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The variation in the emission of Si ions from ion-beam-induced oxidized silicon surfaces has been
studied. The stoichiometry and the electronic structure of the altered layer has been characterized using
x-ray photoelectron spectroscopy (XPS). The XPS analysis of the Si 2p core level indicates the strong
presence of suboxide chemical states when bombarding at angles of incidence larger than 30'. Since the
surface stoichiometry or degree of oxidation varies with the angle of incidence, the corresponding
valence-band structures also differ among each other. A comparison between experimental measure-
ments and theoretically calculated Si and Si02 valence bands indicates that the valence bands for the al-

tered layers are formed by a combination of those two. Since Si-Si bonds are present in the suboxide

molecules, the top of the respective new valence bands are formed by the corresponding 3p-3p Si-like

subbands, which extend up to the Si Fermi level. The changes in stoichiometry and electronic structure
have been correlated with the emission of Si+ ions from these surfaces. From the results a general model
for the Si ion emission is proposed combining the resonant tunneling and local-bond-breaking models.

I. INTRODUCTION

Despite all the efforts in trying to establish a global
model for the emission of ions during low-energy sputter-
ing, one cannot yet obtain a general description of the
process, especially for the case of Si+ ion emission.

Two different ionization mechanisms during sputtering
have been proposed. On the one hand, the electron tun-
neling model' and on the other hand, the local-bond-
breaking model. Both models intend to explain the
electronic changes undergone by an atom sputtered by
ion bombardment of the target surface. An accurate
description of these changes would give rise to a better
quantification of ion yields in techniques such as secon-
dary ion mass spectrometry (SIMS) and atomic surface
scattering.

The electron tunneling effect has been tested in metals
with much success. In this model and for the case of pos-
itive ion emission, the first ionization potential (I ) plays
a major role. For the case of a positive ion leaving the
sample surface, owing to the screening by the electrons in
the metal conduction band, the first ionization level
[is(z )] is shifted up by an image potential inversely pro-
portional to the distance ion-image plane (z ) with respect
to the value in the free space (the maximum shift takes
place at distance zero, while for very large distance
i (00)=I ). While the sputtered ion leaves the surface
there exists the possibility that the energy of the first ion-
ization level coincides with the energy of occupied elec-
tronic levels (below the Fermi energy), and in this case,
resonant electron tunneling is expected between the out-
going ion and the target surface, and hence neutralization
of the outgoing ion can occur (see Fig. l).
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FIG. 1. Schematic energy diagram of an ion leaving a Si sur-
face. The electron can tunnel between the electronic levels
below the Fermi level (Ef) and the first ionization level (i~)
when they have the same energy.

The ionization probability taking into account that
effect can be calculated from first principles. ' For a
metal, the ionization probability for an atom sputtered
from the surface, when the first ionization level [i (z)] is
crossing the Fermi level, is given by

P+ =exp[ (Is 4)—leo]—,
where the parameter so is proportional to the escaping
velocity of the ion' and 4 is the work function. This ex-
pression is in good agreement with some experimental re-
sults (as in the case of chemisorbed Cs on metal surfaces).

The local-bond-breaking model, on the other hand, has
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been proposed in view of the chemical enhancement of
the secondary ion emission as observed during oxygen
bombardment and is applied to ionic and partially ionic
materials (oxides). According to the Landau-Zener
theory, ' ' the anion left in a surface site can trap an
electron from the outgoing atom when the covalent and
ionic curves for the original molecule cross at a certain
distance from the equilibrium position. Hence the ion
yield will be related with the breaking of oxygen bonds
locally. Instead of changes in global surface properties
like band gap, the einission mechanisin would be
governed by the local molecular structure implying that
the degree of oxidation would be a relevant parameter,
since this will increase the probability of ion formation
following the Landau-Zener theory.

Although both models have already been discussed at
length in the literature, no detailed study is available that
correlates in detail the observed mechanisms in Si+ emis-
sion with changes in oxygen content and degree of oxida-
tion. For instance the experiments carried out so far
have never included a specific study of both photoelec-
tron regions, Si 2p and the valence band. For oxygen-
bombarded targets only partial studies' ' correlate the
Si+ signal with the 0 1s signal measured by x-ray photo-
electron spectroscopy (XPS), but only for very sinall cov-
erages induced by thermal oxidation, ' and not by oxygen
bombardment. For low oxygen concentrations (c &35
at. %). Wittmaack established a relation between Si+
yields and oxygen concentration.

