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The electronic structure of the amorphous oxide (a-Si02) on silicon is studied using x-ray 
emission and photoelectron spectroscopy. The experimental results are compared with the results 
of an MIND013 calculation of the cluster ((OH)3-Si-0)3-Si-O-Si-(O-Si-(OH)3)3. It is 
found that near the top of the valence band the electronic states are determined not only by the 
..~nbonding 0 2p, states, but also by the silicon atomic orbitals which interact with the 
oxygen 2p orbitals. The transport of electrons and holes in Si02 is analyzed from the standpoint 
of the results obtained. O 1995 American Institute of Physics. 

1. INTRODUCTION Information on the partial density of states in the valence 

Amorphous silicon dioxide (a-Si02) is a key element in 
silicon integrated circuits and optical glass fibers. The cap- 
ture of electrons and holes in defects in the oxide results in a 
buildup of charge and, as a consequence, in degradation of 
the microcircuits. Optical transitions in defects cause distor- 
tion of the signals in a glass fiber. For these reasons, the 
electron spectra of a-Si02 and defects in it have been studied 
intensively.'-6 

The investigation of the atomic density distribution func- 
tion has provided evidence that fluctuations of the dihedral 
angle B(Si-0-Si) in the 120-180' range with a maximum 
at 142-144" are observed in molten quartz and in the ther- 
mal oxide on silicon. The tetrahedraiangle $(O-Si-0) is 
distributed in the 100-112" range with a maximum at 
109". The mean length of the Si-0 bonds is 1.60 A + 10% 
(Refs. 2 and 7). 

The purpose of the present work is to experimentally 
investigate the electronic structure of the thermal oxide on 
silicon using x-ray spectroscopy and to compare the experi- 
mental results with the results of the simulation of the elec- 
tron spectrum of a-Si02 by the MIND013 method. 

2. EXPERIMENTAL METHOD 

Layers of a thermal oxide with a thickness of 1.2 pm, 
which was obtained by oxidizing silicon in humid oxygen at 
1050°C, were investigated. The x-ray photoelectron spectra 
of the 0 Is  and Si 2p atomic levels and the valence band 
were investigated on an HP5960A spectrometer. The spectra 
were excited by monochromatized radiation in the aluminum 
Knl,*  line with an energy of 1486.6 eV. Calibration with 
respect to the energy was performed relative to the carbon Is  
line with an energy of 285.0 eV or the gold Fermi level with 
an energy of 5.0 eV. 

band was obtained from x-ray emission spectra. This method 
is based on the creation of unoccupied states in atomic levels 
(Si I s ,  Si 2p,  and 0 Is)  in the oxide by irradiation. These 
states are filled by electrons from the valence band. A va- 
lence band-atomic level transition is accompanied by the 
emission of x radiation. The intensity of the radiation is pro- 
portional to the density of electronic states in the valence 
band and the transition probability. Since the width of the 
valence band in a-Si02 is about 13 eV, it is generally as- 
sumed that the transition matrix element is weakly dependent 
on the energy. In this case the x-ray emission spectra reflect 
the distribution of the partial density of states in the valence 
band. 

X-ray transitions in which the total orbital angular mo- 
ment changes by unity ( A l =  + 1) are allowed in the dipole 
approximation. For example, the Si L2,3 x-ray emission spec- 
tra exhibit transitions from the Si 3s, 4s, and 3d states to the 
valence band at the silicon 2p112,3,2 level (the latter is desig- 
nated as L2,3 in spectroscopy). Thus, the Si L2,3 x-ray emis- 
sion spectrum reflects the distribution of the silicon 3s, 4s, 
and 3d states. The Si K spectra contain transitions from the 
Si 3p states to the Si I s  level. The Si K x-ray emission 
spectra reflect the distribution of the Si 3p  states. The 0 K 
emission spectra are observed when an electron passes from 
an oxygen 2 p  level to the I s  level. These spectra contain 
information on the distribution of the 0 2p partial density of 
states in the valence band. 

The partial density of states in the conduction band is 
investigated using x-ray absorption spectra or quantum- 
efficiency spectra (QES). The absorption spectra contain 
transitions from deep atomic levels to unfilled states in the 
conduction band. The measurement of the absorption spectra 
of the oxide on silicon presents some specific technical dif- 
ficulties. For this reason, the quantum-efficiency spectra, in 
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which Auger electrons are recorded, were investigated in the 
present work. Quantum-efficiency spectra reflect the partial 
density of states in the conduction band with accuracy to the 
dependence of the transition matrix element on the energy. 
Quantum-efficiency spectra obey the dipole selection rules. 

The Si L2,3 and 0 K x-ray emission spectra were inves- 
tigated on a spectrometer-monochromator with a spherical 
diffraction grating. These spectra were excited by an electron 
beam. The beam current was = 1 mA. The Si L2,3 and 0 K 
quantum-efficiency spectra were excited by the bremsstrah- 
lung of a W anode. The Si K quantum-efficiency spectra 
were excited by the bremsstrahlung of a Ta anode. The en- 
ergy resolution as a function of the portion of the spectrum 
studied is: 

in the case of quantum-efficiency spectra 
for Si K-no poorer than 0.5 eV, 
for Si L2,3-0.2 eV, 
for 0 K--0.8 eV; 
in the case of x-ray emission spectra 
for Si L 2 , , 4 . 4  eV, 
for 0 K 4 . 4  eV. 
The experimental techniques were described in greater 

detail in Ref. 8 .  
The x-ray emission and quantum-efficiency spectra were 

juxtaposed on a single energy scale, in which the energy of 
an electron in a vacuum was taken as the zero reference 
point. The energies of the Si 2 p  and 0 1 s levels, which were 
determined by x-ray photoelectron spectroscopy (XPS), were 
used for this purpose. The energy of the Si 1s level was 
determined from Si K, spectra, in which transitions between 
the Si 2 p  and Si 1 s levels are recorded. The energy of this 
transition measured in the oxide was equal to 1740.5 eV. The 
procedure for juxtaposing the spectra was described in 
Ref. 2.  

