by Wyckoff! and also with the
quartz value of 144°. The 180° value for $-cristobalite has
been questioned by many authors. The comparison seems to
suggest that the two extreme angles may in fact be unrealistic
and that all forms of SiO, have angles in the neighborhood of
144 The values of ¢ listed for the boron compounds are not
very reliable due to complications with first-row elements.!?
A more extensive treatment of this and other questions is given
in Ref. 12.

*)Work supported in part by the Office of Naval Research under contract No.
N00014-76-C-0934.
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2J. Maserjian, J. Vac. Sci. Technol. 11, 996 (1974).

3T. H. DiStefano, J. Vac. Sci. Technol. 13, 856 (1976).

4S. 1. Raider and R. Flitsch, ]. Vac. Sci. Technol. 13, 58 (1976).
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THE ELECTRONIC STRUCTURE OF S§iO,, GeO, AND INTERMEDIATE
Si,Ge, .0, COMPOSITIONS: EXPERIMENT AND THEORY

Sokrates T. Pantelides, Bernhard Fischet,f Roger A. Pollak, and Thomas H. Di Stefano

IBM Thomas J. Watson Research Center, Yorktown Heights, New York 10598, USA

(Received 27 December 1976 by E. Burstein)

Thearetical calculations are reported for SiO,, GeO, and the intermediate compos-
ition Si Ge ;O, which reproduce the main observed features and trends in experimen-
tal photoemission spectra. The agreement between the two establishes the impor-
tance of band theory in understanding the electronic structure of these materials, and
demonstrates that detailed quantitative predictions are feasible for such complex
materials in terms of the empirical tight-binding method. The calculations further
establish that the structure in the valence bands is determined mainly by nearest-

neighbor oxygen-oxygen interactions.

The electronic structure of $iO, and GeO, has been
the subject of considerable attention in the literature.
Most attempts have, however, mainly focused on
interpreting experimental data (optical absorption, x-ray
absorption, x-ray emission, photoemission, etc.) in
terms of simple "molecular-orbital” energy levels. Such
assignments have worked well for certain experimental
spectra, but at the same time were incompatible with
other spectra.'? Furthermore, several assignment
schemes, based on similar ideas, differ substantially
from each other. One difficulty arises from the fact
that the crystal structures of these materials are com-
plex, with low symmetry and many atoms in a primitive
unit cell. This complexity has inhibited the successful
application of band-theoretic techniques which have in
the past proven very powerful for simpler materials.
Recently, Pantelides and Harrison? (PH) and Schneider
and Fowler’ (SF) performed energy band calculations
for SiO, and independently pointed out the importance
of energy-band theory for a systematic interpretation of
the data. PH went beyond SF in calculating densities of
states (DOS) but both used the band results only as
guides to interprete the data, leaving a host of questions
unresolved. The nature of the electronic states in these
materials has not therefore thus far been conclusively
determined due to the inability of theory to directly and
unambiguously reproduce the observed spectra.

In the present paper we present theoretical calcula-
tions of the photoemission spectra of SiO,, GeO,, and
the intermediate composition Si Ge,0,, which repro-
duce the important features and trends in the observed
spectra. The results show that a molecular-orbital pic-
ture about a single oxygen atom is inadequate. They
also establish the importance of band theory for these
materials and show that quantitative predictions are
feasible for materials of such high complexity and low
symmetry. Finally, they establish that the bandwidth

and much of the internal structure are largely deter-
mined by the nearest-neighbor oxygen-oxygen p-orbital
interactions, a factor which should be central in under-
standing the electronic propeties of all the silicate glass-
es.

The ultraviolet photoemission spectroscopy (UPS)
measurements were performed using a cylindrical mir-
ror electrostatic-deflection type electron energy analyz-
er (resolution 0.25 eV) and 40.8 eV photons from a
He-discharge lamp. The x-ray photoemission spectros-
copy (XPS) measurements were performed with a
Hewlett-Packard x-ray photoelectron spectrometer
which has a monochromatic Al Ka,, Xx-ray source
(1486.6 eV) and a resolution of 0.6 eV. First, SiGe,
films several thousand Angstroms thick were deposited
on sapphire substrates by DC sputtering from targets
formed by melting high-purity polycrystalline silicon
and germanium onto a molybdenun substrate. The
S8i,Ge, O, films which were studied with UPS were
oxidized in siru in the spectrometer by heating to 450°
C for 15 minutes in 10~ torr of oxygen. The films
studied with XPS were oxidized by heating in oxygen to
650° C for two hours in a tube furnace and then imme-
diately transferred to the spectrometer vacuum. The
compositions of the films used in the UPS experiments
were determined by electron microprobe analysis and
the compositions of the films used in the XPS experi-
ments were estimated from the relative internsities of
XPS spectra from the Ge 3d, Si 2p, and O 1s core lev-
els. The oxide films were thicker than the escape depth
of the photoelectrons, as evidenced by the absence of
unoxidized Si or Ge core levels in the spectra. More
experimental details are given in Ref. 4. The experi-
mental spectra are shown in Fig. 1.

The theoretical calculations were carried out in
terms of the empirical tight-binding model empioyed by
PH. The basis orbitals are the tetrahedraily-oriented sp’

“ Work supported in part by the Office of Naval Research, Washington D.C. under coatract No. N 00014-76-
C-0934 and in part by the Advanced Research Product Agency and monitored by AFCRL under contract No.