It is the purpose of the present paper to establish such
a correlation over a wide range of oxygen concentration
and to use information from the valence band as well as
from the Si 2p regions to quantify the contribution from
the different mechanisms. The angle of incidence of the
primary beam is hereby used to control the oxygen con-
centration and the degree of oxidation in a reproducible
manner.

In the first part of this paper, an in situ XPS an-alysis of
ion bombarded silicon surfaces is presented whereby the
valence band as well as the Si 2p region are analyzed in
detail. Since it is the first time to our knowledge that a
study on the valence band for altered layers is described,
special attention is paid to the XPS analysis of this region
including a detailed comparison with the two available
reference valence bands corresponding to Si and Si02.

In the second part of the paper, a general model, com-
bining resonant tunneling and local bond breaking, for
the atomic emission of Si+ ions from ion induced oxi-
dized Si(100) surfaces is proposed. Whilst the valence
band photoemission variations reflect modifications on
the electronic properties of the altered layer such as the
band gap or the electronic structure, the variations on the
Si 2p core level can be more easily correlated with loca1-
ized bond changes. Hence the valence-band information
can be used within the concept of the resonant tunneling
model, whereas, the Si 2p core-level variations fit within
the loca1-bond-breaking model.

II. EXPERIMENT

The Si(100) samples were bombarded with a 5-keV Oz+
ion beam at angles of incidence of 0, 15, 25', 30, and

35', with respect to the target normal, while rastering
over 4X4 mm . In-situ XPS measurements were per-
formed in the center of the rastered area, using a SSX-
100 instrument. The base pressure of the analysis
chamber is in the 10 ' Torr range and rises to 10
Torr during bombardment. All the samples showed a na-
tive oxide before bombardment no thicker than 20 nm as
determined with angle-resolved XPS.

The ion-beam-induced oxidation of Si targets leads, in
some cases, to the formation of several mixed different
chemical bonds of Si atoms with other Si and/or 0
atoms. For instance, states corresponding to pure silicon,
suboxides, and stoichiometric silicon oxide, all can be ob-
served in the binding energy band from 99.0 to 105.0 eV
approximately. The different oxidation states were de-
rived from the Si 2p photoelectron peak by performing a
detailed peak fitting. The constraints used in the peak
6tting were those proposed in Ref. 20. The pure silicon
component, referred to as Si, is actually composed of
two peaks corresponding to the spin-orbit splitting of the
2p energy level into the 2p3/2 and 2p, &2, which lie at 99.5
and 100.6 eV. The ratio between areas has been con-
strained to a value of 2. The spin-orbit splitting for the
rest of the peaks in the Si 2p region cannot be resolved
and consequently they are considered as single peaks.
The suboxide states are bonded to 1, 2, or 3 oxygen atoms
and are referred to as Si'+, Si +, and Si + states, respec-
tively. The separation between these peaks is 1.0, 1.7,
and 2.6 eV, relative to Si . Finally, the silicon oxide
chemical state, denoted as Si"+, and bonded to four oxy-
gen atoms is separated approximately 4.0 eV from the Si .

The XPS analysis and interpretation of the valence-
band structure is described in the next section.

III. RESULTS AND DISCUSSION

A. Study of the valence band

The validity of the local-bond-breaking and tunneling
models requires a detailed investigation of the changes
undergone by the valence band after bombarding the tar-
gets. The investigation necessarily starts from an over-
view of the valence bands for pure Si and Si02 surfaces.
The following paragraphs describe the study by XPS of
the valence-band structure for both materials and links
the results to the theoretical models which describe this
energy region. Despite the nonexistence of a unique as-
signment of the several subbands present in the valence-
band region, as calculated by theoretical models, still a
rather good interpretation of the XPS spectra can be ac-
complished.

For the characterization of the Si valence band, a
Si(100) surface was HF (0.5%) dipped during 5 min and
immediately loaded in the XPS analysis chamber. A
quick survey analysis of the surface showed an ultraclean
surface with only traces of adsorbed C and O. The pres-
ence of H cannot be detected by XPS. The XPS analysis
of the valence band (binding energy between 0 and 20 eV
referred to the Fermi energy of gold) was carried out with
very high resolution over a period of four h, this in order
to decrease the noise level due to the very low photoelec-
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tron cross sections for valence-band electronic levels.
Before proceeding with the experimental results re-