3. ELECTRONIC STRUCTURE OF a-SI02 ACCORDING TO X- 
RAY SPECTROSCOPIC DATA 

The x-ray emission (Si L2,,, 0 K), quantum-efficiency 
(Si L2,,, Si Kt 0 K), and x-ray photoelectron spectrum of 
the conduction band of the thermal oxide on silicon which 
we measured are presented in Fig. 1 .  The Si K x-ray emis- 
sion spectra for quartz were taken from Ref. 9, and the ul- 
traviolet photoelectron spectrum of a thin (56 A) dry oxide 
on silicon was taken from Ref. 10. Here and in the following 
the spectra are juxtaposed on a single energy scale, on which 
the energy of an electron in a vacuum was taken as the zero 
reference point. The experimental spectra were normalized in 
relative units separately for the valence band and the conduc- 
tion band to the maximum values of the peaks in these 
bands. The dotted lines in Fig. 1 depict our calculated partial 
densities of states, which were normalized to a single maxi- 
mum value over the entire range of energies. Scaling factors 
equal to 4 and 6 were introduced into the calculated curves in 
the case of the Si 3 p  partial density of states in the valence 
band and the 0 2 p  partial density of states in the conduction 
band, respectively, for a more graphic comparison with the 
experimental curves. The positions of the band edges E ,  and 
E ,  are indicated in Fig. 1 by vertical dashed lines. 

Energy, eV 

FIG. 1 .  Experimental emission and quantum-efficiency spectra of the ther- 
mal oxide on silicon. The Si K emission spectra were taken fro? Ref. 9, and 
the ultraviolet photoelectron spectrum (UPS) of thin SiO, (56 A) was taken 
from Ref. 10. The dotted lines are the calculated partial densities of states 
for the Si,0,5H,, cluster. 

According to core photoemission data, the electron affin- 
ity of the thermal oxide on silicon is equal to 1.0 eV (Ref. 2) .  
This means that the bottom of the conduction band E ,  of 
a-Si02 is 1.0 eV below the vacuum level of an electron. 
According to optical absorption and photoconductivity data, 
the band gap of the thermal oxide on silicon at room tem- 
perature has a width equal to 8.0?0.1 eV (Ref. 11). Thus, 
the top of the valence band E, is 9.0 eV below the level of 
an electron in a vacuum. Such a value of E, corresponds to 
the height of the potential barrier for holes on the Si-Si02 
boundary +,=3.8 eV. This value coincides with the value 
obtained in experiments on the photoemission of holes in the 
Si-Si02 system12 and in experiments on the ultraviolet pho- 
toelectron spectroscopy of the Si-Si02 boundary 
4, = 3 .952  0.08 eV (Ref. 13). 

A comparison of the x-ray spectra of the thermal oxide 
on silicon with the spectra of quartz oxide and crystalline 
a-quartz from Ref. 9 reveals that the positions and shapes of 
the density-of-states peaks in these three materials do not 
differ. These data indicate that the main features of the elec- 
tronic structure are determined by the short-range order in 
the arrangement of the atoms. The absence of translational 
symmetry does not cause significant changes in the spectrum 
of the electronic states in the valence band and in the con- 
duction band. 

The complete valence band of a-Si02 consists of two 
valence bands. The lower narrow band is formed from 0 2 s  
states with an admixture of Si 3 s  and 3 p  states. The width of 
the upper valence band amounts to about 13 eV. It follows 
from Fig. 1 that there are high-energy tails extending into the 
band gap in the Si L2,, and 0 K x-ray emission spectra. The 
nature of these tails has not yet been elucidated. It can be 
speculated that they are caused by many-electron effects. 

The low-energy tail in the 0 K quantum-efficiency spec- 
trum also extends into the band gap. The low-energy peak in 
the Si L2,, quantum-efficiency spectrum is located in the 
band gap. These phenomena cannot be explained in the one- 
electron theory. It has been theorized that the low-energy 
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FIG. 2. Structure of the Si20,H, (a) and Si 
,O,H,, (b) clusters. The H atoms are 
bonded to surface 0 atoms. The H atoms are 
not shown in part b. 

peak in the Si L2,3 quantum-efficiency spectrum is caused by Refs. 5 and 6, the dangling bonds of the outer oxygen atoms 
an x-ray exciton.14 in both clusters are saturated by hydrogen atoms. 

The Si2O7H6 cluster (Fig. 2a) with a central atom sur- 
4. MODEL AND CALCULATION METHOD rounded by one coordination sphere was used to simulate the 

The calculations of the electronic structure of Si02 were 
performed in the cluster approximation using the quantum- 
chemical MIND013 method.15 The parametrization for cal- 
culating Si02 was taken from Ref. 5. The parameters in 
Ref.5 were selected by reproducing the properties of mol- 
ecules containing Si-0 bonds. 