19628-76-C-0249

Present address: Max-Planck Institut fur Festkorperforschung, Stuttgart, West Germany.
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Fig. 1.

hybrids on the Si/Ge atoms and the p orbitals on the
oxygens. These orbitals (Fig. 2) are allowed to interact,
giving rise to five types of orbitals: (1) a bonding orbital
B, comprized of p, and the odd combination of the
hybrids, (2) an orbital B, comprized of p, and the even
combination of the hybrids (B,=p, for the ideal cubic
structure, Fig. 2a), (3) a non-bonding orbital B,=p ,
and (4,5) two corresponding antibonding orbitais A,
and A,. The B’s are occupied, giving rise to the valence
bands while the A’s are empty, giving rise to the con-
duction bands. For the intermediate Si ,Ge ,O, compos-
ition, the main additional® effect is a mixing between B,
and B,.

Fig. 2. The tight-binding orbitals employed in the cal-
culations. (a) For the ideal cubic structure, and (b) for
the general case.

12 8 4 Eve
BINDING ENERGY (ev)

Experimental UPS and XPS spectra for SiGe, O, films.

The precise composition of the various A’s and B's,
as well as their energy positions are entirely determined
in terms of two parameters, the hybrid--p-orbital inter-
action W, and the hybrid--p-orbital energy separation
W,. These have been fixed by making use of the optical
spectrum of SiO, (see Ref. 2). The parameters for
GeO, and the intermediate compositions are then deter-
mined by making use of the relative hybrid energies of
Si and Ge and the d~? rule, where d is the bond length.’
With the basis orbitals just defined, a tight-binding ener-
gy band calculation is carried out by retaining only
nearest-neighbor interactions. This introduces two new
parameters, a hybrid-hybrid interaction V, (carried over
from previous work on the tetrahedral semiconductors)
and the oxygen-oxygen ppo interaction V. The latter is
adjusted to the observed total width of the valence
bands of SiO,. For GeO, and the intermediate compos-
itions V, is scaled with the d”? rule. The valence bands
obtained for cubic SiO, with these choices are in very
good accord with the first-principles bands of SF. We
are now in position, however, to bend the Si-O-Si
chains to the observed angles (144°) and repeat the
calculations and obtain the valence bands and corre-
ponding DOS for the various cases of interest. The
latter are then broadened by convoluting with a gaus-
sian of width 0.5 eV. This broadening turns out to be
extremely important as it eliminates most of the sharp
spiked structures in the DOS (see Fig. 3) which pre-
cluded PH from carrying out more than a qualitative

analysis of the observed ?ecu'a
The final broadened DOS curves for SiO,, GeO,

and Si,,Ge,,0, (or SiGeO,), are shown in Fig. 4 for
direct comparison with Fig. 1. In view of the fact that
the calculation did not include photoemission matrix
elements, the comparison must be limited to the overall
trends among the various compositions and to the posi-
tions of dips and peaks in the individuai spectra. No
comparison can be made of the relative heights of
peaks.

It is seen that the overall trends present in the data
are reproduced by the theory. In particular, the total
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width decreases as one goes from SiO, to GeO,. Also
the main dip at about 4 eV fills up slowly and moves to
higher energies in both the experimental and theoretical
curves, as shown by the dashed lines in Figs. 1 and 4.
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Fig. 3. Density of States (DOS) and broadened DOS
for the valence bands of SiO,.
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Fig. 4. Theoretical photoemission spectra for
Si,Ge, O, films. Compare with Fig. 1.

For more detail comparison between theory and
experiment, the positions of the peaks and dips in the
theoretical and experimental curves of SiO, and GeO,
are listed in Table 1. For the purposes of this Table, the
zero of energy in the theoretical curves was redefined
bv the technique emploved in obtaining the zero of
energy in the experimental spectra, namely by linear
extrapolation of the descending curve. The main discre-
pancy in both materials is peak 1 which appears as a
double peak in the theoretical curves. The agreement
between experiment® and theory for the remaining fea-
tures is better than 15%.

1005

. TABLE 1
Experimental and theoretical positions (in eV) of
peaks and dips in the photoemission spectra of SiO, and
GeO,. The numbering refers to Fig. 1 in order of in-
creasing binding energy.

Feature XPS

5
i

Sio,
dip 1 53
dip 2 7.6
peak 1 2.8
peak 2 6.5
peak 3 9.8
total width  11.5

_
il
Nk o= W

GeO,
dip 1 4
dip 2 6
peak 1 1
peak 2 5
peak 3 8

total width  10. 1

The empirical tight-binding method employed in
the calculations presented above allows a detailed anal-
ysis of the results in terms of simple physical concepts.
For example, it has long been suggested that the top of
the valence bands, in particular the broad feature from
0 to about 4 eV, arises from the non-bonding oxygen p
orbitals, whereas the remainder of the bands arises
the bonding orbitals. The present calculations show this
separation to be an oversimplification of reality. First
note that the Si-O interaction (W,) is responsible for
the formation of the bonding orbitals. It is the O-O
interaction V, alone that causes the banding of the non-
bonding orbitals, and it is V, together with V, that cause
the banding of the bonding orbitals. The same V, how-
ever, is also responsible for the admixture between the
bonding and non-bonding orbitals, the net result being a
strong hybridization between the bonding and non-
bonding bands. The nature of the hybridization is par-
ticularly interesting. If it is turned off, the pure non-
bonding bands overlap considerably with the pure bond-
ing ones. When the hybridization is tumed on, the two
sets of bands push strongly on each other, opening up a
gap at 4 eV (Fig.3). This is opposite to what a
molecular-orbital picture would suggest, since the pres-
ence of a gap between two levels would be viewd as a
consequence of hybridization.