garding the valence bands, it is worthwhile to take a close
look at the theoretical predictions for these spectra.
Several calculations have been made on the energy posi-
tion of characteristic peaks of the density of states in the
valence-band spectrum of crystalline Si and some of them
are compared to experimental measurements. ' In
Table I we show the various peaks predicted by three of
these models. The peak positions are labeled according
to the characteristic symmetry or critical points of the
band structure of Si (when spin-orbit interaction is not in-
cluded} as a function of the wave vector. '~2 The three
models agree in a threefold structure, usually denoted as
I, II, and III bands. The region I, with the lowest energy,
can be associated mainly with p-p interactions (from Si 3p
electrons), region II with s-p hybrids (Si 3s-Si 3p elec-
trons) and finally region III with s-s interactions (Si 3s
electrons).

In the same table the energy position of the different
density-of-states features derived from XPS analysis of
the valence band is shown as well. The agreement be-
tween experiment and calculations is striking and allows
an accurate assignment of each of the peaks (region I:
L3 X4 and 8'2+2, ;„; region II: L, and 8'„region
III: L2 and I,), and the valley between region I and II
( V), which can be seen in Fig. 2. (Note that energy zero
corresponds to the top of the valence band. } The feature
8'2 cannot be experimentally separated from X, ;„, al-
though the former is predicted by EPM (empirical pseu-
dopotential method) and SCOP W (self-consistent orthog-
onal plane wave functions} calculations and the latter
only by the calculations of Cohen et al. using a pseudo-
potential method.

It is also interesting to analyze the variations in
valence-band features when the crystalline structure is
lost either by preparing amorphous Si using evapora-
tion or by amorphization of crystalline Si using ion
bombardment. The latter was performed in the XPS
analysis chamber using an Ar+ ion beam with low energy
(2.5 keV). The valence band of the subsequent damaged
Si matrix presents some differences with respect to crys-
talline Si and evaporated amorphous Si. Regions I and
II, i.e., p-p, and s-p hybrid interactions, respectively, show
lower intensity as compared to region III (s-s interac-
tions) which becomes dominant. The p-like L3 peak of
region I has disappeared. For evaporated amorphous Si

~3(I)
&4(I)
~2 & ~1min(I)
V
L 1(II)

~1(II)
~2(III)
~1(III)

1.6
2.7
4.5,—
5.3
7.1

9.8
11.7

2.6 2.5
4.0,— —,3.1
5.1 4.5
7.1 6.9
8.2 8.2

10.0 9.6
13.0 11.8

1.2

—,4.5

6.9

9.5
12.5

'References 23 and 24.
"References 23 and 25.
'Reference 21.

surfaces, regions II and III were found to merge in a sin-

gle peak at 8.5 eV, positioned between the L& and 8',
peaks found in crystalline Si.

The achievement of a good understanding of the
change in the valence for the altered layers starts with a
reference to the case of perfect oxidation. In order to do
that, a SiOz layer of 800 mn was thermally grown on a
(100) Si substrate. The XPS analysis was performed fol-
lowing the same procedures as described above for the
case of crystalline Si.

The various valence band and density-of-states calcula-
tions for Si02 materials show the presence of two well-

defined valence-band structures: the lower valence bands
and the upper valence bands. The multiple assign-
ment of peaks to these bands is based on the LCAO
(linear combination of atomic orbitals) calculations made
by Tossel et al. ' for quartz which are applicable to
amorphous Si02 as well, as shown in re8ectivity spec-
tra. We have followed in our description of these bands
the nomenclature given in those calculations. The lower
valence bands extend from 16 eV to more than 25 eV and
are almost solely formed by molecular orbitals (4a, and

3t2) with an 0 2s nonbonding orbital origin, whereas the
upper valence bands extend from the top of the valence
band until 20 eV below it and show the most important
bonding features. We have scanned the upper region,
since our interest lies in the density of states closest to the
top of the valence band.

TABLE I. Energies (eV) of the most significative features,
i.e., peaks and valleys, in the crystalline-Si valence band derived
from XPS analysis (+0.3 eV) and density-of-states calculations
using different pseudopotentials. All energies were referenced
to the top of the valence band (see Fig. 2).

Feature XPS expt. EPM' SCOPW Cohen-Chelikowsky'

M

z
0

FIG. 2. XPS spectrum for the valence band
of Si.