The achievement of self-consistency in the MIND013 
method is especially important when the electronic structure 
of local defects in SiOz is considered. In this case the geo- 
metric relaxation of the atoms near each defect must be taken 
into account. In calculating the energies of localized states, 
the relaxation of the electronic structure following the filling 
of these states is important and requires the achievement of 
self-consistency. 

The parametrization of the MIND013 method from Ref. 
5 has several shortcomings, one of which is the underestima- 
tion of the degree of charge transfer to the Si-0 bond. The 
experimental data in Ref. 16 attest to the fact that the degree 
of charge transfer in this bond amounts to 0.5e. Similar val- 
ues are provided by the nonempirical calculations in Refs. 
17-19. At the same time, the MIND013 method gives an 
appreciably smaller value of 0.3e for the degree of charge 
transfer. Another shortcoming, which was mentioned in Ref. 
5, is the inaccurate description of the equilibrium Si-0-Si 
dihedral angle in the struckre of silicon dioxide. The model 
gives an equilibrium angle equal to 180°, while the angle in 
a-quartz is 144". The MNDO method, which is another 
widely used semiempirical method, also gives an equilibrium 
angle equal to 180". Edwards and ~owle?  attribute this re- 
sult to the fact that the total energy varies only slightly, by 
hundredths of an electron volt, as the dihedral angle is varied 
from 180" to 140'. This means that we should rely on the 
experimental values of the dihedral angles to reproduce the 
electronic structure of a-Si02 in calculations. 

We performed MIND013 calculations of the electronic 
structure of silicon dioxide on two clusters. Both clusters 
are centered on an oxygen atom. The smaller 

electronic structure of an oxygen vacancy in Si02 in Refs. 5, 
6, 20, and 2 1. 

Figure 3 compares our calculated partial densities of 
states in the smaller (dotted lines) and larger (solid lines) 
clusters. Unless stated otherwise, the calculated curves 
shown in this figure and the ensuing figures below, corre- 
spond to the values @= log0, 0= 144", and L(Si- 
0 )  = 1.63 A . It is seen that details of the electronic structure 
for these two clusters differ quite appreciably. For this rea- 
son, all the calculations, including the results presented in 
Fig. 1, were subsequently performed on the larger cluster. 

Our calculations showed that in some cases the transition 
from the smaller cluster to the larger cluster can also result in 
profound changes in the relaxed atomic structure near the 
center of the cluster. In particular, when a positively charged 
oxygen vacancy was calculated, we took a starting geometry 
similar to the one used in Refs. 5 and 6. Optimization of the 
positions of the two central silicon atoms in the larger cluster 
led to a symmetric geometric structure for the defect and 
symmetric spatial localization of the unpaired electron on 
both atoms. In the smaller cluster similar relaxation gave an 
asymmetric geometric structure and asymmetric localization 
of the unpaired electron, which were previously obtained in 
Refs. 5 and 6. 

(OH)3-Si-O-Si-(OH)1 cluster (Fig. 2a), which is the same Energy, eV 
- 

as the cluster in Refs. 5 and 6, contains only two silicon 
atoms. ne larger ((OH)~-S~-O)~-S~-O-S~-(O-S~-(OH) FIG. 3. Partial density of  states for the smaller Si207H, cluster (dotted 

lines) and for the larger Si,O,,H,, cluster (solid lines). In this and the 
3)3 cluster (Fig. 2b) has following figures the partial density of states was calculated for the central 
which contain 6 silicon atoms and 18 oxygen atoms. As in 0 atom and an Si atom bonded to it. 
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Energy, eV 

FIG. 4. Si 3 p  partial density of states for various values of  the dihedral FIG. 6. Si 3 p  partial density of states as a function of the S i -0  bond length. 
angle. 

5. INFLUENCE OF DISORDERING ON THE ELECTRON 
SPECTRUM OF S102 

To theoretically study the influence of disordering of the 
atomic structure, we varied the bond lengths in the cluster, as 
well as the values of the dihedral and tetrahedral angles. The 
results of the calculations are presented in Figs. 4-9. 

The dihedral angle was varied simultaneously in all the 
Si-0-Si and Si-0-H fragments in the cluster. An increase 
in the dihedral angle from 120" to 170" is accompanied by 
displacement of the low-energy edge of the unfilled Si 3p 
states by -3 eV toward smaller energies (Fig. 4). At the 
same time, the position of the high-energy edge of the filled 
states remains unchanged. 

The variation of the dihedral angle is accompanied by 
transformation of the distribution of the Si 3 s  states in the 
valence band. At all angles the Si 3s density of states is 
small near the top of the valence band (Fig. 5). In a first 
approximation the energy gap between the occupied and un- 
occupied states does not depend on the value of the dihedral 
angle. The gap for the Si 3s states is displaced toward more 
negative energies as the dihedral angle is increased. 

The distributions of the oxygen 2p  and 2s  states in the 
valence band and the conduction band are weakly dependent 
on the value of the dihedral angle. 