In conclusion, we have presented new experimental
spectra which help establish the electronic structure of
SiO, and GeO,. Theoretical calculations in terms of the
empirical tight-binding method (ETBM) have proved
successful in reproducing the experimental spectra and
establishing the validity of the band picture for these
rather compiex materials. [t shouid be emphasized that
only the total width of the bands of SiO, was used as an
input in performing the caiculations. The internal struc-
ture in the spectrum of SiO,, as well as the other spectra
in their entirety, were predicted and found to be in good
agreement with experiment. This demonstrates the
capability of the ETBM to yield quantitative predictions
for materials for which other methods may not be too
convenient to apply due to low symmetry and compli-
cated lattices.

O 0ith i -
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INTRODUCTION

The optical absorption spectrum of SiO,, shown! in Figs. 1a and 2, has been the
subject of considerable iaterest and controversy’>. Following early attempts to
interpret the spectrum,>? DiStefano and Eastman® concluded from a series of
photoconductivity and internal photoemission measurements on Si-SiO, structures
that the band gap is about 9 eV. These results raised the question why no strong
excitons appear in the absorption spectrum below the band edge as is the case in
other ionic wide-gap materials, such as the alkali halides. The observed peaks thus
became the subject of conflicting interpretations in terms of excitons. interband
transitions and various combinations thereof (see e.g. Fig. 6 in Ref 2 for summary).
More recently, Schneider and Fowler® calculated a band structure for cubic SiO, and
suggested that excitons are nor formed because of a symmetry-forbidden edge.
Chelikowsky and Schliter (CS)® actually calculated an interband spectrum (Fig. l¢)
and found an indirect bandgap of 9.2 eV, which is consistent with the measurements
of Ref. 4. They also found that matrix elements suppress absorption below ~10.4
eV. They therefore suggested that the first observed peak corresponds to an exciton,
as previously proposed by others,>? while the rest of the spectrum is due to inter-
band transitions. In support of the latter assignment, they displayed the experimental
spectrum shifted by 0.7 eV and noted the resulting good agreement between theory

tSupported in part by the Office of Naval Research under Contract No. N0O0014-76-C-
0934.
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and experiment (Fig. 1b and 1c). More recently, Mott” investigated the subject and
suggested that there exists an a'lowed exciton at 9 ¢V which has a dispersion of ~2.4
eV due to hopping, resulting in the 10.4 eV pcak (see also the paper by Mott in
these Proceedings).
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Fig. 1 (a) The optical absorption spectrum of SiO, meas-

ured by Klein and Chun [Ref. 1; the spectrum
shown is actually E?¢,(E)]. (b) The same spectrum
shifted bv 0.7 eV in Ref. 4 in order to align it with
the theoretical interband spectrum, curve (c).

In this paper we present two completely independent treatments of electron-hole
(e-h) interactions and conclude that the observed peaks are a series of excitonic
resonances. This interpretation is consistent with but goes beyond a band-theoretic
approach and is also consistent with the known data.

BAND-THEORETIC APPROACH AND THE EFFECT OF E-H
INTERACTIONS

In most semiconductors which have large dielectric constants, e-h interactions tend to
be weak and produce excitons with very small binding energies and oscillator
strengths. As a result, the interband spectrum remains essentially unmodified and is
in general well reproduced by band-structure calculations. In the case of wide-gap
insulators, however, dielectric constants are small, making e-h interactions very
strong. The resulting excitons are then localized and carry considerable oscillator
strength. This oscillator strength is pulled out of the interband continuum (the total
oscillator strength remains constant) in such a way that the final spectrum is substan-
tially different from the independent-particle spectrum. This assertion has been
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supported by thcoretical calculations®? and by a study of 39 x-ray absorption spectra
of alkali halides.'?

In this section we start with the interband spectrum of SiO, calculated by CS®, which
indicated that the 10.4-eV peak should not be attributed to interband transitions.
We will then incorporate e-h interactions by means of a model calculation, which
indicates that e-h interactions strong enough to produce an excitonic peak at 10.4 eV
also modify the interband spectrum very strongly, so that all the observed peaks are
excitonic in nature.

The model calculation we intend to carry out is similar to that done previously® for
LiF. We start with the interband spectrum calculated by CS and assume it can be
simulated by a two-band model and momentum-independent transition matrix
elements. In such a model, the absorption coefficient for interband transitions is
given by the imaginary part of a two-particle Green’s function G° describing inde-
pendently propagating electrons and holes. We therefore construct an analytical
form for G°(E) as in Ref. 9, chosen so that its imaginary part, when broudened by
0.5 eV, reproduces CS’s interband spectrum. E-h interactions are then introduced in
the contact approximation,?? i.e. as a single on-site matrix element V in the Wannier
representation. The new absorption spectrum is given by the imaginary part of the
new Green’s function G, which satisfies Dyson’s equation:

G = G° + G°VG. (1)

Eq. (1) is solved directly to yield

G(E) = G°(E)/[1 - G°(E)V] (2)

so that a bound state occurs when G°(E) = 1/V. The value of V was chosen to
yield a bound state at 10.4 eV.