17.0 BINDING ENERGY (eV) -8.0
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FIG. 3. XPS spectrum for the valence band
of thermally grown Si02.
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Theoretical calculations describe the upper valence
bands as a group of several peaks distributed in two well-
defined regions arising from very difFerent orbital interac-
tions between atoms: region I at the top of the valence-
band side and region II at the "strongest bond" energy
side. In Fig. 3, we show the corresponding XPS spec-
trum. (Note that the zero binding energy corresponds to
the top of this valence band. }

Region II accounts for the Si-0 bond occurring in a
0-Si-0 chain bent to an angle of about 150' for amor-
phous SiOz. It is formed by two strong peaks and a very
weak additional peak. The strong peaks correspond to
Sa

&
and 4tz molecular orbitals arising from 0. binding be-

tween the 0 2p state and the Si 3s and Si 3p orbitals, re-
spectively. Beside these two peaks we can resolve a third
weak peak in between. This peak is not assigned in the
calculations of Tossel et al. and we have called it Sa', (as
a substructure of the 5a, molecular orbital).

Region I is formed by the le, Stz, and 1t& molecular
orbitals, although the first two peaks are not resolved in
the XPS spectra and form a single peak. The Stz, le, and

1t& orbitals arise from nonbonding 0 2p orbitals. The
two components of 0 2p nonbonding orbitals account for
2p orbitals perpendicular and parallel to the 0-Si-0
plane. Finally, a rather deep valley is also measured be-
tween region I and II (V).

Ultraviolet and photoemission spectroscopy and x-ray
emission studies have corroborated these assign-
ments. "4' "

The energies of the various features determined in the
valence band for SiOz are shown in Table II together with
the assignment given by Fischer et al. and the theoreti-
cal calculations of Tossel et al. , ' and the correspond-
ing XPS spectrum is shown in Fig. 3.

Once the valence band for Si and SiOz has been charac-
terized in detail, we can investigate the valence bands for
the surface of the altered layers, induced by ion-beam oxi-
dation. Measurements were carried out for varying de-
grees of oxidation by using an energy of S keV at different
angles of incidence corresponding to the transition region
(35 —30'} and to the high oxidation region (30'—0'). For
each experimental conditions, the incident oxygen dose
was high enough such that stationary state was achieved.

Immediately after the steady state was reached, an
XPS analysis was performed on the ion-beam-induced
samples with a takeoff angle of 3S in order to maximize

TABLE II. Energies (eV) for the different features of the

valence band of Si02 experimentally determined by XPS (+0.3
eV}, compared to the results of Fischer et al. and using calcula-

tions of Tossel et al. All energies are referenced to the top of
the valence band (see Fig. 3).

Tossel calc.'

le(I) + 5t2(q)
1t
V

4t2(II )

5a 1'(ll)

Sal(n)

'References 46 and 47.
Reference 35.

XPS expt.

2.3
4.2
5.7
7.3
8.9

10.2

Fischer expt.

2.0
3.5
5.4
6.5
9.0

10.0

the signal from the surface. The results derived from the
Si 2p photoelectron region are shown in Fig. 4, where the
relative concentration of Si chemical states is plotted as a
function of the angle of incidence after the steady state is
reached.

The valence band of the altered layers experiences a
strong increase in total width from 11 eV (crystalline Si)
or 10 eV (Si02) to 15 eV. This effect arises primarily
from the merging of the valence bands of Si and SiOz to
one single wider band for these altered layers. The new
altered valence band can be divided in two different re-
gions. Peaks I, II, and III form the Si-like subband, while
the IV, V, VI, VII, and VIII peaks form the SiOz-like
valence band (Fig. 5 shows the spectrum corresponding
to the valence band for an altered layer bombarded at
35'}.

As compared to the original bands (Si and Si02}no ad-
ditional peaks appear in the spectrum. Instead of the

symmetry labels used to describe peaks appearing in the
crystalline Si valence band we use for the altered layer
valence band a different notation (roman numbers), since
long-range order or crystalline symmetry disappears after
ion-beam-induced arnorphization, despite the fact that
the new valence bands can still be understood in terms of
a molecular orbital description.