Increasing the Si-0 bond length from L= 1.49 .& to 
L= 1.71 A results in appreciable compression of the entire 

electronic structure, which is associated with a decrease in 
the overlapping of the atomic orbitals. Displacement of the 
unfilled and filled Si 3p states toward more negative energies 
is also observed (Fig. 6). This effect is not attributed to the 
electrostatic influence of the cluster boundary. Variation of 
the charge on the surface atoms of the cluster can cause 
displacement of all the states along the energy scale. How- 
ever, evidence against such an explanation is provided by the 
displacement of the states forming the lower valence band 
(the range from - 28 to - 38 eV) toward positive energies. 
An increase in the Si-0 length has a similar influence on the 
Si 3s partial density of states (Fig. 7). An increase in the 
length of the Si-0 bond also results in displacement of the 
filled and unfilled 0 2p states toward more negative energies 
(Fig. 8). 

The displacement of the electronic states on the Si and 0 
atoms as the Si-0 distance is varied is not associated with 
charge transfer in the Si-0 bond. This is evidenced by the 
simultaneous displacement of the 0 2p and Si 3s states to- 
ward more negative energies. 

The dependence of the degree of charge transfer A q  in 
the Si-0 bond on the Si-0 bond length and the dihedral 
angle 8 was investigated. Variation of the bond length in the 
1.57-1.63 a range results in variation of the charges on the 
atoms by no more than 1.5%. An increase in 8 from 120" to 
170" is accompanied by nonmonotonic variations of A q  
amounting to no more than 6%. Our findings correlate with 
the data in Ref. 3, which indicate that the degree of charge 

Energy, eV 

0) 
pr) .- 
(I) 

Energy, eV 
FIG. 5. Si 3s partial density of states for various values of the dihedral 
angle. FIG. 7. Si 3 s  partial density of  states as a function of the S i - 0  bond length. 
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Energy, eV 

FIG. 8. 0 2 p  partial density of states as a function of the S i - 0  bond length. 

transfer does not depend on the magnitude of the dihedral 
angle. We note that these data are not consistent with the 
results in Refs. 17 and 18, in which it was found that the 
degree of charge transfer increases significantly as the dihe- 
dral angle is increased. 

In addition to the fluctuations of the Si-0-Si dihedral 
angle and the Si-0 bond length in a-SiO,, the value of the 
0-Si-0 tetrahedral angle (@) can also vary in the 
general case. In an ideal tetrahedron this angle has a value of 
109.48". According to Ref. 22 the mean fluctuations of the 
tetrahedral angle in SiO, do not exceed k0.7". However, 
according to the data in Ref. 7 the mean standard deviation 
of the tetrahedral angle in the amorphous oxide has a large 
value equal to 5 7" .  A value for the standard deviation of 
-2" was obtained in Ref. 23. 

An increase in some 0-Si-0 tetrahedral angles is ac- 
companied by a decrease in other tetrahedral angles. To ob- 
tain a picture of the influence of fluctuations of the tetrahe- 
dral angle on the electron spectrum of SiO,, we varied the 
values of @ in the following manner. The value of @ for one 
of the Si-0 bonds was established with respect to the other 
three Si-0 bonds. Thus, the tetrahedral angles at all the sili- 
con atoms were varied simultaneously. 

Figure 9 presents the dependence of the Si 3 p  partial 
density of states on the value of t,b. An increase in @ from 
100" to 120" results in monotonic displacement of the filled 
and unfilled states toward more negative values by -4  eV. 

-30 -20 -10 0 10 

Energy, eV 

FIG. 9. Si 3 p  partial density of states as a function of the tetrahedral angle. 

6. COMPARISON OF THE EXPERIMENTAL AND 
CALCULATED RESULTS 

To simulate the electron spectrum of amorphous S i02 ,  
the partial density of states calculated for different values of 
the dihedral angles and Si-0 bond lengths were summed 
with the experimentally determined distribution functions of 
these parameters for the thermal oxide on ~ i l i c o n . ~  The re- 
sults obtained are presented in Fig. 1 and are discussed be- 
low. 

Numerous band calculations of various modifications of 
crystalline S i02 ,  particularly quartz, give the following 
resUlts.4,17,18,24 The upper broad valence band consists of 

three subbands. The lower subband is formed by the 0 2 p ,  
Si 3 s ,  and Si 3 p  orbitals. The upper narrow subband consists 
of the nonbonding 0 2 p ,  orbitals which are oriented perpen- 
dicularly to the Si-0-Si plane. The middle subband is sepa- 
rated from the lower subband and consists of weakly bond- 
ing orbitals. These orbitals are formed mainly by the 0 2 p  
orbitals which lie in the Si-0-Si plane and are oriented 
perpendicularly to the Si-Si direction. Owing to the devia- 
tion of the Si-0-Si angle from 180°, these 0 2 p  orbitals 
weakly overlap the Si 3s  and 3 p  atomic orbitals. 

The narrow band of 0 2 p ,  orbitals corresponds to a 
large value of the hole effective mass rn; =5m,-10m, (Ref. 
24). According to Ref. 25, the narrow band of nonbonding 0 
2 p ,  orbitals near the top of the valence band and the large 
hole effective mass correspond to the low mobility of holes 
in Si02.  Stefano and ~as tman" attribute the low hole mo- 
bility to weak overlapping of the 0 2 p ,  orbitals. ~ o t t ' ~  
attributes the low mobility of holes in S i02  to the formation 
of polarons localized on oxygen atoms. Both of these expla- 
nations for the low hole mobility are based on the idea that 
the states near the top of the Si02 valence band are deter- 
mined by the nonbonding 0 2 p ,  orbitals. Theories based on 
the localization of holes in the 0 2 p ,  orbitals in a-Si02 are 
widely used to account for the buildup of positive charge in 
metal-oxide-semiconducto~ structures. 