The results of the calculation are shown in Fig. 2. The dashed curve is =Im G°(E),
with E having a 0.5 eV imaginary part for broadening, and corresponds to CS’s
interband spectrum (cf. with Fig. 1c). The solid curve marked theory is =Im G(E),
also broadened by 0.5 eV. These results clearly show that if the 10.4-eV peak is
indeed an exciton, e-h interactions also modify the interband spectrum strongly, so
that the final spectrum is excitonic in nature, i.e. consists of a series of excitonic
resonances (sometimes called metastable excitons). Note that whereas the two peaks
in the interband spectrum are separated by ~2.3 eV, the two peaks in the final
spectrum are separated by 1.4 ¢V, in excellent agreement with experiment. The
spectrum at higher energies is not reproduced very well as one might expect, since
oscillator strength at those energies would have to be brought down by e-h interac-
tions from even higher energies, which are left out by the present model. Neverthe-
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less, the calculated peak at 15 eV compares rather well with the observed peak at 14
eV.

EXPERIMENT

PRESENT THEORY

INTENSITY (ARB. UNITS)

&~

O i | i 1 ] 1 ] |
8 10 12 14 ) 18
ENERGY (eV)
Fig. 2 Theoretical absorption spectrum compared with the

optical absorption spectrum [e,(E)] measured by
Philipp (Ref. 1). The dashed line is interband
spectrum before e-h interactions. See text.

Apart from the success of the above model calculation in predicting the energy
separations and relative heights of the peaks in the optical spectrum. the main
conclusion is that in wide-gap insulators one cannot ignore the effect of e-h interac-
tions on interband transitions, as done in semiconductors. In contrast, e-h interac-
tions have a rather pervasive effect, so that excitonic peaks dominate the entire
spectrum. One should not, therefore, hope to extract a band gap from such a

spectrum.
BOND-ORBITAL APPROACH
é The above calculation indicates that the absorption spectrum of SiO, can be inter-
preted as a series of excitonic peaks arising from localized excitations, but does not
5 provide information about the nature of states contributing to the two observed
; peaks. As was the case for alkali halides,'” an atomistic point of view can be
p complementary and useful. For this purpose, we make use of the tight-binding
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bond-orbital model'! for SiO,, according to which the valence band states arise from
three different bond orbitals, associated with a Si-O-Si bonding unit: B,. which is a
pure O 2p orbital perpendicular to the Si-O-Si plane (lone-pair or non-bonding p
orbital); B , which is ~85% an O 2p orbital in the Si-O-Si plane perpendicular to
the Si-Si axis and ~15% Si sp® hybrid (partially bonding orbital); and B, which is
~65% an O 2p orbital along the Si-Si axis and ~35% Si sp® hybrid (bonding
orbital). These three orbitals at each bonding unit have been found adequate for a
calculation of the valence bands and the related photoemission and x-ray-emission
spectra.'!

According to the same bond-orbital scheme, the lowest unoccupied band states arise
from a bond orbital denoted in Ref. 10 by A_, consisting mainly of O 3s and Si
hybrid admixtures. We suggest that during photoabsorption the electron and the hole
do not occupy propagating band states. Instead, e-h interactions tend to localize the
electron and the hole in the same bonding unit, so that excitonic peaks are expected
at the By - A, B, +» A, and B, - A_ energies, in that order. Note that these
transitions are essentially localized on an O atom and correspond to the atomic
transition 2p + 3s. In the free atom the transition energy is about 9.2 eV. In the
solid, B, B,, and B, may be viewed as the "crystal-field" split members of the O 2p
orbital, resulting in a "crystal-field" split Frenkel-type exciton with peaks at 10.4 eV,
11.7 eV, and ~14 eV. These energies cannot be predicted by some simple quantita-
tive calculation, but the interpretation may be further supported by a variety of
arguments. First, CS’s calculation showed that the 10.4-eV should not be attributed
to interband transitions. Second, the calculation of the previous section demonstrated
that if the 10.4-eV peak is indeed an exciton, the other peaks are also predominantly
excitonic in nature. Third, using the identification presented above, one can infer
that the three peaks ought to be successively shorter, because of the smaller weight
of O 2p in each successive B, and also broader, because of the shorter lifetime of a
hole in each succesive B. Both these observations are in agreement with experiment
and consistent with the calculation of the previous section.
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Recent Advances in the Theory of Electronic Structure of SiO,

Silicon dioxide (SiO, ) is a material that has attracted the attention of scientists
for a long time. It is availaole in nature in a variety of forms and has been used
extensively by the construction industry, by the glass industry, and, during thc
lust fifteen years, in technological applications, in particular the manufacture
of metal-oxide semiconductor (MOS) devices. There exists a vast experimental
and theoretical literature on its physical, chemical, electronic, optical, thermal,
transport, magnetic and other properties.

Theoretical understanding of the clectronic propertics of SiO. began with
qualitative molecular-orbital pictures uimed at the interpretation of particuiar
experimental spectra. such as the optical absorption spectra, the x-ray emission
spectra, ete. These carly models were reviewed by Rutta,' who identificd their
relative merits and shortcomings. New insights wera gained by subsequent work
by several workers? who quantified such studics with sclf-consistent caicuiations
on small clusters, but the ambiguities ¢clouding the connection between the
discrete encrgy levels of the cluster with the continuous excitation spectra of
the solid were a persistent problem. In particuiar, clustars of increasing size were
not found to vicid a converging picture of level densities. Furihermore, ciusters
centred about different atoms (Si or Q) were needed to interpret the x-ray
emission spectra associated with cere leveis on different atoms, so that a con-
sistent und universal [ovel scheme was elusive.