Peaks I, II, and III correspond solely to the L3 X4,
and 8'z+X&;„bands that were described as the first re-

gion in the crystalline-Si valence band and they are un-

derstood as Si 3p-like orbitals corresponding to the pres-
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FIG. 4. Si chemical state rela-
tive concentration as a function
of the angle of incidence derived
from the Si 2p photoelectron
peak after 5-keV 02+ bombard-
ment.

angle of incidence (deg)

ence of Si-Si bonds in a highly damaged Si matrix. Peaks
IV and V account for nonbonding 0 2p-like molecular or-
bitals, as already found in the case of SiOz (le+5tz and
lt, ), with a small influence of the L, and Lz peaks (s-p
hybrids) that are present in the Si valence band at this en-

ergy position.
The deep valley V determined for SiOz is now partially

overlapped by the Lz peak arising from Si-Si interactions.
Peaks VI, VII, and VIII correspond to oxide bonding or-
bitals between Si and 0 and only peak VI becomes
affected by the presence of the I

&
peak (s-like orbitals) of

Sl-Si interaction origin.
In Fig. 6, a comparison between the valence bands for

crystalline Si, altered layers formed at 35', 30', 25', 15',
and 0' and thermally grown SiOz is shown. The zero en-
ergy for all figures has been defined at the top of the
valence band of SiOz.

The description of the valence band for the altered lay-
er, in terms of a mixture of the Si and the SiOz bands, is
supported by the consistency of the energy position of the
different peaks (Fig. 7) and the change of their relative ra-
tios (Fig. 8) with increasing oxidation.

The three peaks corresponding to Si-Si (I, II, and III)

maintain the same energy position as compared to Si,
whereby the Si-Si 3p-like orbitals remain unchanged after
ion-beam-induced oxidation The relative variations of
these Si valence-band features such as peaks I, II, and III
should be understood as a measure of the induced suboxi-
dation in the altered layer, since the suboxide molecules
include one silicon atom bond to one (Si'+), two (Si +),
and three (Si +) oxygen atoms and three, two, and one
silicon atoms (Si 3p-like orbitals), respectively. The inten-
sity of peaks I, II, and III decreases with decreasing angle
of incidence or, put differently, with increasing degree of
oxldat lou.

It is, however, quite surprising that at a low angle of
incidence (15') or normal incidence (0'), peak II and III
still show up, although the intensity is very low. In both
cases, however, peak I is not present, giving rise to an in-
crease of band gap for these altered layers which are
becoming more and more oxidelike structures.

It is important to note that at normal incidence (corre-
sponding to 100% oxidation according to the Si 2p pho-
toelectron peak deconvolution) peaks II and III are still
present. This can be explained as a result of ion-induced
damage of the built-up SiOz layer, resulting in an al-

/ r
/ /

/ ( Ii /

/ i/

/ 'IV
r

/

FIG. 5. XPS spectrum for the valence band
of the altered layer formed after a 5-keV/35'
02+ bombardment of Si.

17.0
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BINDING ENERGY (eU) -8.0
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FIG. 6. XPS spectra for the valence bands (from top to bot-
tom) of Si, altered layers formed with an angle of incidence of
35', 30', 25', 15', 0', and Si02.

tered layer with some molecules formed by three oxygen
atoms bonded to one Si atom. The fourth oxygen atom
necessary to form the Si02 molecule, is sputtered by the
ion beam leaving an unpaired p-like orbital (based on its
binding energy) with similar characteristics as a Si 3p-like
orbital peak. This peak is measured in region I of the
valence band but cannot be seen in the Si 2p photoelec-
tron region. Indeed the chemical environment of the Si
2p core level in this molecule is comparable to a SiOz en-

vironment, and, therefore, no chemically induced shift is
present or it is too low to be measured with our energy
resolution. If the unsaturated bond is located on the sur-
face, it could react with water vapor to form a Si-
OH-Si-H termination, which would give rise to a peak
in the Si 2p region too small to be detected.

The peaks corresponding to the nonbonding 0 2p or-
bitals (IV and V) remain, regardless of the angle of in-

cidence, in a ratio of about 1:1 as in the Si02 case. The
energy position of these peaks is constant and in good
agreement with the corresponding Si02 peaks.

For peaks VI and VIII we measure a very similar
dependence with the angle of incidence, i.e., an increase
in intensity with increasing degree of oxidation, which
confirms the link between these peaks with the bonding
orbitals Si-O. At 100% oxidation, peaks VI and VIII do
not reach the Si02 intensity, probably due to the induced
damage as already pointed out for peaks II and III. The
intermediate peak VII decreases with decreasing angle of
incidence in contrast with the other bonding orbitals.
This decrease must be seen as a lowering of the contribu-
tion of Si-Si s-s-like orbitals, but not as a lowering of the
bonding orbitals (Si-0). The contribution of this peak is
still important at an angle of incidence of 35'.