The distribution of the 2 p  states is given by two dif- 
ferent experiments. The ratio between the photoionization 
cross sections of the Si 3 s ,  Si 3 p ,  and 0 2 p  states is such 
that the 0 2 p  states predominate in the ultraviolet photo- 
emission spectra at h o =  40.8 eV. The 0 K emission spectra 
reflect the distribution of these states with accuracy to the 
dependence of the matrix element on the energy. The experi- 
mental results do not make it possible to separate the contri- 
butions of the nonbonding and bonding oxygen 2 p ,  states. 
However, in contrast to Refs. 4, 17, 18, and 24, the experi- 
mental results and our calculations point to the absence of a 
gap between the nonbonding and bonding oxygen states. We 
note that experimentally there is no such gap not only in 
a-SiO,, but also in a-quartz? The experimental results and 
the calculations agree on the point that the 0 2 p  density of 
states decreases from the top to the bottom of the valence 
band. The calculated peak of the 0 2 p  partial density of 
states is significantly narrower than the experimentally ob- 
served peak. The maximum is shifted toward the band gap. 
The calculation also predicts an underestimated density of 
states in the lower half of the valence band, which corre- 
sponds to bonding states. 
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The calculated peaks of the Si 3p density of states are 
shifted toward the top of the valence band in comparison to 
experiment. The calculation predicts a peak in the lower part 
of the valence band, which is not expressed experimentally. 
It is significant that the Si 3p states and, therefore, the 0 2p  
states associated with them stretch up to the top of the va- 
lence band. This means that in the upper part of the valence 
band there are not only nonbonding 0 2 p ,  states, but also 
weakly bonding 0 2 p ,  Si 3s ,  and Si 3p states. Their contri- 
bution to the total density of states amounts to about 1%. 

The Si L2,, emission spectra reflect the transitions from 
the Si 3s and Si 3d states to the Si 2p  level. The experimen- 
tal Si L2,, spectrum has two peaks and a shoulder near the 
middle of the valence band (Fig. 1). The calculated form of 
the Si 3s partial density of states agrees poorly with experi- 
ment. The calculation predicts an insignificant, but finite Si 
3s density of states near the top of the valence band. We note 
that all the known calculations of Si02 (Refs. 4, 18, 24, and 
27) give an underestimated (in comparison with experiment) 
Si 3s density of states near the top of the valence band. It can 
be postulated that the large amplitude of the upper peak in 
the Si L2,3 spectra is caused by a contribution of Si 4s and 
3d states. The calculations performed in Refs. 24 and 28 do 
not support a contribution of Si 3d states to the Si02 valence 
band. However, the calculations in Ref. 29 indicate that the 
high-energy peak in the Si L2,3 spectra is, in fact, caused by 
Si 3d orbitals.29 Calculations of Si3N4, whose structural unit 
is an SiN4 tetrahedron, also support the contribution of Si 3d 
orbitals near the top of the valence band.30 

Thus, the experimental Si L2,3 and Si K emission spec- 
tra, as well as the x-ray photoelectron spectra of the valence 
band, indicate that the states near the top of the valence band 
are determined not just by the nonbonding 0 2 p ,  orbitals. 
Contributions to the density of states near the top of the 
valence band E ,  are also made by silicon 3s and 3p  states 
and possibly by 3d and 4s states. These atomic states form 
weakly bonding orbitals with oxygen 2 p  states. The calcula- 
tion also predicts a contribution of 0 2s states over the entire 
valence band (Fig. 1). 

In band-structure terms the top of the a-Si02 valence 
band is doubly degenerate. There are heavy holes with 
m; = 5me-lorn,, which correspond to the 0 2 p ,  orbitals. 
There should also be light holes corresponding to weakly 
bonding orbitals. 

The band models of heavy and light holes in a-Si02 are 
not rigorously applicable due to the absence of long-range 
order. However, as will be seen below, the models of heavy 
and light holes in a-Si02 are confirmed experimentally. Ac- 
cording to experiment, the fraction of 3s and 3p states in the 
lower valence band amounts to about 20% of the fraction of 
the states in the upper valence band (Fig. 1). The calculated 
value is approximately four to five times greater than the 
experimentally observed value. Similar results were obtained 
in Refs. 3, 4, and 27. This disparity can be attributed to the 
dependence of the x-ray transition matrix element on the 
energy. Such an hypothesis means that the probability of the 
transition of electrons which genetically belong to 3 s ,  3d 
and 3p levels from the upper valence band to the Si 2 p  and 
Si 1s levels is significantly greater than the transition prob- 

ability from levels corresponding to the lower valence band. 
This phenomenon can be caused, say, by the dependence of 
the form of the outer silicon atomic orbitals on the energy of 
the states formed with their participation. In our calculations, 
as well as in many others, the form of these orbitals remains 
fixed. 