During the last two vears severai advances have been made in our understangi-
ing of the clectronic properues of Si0,, in particular from appiications of banc
theory. In view of the technological importance of SiO,. it is rather surprising
that band calcuiations have been facking. It is therefors interesting first to
explore the reasons for this. We will then examine the recent accomplishrients
of band theory and assess the current and future objectives of theoretical work
in Si0,. ?

The reasons why energy band calculations have not been avaiisble for SiOs
lie in its crystul structure, or, rather crystal structures, SiO; axists in nature in a
variety of crystailine forms, caiied polymurphs. eli of which have fow symmetry

Comments Solid State Phiys. 2 Gordon and Recach Suicnce Publishers Lid, 1977
1977, Vol. 8, No. 3, rn. §5-60 Prinzed in Great Britun
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and large unit cells. For example, a-quartz, the best known polymorph, has nine
“atoms in the primitive unit cell. By comparison, some of the inaterals that are

studicd most often have one or two atoms per unit cell (simple and transition

metals, alkali halides. tetrahedral semiconductors, cte.). The consequence of

many atoms in the primitive unit ceil is that many more bznds are nceded for a -
complete description. For example, a-quartz has 24 valence bands, compared
with }, 3 or 4 in the materials mentioned above. The large number of bands calis
for very large basis sets for proper convergence, which might strain even large
computers or computer hadgets. Apart from the problem: of computer time,
oier hurdies have aiso been present. For example. the consicuction of a potea-
tial for wide-gap insulaters, especially compounds involving a first-row element,
such as oxides, nitrides, fluorides, 2tc.. is known to invoive large uncartaintics.
Calculations on such materials using locul-density approximations to the ex-
change and correlation potentiais in general procuce bandwidths and bandgaps
which are too narrow: pure Hartree-Fock calculztions give the opposite: on the
g : other hand. locai-density approximations have teen quite success:! ror the less
3 ] ionic compound tetrzhedral semiconductors so that Si0; might te thought to 52
a bordcriine material.

How were these problems circumnven:ad? The first two calculations?¥4? wers
done on the ideal cubic form of SiO4, which has, in the past, bezn tiiought 10 be
the structure of the polymorph krown as 3-¢ristobalite. This structure has six
atoms per primitive unit cell, but the symmetry is rather high. namely the same
as that of diamond (space group O,,7). The atomic arrangement is actually quite
intercsting. in that the Si's form a diamond lattice (just like Si itsclf, except for
a somewhat larger lattice spacing). and the oxygens lie at the mid-points of the
lines connecting nearest-nerghbor St's. the so-cailed bond sites. Thus. cach Si
is surrounded by four oxygen atoms in tetrahedral directions, and each oxygen
has two Si nearest neighbors, just like 1n most real forms of SiO;. The only .
exception is that the Si-O-Si angie is 180° instead of the observed {+0°-150°.

A Parenthetically, we may note that the a-cristobalite structure can be arrived at by B
; starting with the cubic structure just described and bending the Si-O-Si chains
in a systematic way. A tetragonai distortion then occurs. In a similar fashion, 2 E
the structure of tridymite can be arrived at by starting with a wurtzite lattice of
Si's (instead ot a diamond lattice of Si's) and then inserting the oxygens between
i the Si's and bending the Si-O-Si chains.
¢ The first band caiculation was done? for g-cnstobalite in the ‘empirical tight-
: binding method’ (ETBM) which ecmploys a tight-binding basis sct and treats the
matrix elements as parumeters. This technique resembles the often used pro-
cedure of obtaining a tight-binding /ir to cnergy bands calculated by a sophisti-
cated firsi-principles method. The fundamentai difference is that in the ETBM
one proceeds in the absence of any band calculation whatever, and determines
the values of the parameters by scaling parameters from other materials and/or
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experimental data for the materizal of interest. [t is thus analogous to the empirical
pseudopotertial method (EPM) which is also occasionally used as an interpolation
scheme. A particular virtue of both the EPM and the ETBM is that they are tests
of the single-particlc modei to interpret the excitation spectra of solids without
depending upon the ability of contemporary theory to construct from first-
principles the one-clectron Hamiltcnian, in particular the self-energy opciator
which describes the compiicated electron-clectron interaction. On the other
hand, a sericus drawback of the ETBM is that it produces only valence bands.

" Later, more laborious calculations, using first-principles potentials, by Schreider
and Fowler® and by Ciraci and Batra® produced similar vaience bands which
confirmed the validity of the assumptions made ia the ETBM.? The latter
calculations were more complete in that they also produced conduction bands.
Calculations on cubic SiO,, however, do not necessarily relate directly with
experinentai datz because all the real polymorphs of SiO; have bent Si-0-Si
chains, with anglz at the O atoms about 144°, compared with the 180° for cubic
SiO,. Nevertheless, the energy bands of cubic SiO; help draw interesting
analcgies with the we!l-known bands of' Si,® and suggest qualitative interpre-
tations**® of the spectra®*® of Si0,.