Finally, a summary of the evolution of each peak
present in the valence band of the altered layers is
presented in Table III. The following valence-band
features are shown: (a) the electron interactions responsi-
ble for the peaks, (b) observed peaks in the valence band
spectrum of thermally grown SiOz, (c) peaks in the
valence-band spectrum of the altered layer bombarded at
normal incidence, and (d) the evolution of the peak area
with increasing degree of oxidation [indicated by the ar-
row: increase (up) or decrease (down) j.

B. Model for the Si+-ion emission during sputtering

Wittmaack and von Criegern measured the varia-
tion of the Si+ yield as a function of the angle of in-

cidence. Whereas Wittmaack used a rotation in a plane
parallel with the quadrupole, von Criegern was tilting
around an axis perpendicular to the quadrupole. Al-

though for the ion-solid interaction both rotations are
identical, they are not with respect to the secondary ion
detection system. In particular in the case of von

Si02
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FIG. 7. Energy position (referred to the top
of the Si02 valence band) for the different
bands as a function of Si + chemical state rela-
tive concentration (or the angle of incidence)
as derived from the Si 2p photoelectron peak.
Si and Si02 labels mark the peak position for
crystalline Si (dashed line) and thermal Si02
(dashed-point line). The assignment of the
peaks is explained in the text.
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TABLE III. The most important features [electronic interac-
tion, peak present in thermal Si02, peaks in the ion-beam-
oxidized (IBO) sample at 0', and peak area evolution when in-
creasing the degree of oxidation (oxid. )j for each of the eight
peaks measured in the valence band of the different altered lay-
ers.

Peak

IV

VI

Electronic
interaction

assignment

Si3p-3p

Si3p -3p

Si3p -3p

02p -2p

02p-02p

02@-Si3s+3p

Thermal

Si02

Peak
evolution

IBO 0' increasing
oxld.

No No

No Yes

No Yes

Yes Yes

Yes Yes

Yes Yes

VII (02p-Si3s +3p)/(Si3s -3s) Yes yes

VIII 02p-Si3s +3p Yes Yes

Criegern, the collection and transmission eSciency of the
secondary ion is changing with tilt angle. The results can
be corrected for this efFect by performing a similar experi-
ment using inert-gas bombardment. In this case, no
chemical efFects on the secondary ion yields are present
and one can attribute any changes in secondary ion yield
to changes in collection and transmission eSciency. As-
suming that those changes are very similar for oxygen
and inert-gas bombardment, one can correct the Si+-
yield curve recorded with oxygen bombardment, by di-
viding that with the Si -yield curve under inert-gas bom-
bardment. Although the magnitude of the correction in
the case of von Criegern and Wittmaack is drastically

different, the application of this correction procedure
leads to very similar results (Fig. 9). Both curves show a
slow decrease in Si+ yield when going from 0' to 30', fol-
lowed by a very rapid decline for higher angles. Especial-
ly in this region some difFerences between both curves can
be seen. One of the reasons could be that one is dealing
with relatively small signals such that the accuracy grad-
ually decays. In order to overcome this problem we have
taken the average between both as the Si+ secondary ion
yield in the remaining part of the paper.

In order to test the need for the resonant tunneling
model, let us Srst try to relate the change in ionization
yield (or secondary ion intensity) as a function of the an-
gle of incidence, ' with the amount of Si + or total 0
concentration on the surface (Figs. 10 and 11). (We re-
call that in Fig. 10, as well as in Fig. 11, a secondary ion
yield corresponding to 10-keV 02+ ion energy was used
but, owing to the very small energy dependence in this re-
gion, the yield for 5-keV 02+ ion energy will be nearly
identical. ' A linear enhancement of the Si+ secondary
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incidence as measured by von Criegern and Wittmaack (Refs.
52—55). The solid line is the average Si secondary ion yield
used in this paper.
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ion yield with respect to the Si + relative concentration
can be found over nearly two orders of magnitude, sug-
gesting that the increase in yield is closely related to the
Si + bond formation. As shown in Fig. 11, a power-law
dependence of the yield on the total oxygen concentra-
tion is found for concentrations up to 65 at. %%uo, asha sal-
ready been observed previously. ' ' ' The linear depen-
dence on the Si + bond concentration is a clear indica-
tion of the local bond breaking model for ionization as
discussed by Yu. ' (Note that in the treatment of local
bond breaking, one does not necessarily expects a linear
dependence. For instance, Oechsner and Sroubek sug-
gest an enhancement factor R in ionization for the first
energy suboxide state Si'+, R for the Si +, R for the
Si +, and R for the Si +.} It is, however, necessary to
point out that at relative concentrations higher than 30
at. % a steplike increase in the yield takes place. For ox-
ygen concentrations higher than 65 at. % this steplike in-

crease in the Si+ secondary ion yield is once again ob-
served. Hence in this region the direct correlation be-
tween an increase in oxide bonds and the degree of oxida-
tion is lost, invalidating the local-bond-breaking model
here.