The calculated partial densities of states in the conduc- 
tion band presented in Fig. 1 poorly reflect both the positions 
of the peaks in the quantum-efficiency spectra and their rela- 
tive amplitudes. On the one hand, this is attributable to the 
limited size of the basis of valence states used. On the other 
hand, a more correct comparison of the calculated data ob- 
tained for the conduction band requires consideration of the 
electronic relaxation of the conduction band states when they 
are filled by electrons. It results in lowering of the energy of 
each such state by an amount of the order of the Coulomb 
repulsion energy between electrons found in the respective 
orbital. Due to the small linear dimensions of our clusters, 
this shift can be of the order of 1-2 eV. The calculation 
predicts a small Si 3 p  density of states near the bottom of the 
conduction band. 

The experimental results provide evidence that the bot- 
tom of the a-Si02 conduction band is formed by Si 3 s ( 3 d ) ,  
Si 3p ,  and 0 2p  orbitals. Our calculations point out contri- 
butions of Si 3 s ,  0 2s ,  and 0 2p  states. A contribution of Si 
4s states to the formation of the bottom of the conduction 
band was noted in Ref. 19. Band calculations of a-quartz 
predict a small value for the electron effective mass 
rnz =0.3me (Ref. 24). 

The calculations of the electronic structure of Si02 
which we performed in the cluster approximation by the 
semiempirical quantum-chemical MIND013 method gener- 
ally reproduce the main features of the electronic structure of 
the valence band, viz., the position of the top of the valence 
band, the width of the valence band, the position of the gap 
between the upper and lower valence bands, etc. At the same 
time, the approximations used do not promise a correct de- 
scription of finer details of the electronic structure, viz., the 
exact positions and amplitudes of the individual partial 
density-of-states peaks. The plots in Fig. 3 demonstrate, for 
example, the marked influence of the cluster approximation 
on details of the electronic structure. Since the electronic 
structure of the SiOz valence band is determined by the 
short-range order, we assume that a further increase in the 
size of the cluster will not cause considerable variation of the 
partial density of states. Although the model used does not 
make it possible to accurately describe the details of the 
Si02 electronic structure, it seems useful for discussing and 
analyzing the experimental results obtained. 

7. ELECTRON AND HOLE TRANSPORT IN SIO, 

The processes of electron transport in quartz glass and in 
the thermal oxide on silicon have been thoroughly studied. 
The concentration of intrinsic and impurity carriers in Si02 
is negligibly small. The conductivity of quartz glass is me- 
diated by nonequilibrium carriers, which are produced by 
generating electron-hole pairs. Their generation is generally 
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a result of irradiation by x rays or electrons. The conductivity 
of a-Si02 on silicon is mediated by nonequilibrium carriers 
injected from silicon (or the metal). 

The value of the mobility for electrons p,=20+-3 
cm21~ . s  at 300 K was determined for quartz glass in fields 
- lo4- lo6 Vlcm in Ref. 3 1. A similar value p, = 29 cm21v 
. s  was obtained from Hall measurements for the thermal 
oxide and F- lo6 vlcm (Ref. 32). The mobility p,=20 
cm2/v. s corresponds to m:= 1.4m,. The drift velocity of 
electrons in Si02 is saturated at V- lo7 cmls. This value 
corresponds to the equality m ~ ~ / 2 - - f i w ~ ,  (here hwLo is the 
energy of the longitudinal-optical phonons).33 

The momentum electron mean free path 1, = 34 A was 
determined in experiments involving the photoinjection of 
electrons into the thermal oxide on silicon in fields equal to 
1 0 ~ - 1 0 ~  Vlcm (Ref. 34). A similar value 1,=32 A was ob- 
tained when hot electrons were injected from a depleted sili- 
con layer on a Si-Si02 boundary.35 Reimann and ~ n n a s c h ~ ~  
showed that the momentum mean free path increases from 
31 A at 12 K to 38.5 A at 300 K. Thus, an electron mobility 
p,=20 cm2/v.s corresponds to a mean free path 
1,-30-40 A . 

In relatively weak fields F -  3 X lo6 Vlcm the dominant 
mechanism for scattering the energy and momentum of elec- 
trons is scattering on longitudinal-optical phonons.37-39 The 
distribution function is strongly anisotropic, and forward 
scattering at small angles predominates. 

The interaction of electrons with longitudinal-optical 
phonons is described by a Frohlich electron-phonon interac- 
tion constant of the form 

Here E,, E,, and e are the polaron, optical, and low- 
frequency dielectric constants. In a-Si02 the longitudinal- 
optical phonons have characteristic energies equal to 0.153 
eV and 0.063 eV. The values of the optical dielectric constant 
in a-Si02 are em=n2=2.13 (n is the refractive index), 
E = 3.96, and e,= 4.54. For m*=m, we obtain a=2.1. 