Experimental optical spectra available for amorphous SiO, and for crystalline
quartz wete known to be identical.” which led to the conclusion that the local
coordination determined all the structure, with long-range order being immaterial.
Pantelides and Harrison® then assumed bent Si=0-Si chains in a hypothetical
diamond lattice, a model which simulates the local topology of amorphous SiO;,
and obtained valence bands and density of states. Pantelides®¢+*? later extended
this to the calculation of the various x-ray cmission spectra. After appropriate
broadening was included. the calculated photoemission and x-ray emission
spectra agreed in a quantitative way with experiment. Siiniiar caiculation also
reproduced the trends in the experimestal spectra of Si, Gey-0; alloys.®

More recently, Schiuter and Chelikowsky?® (SC) and Caiabrese and Fowler®
(CF) reported energy band calculations for a-quartz. SC employed parametrized
pseudopotentials for the core potentiais and carried out a seif-consistent caicu-
lation for the valence clectrons in a plane-wave representation. CF used a super-
position of atomic potentials and a mixed basis set. Similar results were obtained,
but only SC were able to calculate enough points in the Brillouin zone to
obtain explicit spectra

Schiuter and Chelikowsky calculated detailed photoemission and x-ray
emission spectra that agreed very well with experunent. Furtheninore, they
obtained detailed charge density plots which confirmed the basic assumptions
made carlier'** about the nature of the bonding and non-bonding orbitzls. For
the first time, however, SC also calculated a theorctical absorption spectrumn
for SiO;. The calculation was limited to interband transitions, but it immediately
revealed that, even though absurption begins at the indirect gap of about 9.2 ¢V,
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it remains essentially zero for about § eV and finally peaks at 11 ¢V and then
again at 13.3 V. SC identified the first experimental peak at 10.4 eV as an
exciton, in agreement with previous assignments, and attributed the structure at
higher enerwies to interband transitions. The interpretation was suggested by

the separation of the theoretical peaks beiny the same as the separation of the
experimental peaks at 11.7 and 14.0 ¢V. One-to-one correspondence between the
experimental and theoretical spectra was obtained by shifting the two spectra
relative to cach other oy 0.7 ¢V.

Another property that has recently been calcuiated i addition to the spectra
mentioned above is the diclectric constant. This was done by Pantelides and
Harrison® who cbtained a rather simpie unalytical expression, which depended
explicitly on the value of the Si-0-Si angle and other known quantitics. A new
unknown parameter of order unity was introduced, but once its value was fixed
for a-quariz, the diclectric constants for the other SiOy polymorphs could be
predicted. and agrecment with expertment was good. Thie most interesting
result®® was for -cristobalite: if the ideal (cutec) value of 180° fur the Si-O-Si
angle was used, the calculated diclectric constant ¢ was roo lange by 229 When
an angic of 144° (the a-quartz angic) was used, € became identicai to the experi-
mental value. Similarly, for cuesite. it the value of 120° was used (as listed by
Wyckoff'®), € was 100 small by 25%. Again, use of 144° brought € in line with
experiment. Since S-cristobalite and coesite are the only polymorphs thought
to have angles significantly different from 144°  these results suggest that all
SiO; polymorphs may have Si-O-Si angles of about 144°. These results also
reveal the amount of detailed information that can be extracted from a para-
metrized method. Studies of the dependence of spectra and propertics on the

.Si-0-Si angle would otherwise be very involved calculations.

What then have band structure calculations accotnpiished? For the first time,
a consistent picturc of bonding in SiO, has been obtained. It has been shown
that the details of the photoemission spectra and the various x-ray emission
spectra can be systematically reproduced only via an energy band calculation.
and throught the calculation of densities of states with and with:out matrix
clements, a procedure that requires knowledge of the bands at many points in
the Brillouin zone. It has also been shown that diclestric constants can be
understood in detail. Finally. progress has been made in ciucidating the
optical absorption spectrum of Si0,, but that has been limited by the fact
that electron-holc interactions cannot yet be conveniently included.

Where do we go from here? Weil, much remains to be done, Te begin with,
the available energy bands don't agree with each other in detail, For example,
Calabrese and Fowler obtained u direct gap for a-quartz, wheras Schluter and
Chelikowsky find 2n indirect gap. Furthermore, effective masses have not deen
caleuluted accurately. (Schiuter and Chelikowsky obtain 0.3mq for the ¢on.
duction band mass, witereas Schneider znd Fowler estimated 0.5mq.) These

bt
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quantitics, as well as the interaction of clectrons and holes with the lattice
for the forimation of polarons, are important in thevries of transport pro-
pertics and tunncling, which are stifl not very well understood.

Puzzling questions still remain about the optical spectra. What is the nature
of the 10.4 ¢V cxciton, in view of the tact that it is above the threshold for
interband transitions? Is it possibie that the formation of a strong exciton leaves
the interband spectrum unchanged in its overall shape, as suggested by SC's
analysis? Similar suggestions have been made previously in the case of core
excitons in alkali halides, but subsequent analysis” showed that electron-hole
interactions in matcriais with low diclectric constants not only give rise to
highly localized excitons, but also perturb the interband spectrum in a sub-
stantial way.

Some uncertaintics 2iso still remain in the photoemission and X-ray
emission spectra. Both Schluter and Chelikowsky? and the present author®®
do very well for the Si K spectrum. Sciluter and Chelikowsky also do very
well for the O K spectrum but fail to reproduce one of the two peaks in the
Si L, 3 spectrum, which they attribute to possible sample contamination. The
present author, on the other hand, obtains a good Si L, 3 spectrum but a less
satisfactory O K spectrum. As for the x-ray absorption spectra, they are
virtuaily not understood at zll. Similariy, theories of defect and impurity
states are in primitive stages.'!