The steplike increase for very high Si + concentrations
might be correlated with the formation of a "complete"
Si02 layer on the surface. A possible explanation could
be that the transition to a complete Si02 layer also in-

duces a drastic change in band-gap structure. Also, Yu

using oxygen adsorption observed that it is possible to in-
crease the Si+ yield for the same oxygen coverage, solely

by heating the sample, which according to his observa-
tions improved the bond structure of the formed oxide.

The inhuence of the band structure on the secondary
ion yields suggests that one has to consider an additional
mechanism for secondary ion emission such as the tun-
neling effect described by Yu.

The results obtained in the previous section indicate
that the valence band of the altered layer can be de-
scribed by a mixture of Si and Si02. The most surprising
feature is the presence of occupied states in the region
corresponding to peaks I, II, and III for angles smaller
than 30', where the Si 2p spectrum indicates complete or
partial oxidation but always without the presence of the
pure Si chemical state. The results indicate that the den-
sity of states in this region is correlated with the angle of
incidence, suggesting an effect of these states on the SIMS
yield.

The obvious framework to include this contribution is
the resonant tunneling model. Before doing this, it is im-

portant to realize that presently the model was only for-
mulated for metals where the Fermi level defines the en-

ergy region with occupied states. For a semiconductor
like Si, or an insulator like Si02, we must substitute the
Fermi level by the top of the valence band and take into
account the fact that only a limited number of occupied
states are present in this energy region.

These assumptions, in the case of Si02, imply that the
first ionization energy for Si in the free space (I } needs
to be referenced to the top of the valence band of thermal
Si02 (2.1 instead of 8.1 eV that refers to the vacuum level,
since the energy distance from the Si02 top of the valence
band to the vacuum level is 10.2 eV) and that there will

be no possibility for tunneling, since the first ionization
level for Si in the free space (Ip ) lies in the band gap and
no occupied electron states are available at that level.
However, in the case of crystalline Si and the altered lay-
ers (at all angles of incidence) the Si (I ) level lies in the

region formed by peaks I, II, and III of their respective
valence band, in which case the tunneling effect is possi-
ble, since the density of states at that energy is not zero.
The relative position for the first ionization level of Si in
free space (Iz) with respect to the several valence-band
XPS spectra is shown in Fig. 6.

To quantify the tunneling effect in the case of Si, we
have derived from Eq. (1) an expression for the relative
variation of the probability of tunneling transitions be-
tween loosely bond electronic states (on the top of the
valence band) and the i level for the sputtered Si+ atom
(normalized to the tunneling probability in the pure Si
case)

1

J n (E ) I 1 —exp[ —(I E)]leo]dE—
p — ao

rt f ns;(E)[1—exp[ (I E)]/eojdE— —

gp-6
10 0 (at%)

FIG. 11. Si+ secondary ion yield as a function of total 0 con-
centration.

where n (E ) is the XPS signal at an energy E proportional
to the density of states of energy E in the valence band.
n(E) is a function that can be derived from the XPS
valence-band measurements. The calculations have been
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carried out with e0=1.0 eV, since available measure-
ments' have shown that for similar experimental condi-
tions eo can vary between 0.3 and 1.3 eV. The results
presented in this paper do not change significantly while
using values of c,0 in the mentioned range.

The function jn(E)(1—exp[ I——E)])] is represent-
ed in Fig. 12. It has been derived from the XPS valence-
band data for crystalline Si and the altered layers ob-
tained at 35, 30, 25', 15, and 0' angles of incidence. We
need to integrate expression (1), which was calculated for
transitions between two single occupied states separated
by a potential barrier, " from the energy value corre-
sponding to the top of the valence band to the value of i~
(free space} =I, since all over this energy range the
valence band presents occupied states that may transit to
the varying energy level (i ) in the sputtered ion.

One can observe pronounced differences in the shape of
this function when going from crystalline Si to normal in-
cidence bombardment (SiOz formation). Qualitatively,
one can explain the distributions for 0' and 15', by realiz-
ing that nearly perfect Si02 is formed, which has a wider
band gap causing the distribution to break off at lower
energies.