The value of the electron-phonon interaction constant in 
Si02 is such that both the tight- and weak-binding approxi- 
mations are poorly satisfied. In the weak-binding approxima- 
tion ( a <  1 ) the polaron energy for noL= 0.153 eV in Si02 
is W,= ahoL=0.32 eV. The polaron mass is 
m,= (1 + alu)m* = 1.35m*. In the tight-binding approxi- 
mation ( aB 1) the polaron energy is W, = 0.1 a 2 h  w,- 0.03 
eV. When an electron moves in a polaron lattice, such as the 
Si02 lattice, it puts on a "phonon coat." Its energy decreases 
by an amount equal to W,. The mobility depends on the 
temperature according to a Boltzmann law: 

The experimental results indicate that in the 100-200 K 
range the mobility p,= 40 cm21v. s does not depend on the 
temperat~re.~' In the 200-300 K range the mobility de- 
creases with the temperature.31 According to the Thornber- 
Feynman 

1 e 3kT 
pcc--- 

am, fioldo 2 h o  LO exp(%). (3) 

This result indicates that in weak fields the mobility of 
electrons in a-Si02 is determined by the generation of 
longitudinal-optical phonons, rather than by localization due 
to the polaron effect. In strong fields F > 3  X lo6 Vlcm scat- 
tering on acoustic phonons predominates. The distribution 
function then becomes significantly more isotropic. The en- 
ergy electron mean free path equals 30-40 A (Ref. 39). The 
value of the effective mass used to simulate electron trans- 
port in the conduction band in strong fields lies in the range 
from 0.5m, to 1.4m, (Ref. 39). 

The value of the effective mass in the oxide on silicon is 
determined from the results of tunneling experiments on a 
semiconductor(metal)-oxide boundary in metal-oxide- 
semiconductor structures. The dependence of the current on 
the field F has the form 

Here @ is the height of the barrier (in eV) at the 
metal(semiconductor)-Si02 boundary. Expression (4) corre- 
sponds to the simplest model of tunneling through a triangu- 
lar barrier. The values m% = 0.4me- 1 .Om, were obtained for 
the tunneling of an electron in Si02 in this 
approximation.40-42 Experiments on the photostimulated tun- 
neling of electrons at the AI-Si02 boundary gave the value 
m;=0.5me in Ref. 43. The analysis performed in Ref.44 
showed that the value of the effective mass increases by 
approximately 20% when the dispersion of the energy as a 
function of the momentum is taken into account according to 
the Franz law. Experiments on the tunneling of electrons in a 
thin oxide under conditions under which interference be- 
tween the incident and reflected electron waves is 
~ b s e r v e d ~ ' - ~ ~  gave m: = 0.42me-0.85me. Thus, depending 
on the model used for interpretation, the value of the tunnel- 
ing effective mass of electrons moving across a barrier in the 
region of the Si02 band gap lies in the range from 0.4me to 
0.9me, which is close to the effective mass of electrons mov- 
ing in the conduction band. 

The value of the tunneling effective mass of light holes 
was determined in experiments involving the injection of 
holes at the Si-Si02 boundary. In Ref. 41 the injection of 
holes was investigated when an insulator was charged in a 
plasma. The value m: = 0.93me was obtained. Efimov, Meer- 
son, and ~ v t u k h ~ '  investigated the buildup of holes in a Si- 
SO2-Si3N4-A1 structure. The value mz= 1.16m, was ob- 
tained for ah= 3.8 eV. Similar experiments were performed 
in Ref. 49 on an Si-Si02-Ta20S-Al structure. The value 
nlz = 1.26nz, was obtained. The value n ~ z  = 0.5n1, was ob- 
tained in Ref. 50 for the tunneling of holes through a thin 
oxide (22.5 A). 

We note that in amorphous silicon nitride (a-Si3N4) the 
value of the tunneling mass for holes is small: mz =0.3m, 
(Ref. 51). In a-Si,N4 the valence band is also composed of 
nonbonding N 2p, and bonding Si 3s, Si 3p, and N 2p 
orbitals." 
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The value of the effective mass of the heavy holes in 
a-Si02 was determined in Ref. 53 by analyzing the tempera- 
ture dependence of the fundamental absorption edge. The 
spectral dependence of the absorption edge a in Si02 is de- 
scribed by Urbach's empirical rule 

(hw-E,)u 
a=ao exp - [ KT 1 . 

Here a. and a are parameters of the material, and E, is the 
width of the band gap. In materials with an excitonic type of 
absorption, the broadening of the excitonic absorption is 
caused by longitudinal-optical phonons, according to Toy- 
ozawa's model. The theory relates the parameters of Ur- 
bach's rule to the reduced mass of an exciton 
- 

m, '=m,'+mhl. 

Here a. is the Bohr radius, and Vo is the unit cell volume 
(113.09 A for a-SO2). 

The analysis of the temperature dependence of the ab- 
sorption edge of quartz glass in the 113-768 K temperature 
range gave the values E,= 8.720.05 eV, hwLo=0.058 eV, 
m,=0.3me-0.5me, and mh-5me (Ref. 53). The value 
hoLo=0.058 eV is close to the value of 0.063 eV for the 
energy of a long-wavelength optical phonon. The small value 
of the exciton reduced mass in a-Si02 attests to the presence 
of heavy holes in SO2 .  The temperature dependence of the 
a-Si02 absorption edge experimentally confirms the exist- 
ence of heavy holes corresponding to the narrow band of 
nonbonding 0 2p, orbitals. 

Thus, the exponential displacement of the absorption 
edge with the temperature in a-Si02 is attributed to the pres- 
ence of heavy holes with mz = 5me, and the tunneling in- 
jection of holes into the oxide is attributed to the presence of 
light holes with m t =  (0.550.1)me. The contribution of the 
heavy holes to the tunneling effect is exponentially small 
compared with that of the light holes. The experiments on 
the tunneling of holes in Si02 confirm the idea that a-Si02 
contains light holes which correspond to a broad band of 
bonding Si 3s, Si 3p,  Si 3d, 0 2p, and 0 2s states. 