Detailed understanding of SiQ, can also lead to understanding of a large ciass
of materials for which SiO, is a prototype. We recali that the structure of SiO,
may be understood by starting with a lattice of Si atoms and inscrting oxygen

: atoms. One could also insert oxyzens in a zince-blende-type iattice, such as
i GaAs or GaP. The result is then GaAsO,, GaPQy,, stc. This class of materiais
: may be described by the generai formula ABO,, wiere AB is a zince-blendestype
semiconductor. SiQ; is then a spectul case of the ABO.-type oxides with
A = B = §j (§i0, = SiSiOq, cr silicon silicate!) and is the prototype of the whole
class, just as Si is the prototype of the tetrahedral AB-type semiconductors.’®
Finally, an area where detuiled theuretical caleulations are necded is the
interface between SiO, ¢nd Si, as weli as the interfaces between Si0; and
various metals. The properiies of these interiages are ¢rncial to tie behaviour of
MOS devices and have long bzen studied by experimental teciiniques. One of
the outstanding problems is the thickness of such interfaces. For exampie.
the question whether an SiO, (0 < x < 2) layer exists between Si and SiO;
has attracted considerable attention. Experimental estimates of the thickness of
: the SiO, layer range from less than4 A to 15-20 A.*? Panteiides and !ong!? recently
constructed a continuous random network model which shows that a zero-
width interface is possible for the (100) Si-SiO, interface. but the guestion
still remains open. This uncertainty complicates even further the difficuit task of
performing calculations of interface state. Thus far, cniv qualitative modcis
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have been deveioped.'* Some quantitative calculations were recently ceported 3y
Ciraci and Batra,' but the ficld is wide open, and -ii indic:tions zre aat
rigorous calculations should become possible in 1 immediate futura.
In conclusion, considerable progress has been achieved in our unda-standin
of the electronic properties of SiO,. Band-theoratis techniques have now been
applicd and have already resolved many cutstanéing problems. Continued work
along the same lines ought to supply even more 2aswess. Finally, mcre speciatized -
techniques are still needed for the undersianding of the electreniz 3o serties
of the interfaces of SiO. . The future looks pror-ising for this imporzant

material.
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ABSTRACT

Ion implantation has been used to incorporate As and P into the thermally grown SiO,
layer of metal-silicon dioxide-silicon structures. These impurities increase the electron trap
density in the oxide layer proportionally to the ion fluence (1-3 x 10'3 cm2). Avalanche
injection from the silicon substrate was used to populate the electron trapping sites. It is
shown that the negative charge is removable from the trapping centers under illumination with
photons between 3 and 5.6 eV. From the detrapping experiments, we deterinined a photoioni-
zation threshold of = 4 eV both for As and P related centers, and a spectrally resolved
effective photoionization cross section; the latter quantity is defined as the convolution of the
photoionization cross section with the optically accessible trap distribution in the energy gap of
the SiO,. A simple model is presented which suggests that the observed detrapping originates
from levels corresponding to substitutional P and As at O sites in the SiO,.
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INTRODUCTION

Photodepopulation spectroscopy in metal-insulator-semiconductor (MIS) structures has
recently been used to study both the spatial and energy distribution of optically accessible
charges in the insulator film [1]. Several variations of the technique exist, all relying upon the
optical stimulation of electrons, trapped in deep levels in the insulator, into cqnducting states

from which they drift towards an electrode.

For MIS structures with SiO, as the insulator, literature is available on a 2.4-2.5 eV deep
electron trap, possibly related to sodium incorporated at elevated temperatures in an immobile
configuration in the oxide film [2]. Few studies, however, have been carried out to character-
ize other charge trapping centers. Several ions such as phosphorus and arsenic were recently
demonstrated to exhibit electron trapping characteristics when implanted into the SiO, layer
[3]. It was determined that P implantation results in a dominant electron trap with a capture
cross section of 3x10°17 cm? [3], whereas for As related centers the dominant trap has a
capture cross section of = 10°!5 cm? [4]. The trapping sites are in a net neutral state before
electron capture. In both cases, the integrated trap density increases with the ion fluence.
Good agreement was found between the trapped electron distribution centroid and both

theoretical predictions and experimental observations of the ion distribution centroid [3].

In this work, we report on spectrally resolved detrapping measurements for charged MOS
structures, from which a photoionization threshold and an effective photoionization cross
section spectrum were determined. We also present a simple theoretical model which suggests

that the observed levels are those of substitutional P and As at O sites.




EXPERIMENTAL
Sample Fabrication

The starting material was p-type <100> silicon with a resistivity of 0.1-0.2 Qcm. The
wafers were oxidized at 1000°C in a "dry" oxygen ambient to oxide thicknesses ranging from
560 to 1430 A as determined by ellipsometry. Then P* or Ast implantation was performed at
room temperature with energies of 20 to 80 keV and fluences of 1 to 3 x 1013 cm2. The ion
current at target during implantation was of the order of 1 x 10 A. All wafers w;:re then
cleaned and annealed in nitrogen at 1000°C for 30 min. Using a shadow mask, semitranspar-
ent aluminum electrodes (100-150 A thick) with an area of 0.0052 cm? were deposited to form

MOS capacitors. Finally, all devices were given a post-metallization annealing treatment at

400°C in forming gas for 20 min.
Electron Trapping and Photodetrapping

The oxide traps were charged by avalanche injection of hot electrons from the silicon
substrate driven into deep depletion [S]. The amplitude of the 50 kHz ramp wave used for this
purpose was constantly adjusted in order to keep the average dc injection current constant.
The currents ranged from 5 x 1019 to 3 x 10 A. Some of the injected electrons were
trapped in the SiO,, causing a shift in flat-band voltage, determined from 1 MHz differential

capacitance-voitage characteristics.