The function must be zero for (I~ —E)(0 since this
implies E &I . As the tunneling occurs towards the in-
stantaneous ionization level I~(z), this would imply
i (z))I which is of course impossible. On the other
hand, for (I E) large, —the probability of tunneling is
zero. In fact, this condition implies that E is very small,
and hence the level i (z) to which tunneling occurs will
also be very small. In that case, i~(z) will be located high
within the band gap and no electronic levels are available
for tunneling. The respective function for Si02 is zero for
all energies, since the ionization level in the free space I~
lies above the top of its valence band.

From this function we can calculate P„[Eq. (2)],
which gives a value for the importance of tunneling effect
as a function of the angle of incidence (Fig. 13). For an-
gles larger than 35' the tunneling probability is practical-
ly the same magnitude as for crystalline Si, whereas for
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0.8

0.6

n." 0.4-

0.2 '

0..0 ~ R ~ ~ ~ I ~ ~ ~ I ~ I I

0 10 20 30 40 50 60 70 80 90

angle of incidence (deg)

FIG. 13. P„as a function of the angle of incidence and for
the case of crystalline Si.
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angles smaller than 35' a strong decrease of the tunneling
effect is observed since the valence band undergoes large
variations in region I.

So far we have discussed the XPS results in terms of
the probability of the tunneling eFect, but in terms of the
probability for secondary ion emission and the correla-
tion with the SIMS yields, the complementary function of
Fig. 14 should be used. It is clear that for large angles of
incidence ( )30'—35') the tunneling eff'ect is less
significant for secondary ion emission, and the local-
bond-breaking mechanism will be dominant, whilst for
low angles of incidence where the degree of oxidation,
and hence the chemical enhancement varies very little,
the strong variation in the tunneling effect is the main
factor in6uencing the SIMS yield. This becomes more
evident if we look at Fig. 15, which shows the evolution
of the Si+ secondary ion yield as a function of the relative
tunneling probability variation {P„). A linear depen-
dence of the Si+ signal with I'„ is found for angles of in-
cidence lower than 30'—35', whereas, for larger angles of
incidence, the efFect is negligible and the secondary ion
yield is determined by the local bond structure.

The results can be summarized as follows:
(a) At angles of incidence larger than 30'-35', the sil-

icon is gradually converted to an oxide-rich layer with,
however, properties (as derived from the valence band}
that are still crystalline-siliconlike. Hence no variations
in tunneling {neutralization) probability can be detected
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and the secondary ion emission is dominated by the in-
crease in local Si-0 bonds.

(b) At angles smaller than 30'—35', the silicon surface
becomes more and more oxidelike. The increased oxida-
tion gives rise to dramatic changes in the valence-band
structure leading to variations in tunneling probability.
As the surface is always nearly completely oxidized
(80—100%), very little variation in chemical enhance-
ment is expected. Basically, we now have a high emission
rate of secondary ions (due to the large number of Si-0
bonds) and a reduced tunneling probability (in going to
0') due to the changes in the valence band, leading to an
increase in detected secondary ion signals.

The angular dependences of electron tunneling proba-
bility, Si + relative concentration, and the SIMS yield are
given in Fig. 15. It is clear that any changes in the SINS
yield can be correlated either with changes in tunneling
probability or with changes in local bonds.

IV. CONCLUSIONS

The different degree of oxidation in the surface of the
altered layer gives rise to variations in the Si+ ion emis-

sion during SINS measurements. Two rather different
regimes can be observed for the evolution of the Si+ ion
emission as a function of the oxygen incorporation. In
this work, a special interest on the analysis and interpre-
tation of the valence-band region was made. A compar-
ison with the experimentally measured and theoretically
derived Si valence band and Si02 valence band suggests
that the "new" valence bands for the altered layers are
formed by a combination of those two. This arises from
the fact that Si-Si bonds are present in the silicon subox-
ide molecules and, therefore, the corresponding 3p-3p Si-
like subband, which extends towards the silicon Fermi
level, forms the top of the respective new valence bands.
Small variations in intensity and energy position for this
subband have dramatic implications on the intensity of
the Si+ ion emission during sputtering in SINS measure-
ments.

A correlation between the valence-band variations and
the two presently existing atomic models for ion emission
has been derived, and a model combining chemically
enhanced emission and resonant tunneling effect has been
proposed to explain the variations in ion emission during
oxygen bombardment for Si targets.
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