The picture of the transport of holes along the valence 
band of the oxide is complex and intricate. It is believed that 
the mobility of holes in Si02 (at 300 K) is many orders 
(- cm2/v- s) lower than the mobility of electrons. The 
mobility undergoes a strong exponential increase as the tem- 
perature rises. There is a great difference between the values 
of the activation energy for hole transport in a-Si02 given by 
different investigators. According to the data obtained by 
~ u ~ h e s : ~  the activation energy for hole transport equals 
0.16 eV in the 300-500 K range. This energy is associated 
with the motion of a polaron along 0 2p, orbitals. In fields 
equal to 6X 10' to 5.5X lo6 V/cm the mobility is not depen- 
dent on the field. In another studys5 Hughes obtained the 
dependence of the mobility on the temperature at 300 K in 
the form 

McLean et aLS6 observed a strong exponential depen- 
dence of the mobility of holes on the electric field and an 
activation energy equal to 0.39 eV. Thus, the experimental 
results on hole transport obtained by different investigators 
are not reproduced. An analysis of the experimental data led 
Curtis et aLS7 to the conclusion that the electrons and holes 
in the oxide on silicon have comparable (high) mobilities. 

The theories on the low mobility of holes in a-Si02, 
which is caused by their polaron mechanism of transport 
along the 0 2p, orbitals, have become widely 
These theories are used, in particular, to account for the 
buildup of a positive charge in the oxide on silicon during 
radiation treatments (the generation of electron-hole 
pairs) .58 

The following arguments can be brought against the po- 
laron mechanism of hole transport along the 0 2p, orbitals. 

1) The parameters characterizing polaron transport along 
the 0 2p, orbitals are determined by fundamental properties 
of Si02[the values of E ,  e , ,  the 0-0 distances (2.65 A), 
etc.]. These parameters should not depend on the technology 
in a first approximation. A strong dependence of the hole 
mobility on the technology used to prepare the oxide is ob- 
served experimentally. 

2) In the case of the localization of holes in the 0 2p, 
orbitals, the buildup of a positive charge under the action of 
radiation should occur in the bulk of Si02 and should not 
depend on the technology in a first approximation. The ex- 
perimental results provide evidence that the buildup of the 
positive charge occurs in a thin layer with a thickness of 
- 100 A near the Si-Si02 boundary.59 Defects, i.e., oxygen 
vacancies in the form of =Si-Si= bonds, serve as the cap- 
ture centers.60 

3) From the standpoint of the electronic structure of SiO 
2 ,  it can be argued that along with the hopping along the 
weakly overlapping 0 2p, orbitals, motion is possible along 
the bonding Si 3s, Si 3p,  Si 3d, 0 2p, and 0 2s orbitals. In 
the latter case hole transport corresponds to a small effective 
mass and greater overlapping of the wave functions of the Si 
and 0 atoms. The motiyn of holes along the closely arranged 
Si and 0 atoms (1.63 A) seems preferable to hopping along 
distantly spaced 0 atoms (2.65 A). 

It seems that the "intrinsic" mobility of the holes in 
Si02 is determined by the same mechanisms as in the case of 
electrons. The strong exponential dependence of the hole 
mobility on the temperature seems to be caused by the pres- 
ence of hole traps (defects) in the oxide. The energy of the 
traps in the oxide depends on the technology used to prepare 
the oxide. Such ideas account for the nonreproducibility of 
the mobility data and the values of the positive charge ob- 
tained by different investigators. 

It is perfectly likely that the "intrinsic" mobility of holes 
in Si02 has a value of 20 crn2/v-s, which appears in the 
pre-exponential factor in (7). To prove this assertion, it 
would be interesting to determine the value of the pre- 
exponential factor on samples having different values of the 
activation energy for hole transport. 
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8. CONCLUSIONS 

I. The electronic structure of the amorphous oxide on 
silicon was studied by x-ray emission and photoelectron 
spectroscopy. The electronic structure of an Si8025H18 clus- 
ter was calculated by the semiempirical MIND013 method. 
The disordering of amorphous Si02 was simulated by vary- 
ing the dihedral Si-0-Si angle and the Si-0 bond length. 
The fluctuations of the angles cause displacement of the E ,  
and E ,  edges of the allowed bands and variation of the width 
of the band gap. 

2.  The experiment and the calculations performed indi- 
cate that in the upper valence band of Si02 there is no gap 
separating the lower bonding subband from the other two 
subbands, which are formed mainly from 0 2 p  atomic orbit- 
als. The existence of such a gap is predicted by the existing 
band calculations. 

3. The experimental results and the calculations provide 
evidence that near the top of the valence band there are not 
only nonbonding 0 2 p ,  states, which correspond to heavy 
holes ( m t = 5 m e ) ,  but also bonding Si 3 s ,  Si 3 p ,  Si 3d, 0 
2 p ,  and 0 2 s  states. The latter correspond to light holes with 
an effective mass m h = 0 . 5 m e -  1 .3me . 

4. The theories regarding the localization and transport 
of holes in amorphous Si02 were revised in view of the 
special features of the electronic structure. According to 
these theories, holes are transported in SiOz by transitions 
along Si-0-Si bonds, rather than by hopping between the 
nonbonding 0 2 p ,  orbitals. 
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emission and quantum-efficiency spectra. 
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