After reaching a given charge level, the avalanche injection was stopped and the sample
mounted in a sei-up for photoelectric measurements, consisting of a 900 W xenon arc lamp in
combination with a 500 mm grating monochromator (Bausch and Lomb). The incident photon
flux at the sample position was measured over the spectrum using a thermopile in combination
with an electronic chopper. An electric shutter was used to control the illumination time which

was usually § min. The change in flat-band voltage induced by this illumination at room




temperature was monitored to within 1 mV with an automatic tracking system. The spectrum

was scanned step-by-step in the direction of increasing photon energies.

The detrapping experiments are performed with zero gate bias in order to avoid injection
from the contacts at photon energies greater than the Si-SiO, or Al-SiO, energy barrier, by
using the internal fields in the SiO, layer due to the trapped negative charge; as a potential
barrier against this electron injection. This sithation is preservcd‘throughout the entire

detrapping experiment, since only small portions of the total charge are removed at each step.
PHOTODETRAPPING ANALYSIS

If first order kinetics (neglecting charge retrapping) is assumed, the local depopulation of

occupied traps under illumination is governed by the following equation:
dn, (x,E,1)/8t = -Fp(x.hu) o5 (x,E.he) n (x,E 1), (n

where n,(x,E,t) is the trapped electron concentration per unit energy, Fp(x.hu) is the local
photon flux in the SiO, layer and op(x.E,hw) is the trap photoionization cross section. The
photon flux Fp is a function of both the photon energy hw and the position x in the SiO, layer
due to the optical interference phenomenon [6). This interference gives rise to a standing

wave pattern in the SiO, layer, which depends upon photon energy.

The photoionization cross section o, is a function of the trap energy level E in the SiO,
band gap (E=0 and E. at the top of the SiO, valence band and the bottom of the conduction
band, respectively) and of the photon energy hw since it includes the transition probability to a
final state E+hw, and may be position dependent through variation of the electric field due to
the presence of charge in the SiO, layer. The field dependence of 7, was experimentally

found to be weak an’ ‘-, therefore, neglected here.

It was concluded from discharging experiments [4], that the charge centroid x (measured




from the Al-SiO, interface) is constant in time and that, if an energy spectrum of trapping

centers is present, they all have the same spatial charge distribution centroid. These two

observations allow us to separate the variables determining n,, i.e.
n(x,E,t) = n°(t) n,!(E) n2(x), ()

where n,! and n,? are normalized distributions. For the spatial distribution n,2(x) a Gaussian
is used with the charge centroid as median value and the same standard deviation as for the

ion distribution.

Equation 1 is integrated over the oxide thickness L and over the SiO, energy gap, using

the expression for the flat-band voltage shift:
L ~E;
AVgg(t) = q('i/e)j; L n,(x,E,t)dEdx, 3)

where ¢ is the static permittivity of SiO, and q is the electron charge. At a particular photon
energy (hw), only centers between E-Eg-hw and !:‘.-Eg can be depopulated, if thermal

broadening of the trapping levels and two-photon processes are disregarded. We thus get:

d[AVEg(D]/dt =

aVep® [ CE (cho)n2xdx [ 5, (Ebo)n (E)E )
e FB » ’ t s
o P ! Eg-hd
5 2
Let x (ho) = fo F, (xh0) 0,2 (x) dx (5a)
E'
and = (hw) = j;s ' 9p(Ebo) n,! (E) dE, (5b)

g
where x(hw) is the convolution of the photon flux with the spatial distribution of the trapping
centers and Z(hw) is the convolution of the photoionization cross section with the optically
accessible trap distribution over energy. The latter quantity will be viewed as an effective

photoionization cross section. If a single monoenergetic trap is involved, then Z(hw) reduces

to ap(hu).




The solution to eq. 4 can be approximated as:
[AVER(0)=AVEg(1)]/AVER(0) = x(hw)Z(hw)t

if

t <<[x(h)Z(hw)] . @)

If long discharging times were used, the charge centroid would ultimately be determined
by the minimum in the standing wave pattern of the light. However, since the illumination
interval t was kept small compared to the discharging time constant, we mdy disregard the

effect of light interference upon the charge centroid.

Since the variation in flat-band voltage shift due to illumination for a period t can be
measured and the quantity x(hw) can be calculated knowing the sample geometry, the optical
constants of the various materials of the multilayer structure, the incident photon flux and the
light” energy used, the effective photoionization cross section 3(hw) can be determined from

Eq. 6.
RESULTS

The photo I-V technique which is a sensitive method of determining both the density and
the centroid of oxide charges [7], was initially used to ascertain that the negative oxide charge
is removed by exposure to light, and not compensated by positive charge [4]. It was also
experimentally verified that the discharging phenomenon obeys first order kinetics, and that
the discharging time constant is long compared to the illumination time [4]. Figures 1 and 2
display the effective photoioniz<ns1:XMLFault xmlns:ns1="http://cxf.apache.org/bindings/xformat"><ns1:faultstring xmlns:ns1="http://cxf.apache.org/bindings/xformat">java.lang.OutOfMemoryError: Java heap space</ns1:faultstring></ns1:XMLFault>