Modifications in the Si valence band after ion-beam-induced oxidation
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The changes undergone by the Si surface after oxygen bombardment have special interest for
acquiring a good understanding of the Si*-ion emission during secondary ion mass spectrometry
(SIMS) analysis. For this reason a detailed investigation on the stoichiometry of the builtup surface
oxides has been carried out using én sifu x-ray photoemission spectroscopy (XPS). The XPS analysis
of the Si 2p core level indicates a strong presence of suboxide chemical states when bombarding at
angles of incidence larger than 30°. In this work a special emphasis on the analysis and
interpretation of the valence band region was made. Since the surface stoichiometry or degree of
oxidation varies with the angle of incidence, the respective valence band structures also differ. A
comparison with experimentally measured and theoretically derived Si valence band and SiO,
valence band suggests that the new valence bands are formed by a combination of these two. This
arises from the fact that Si—Si bonds are present on the Si-suboxide molecules, and therefore the
corresponding 3p—3p Si-like subband, which extends towards the Si Fermi level, forms the top of
the respective new valence bands. Small variations in intensity and energy position for this subband
have drastic implications on the intensity of the Si’-ion emission during sputtering in SIMS
measurements. A model combining chemically enhanced emission and resonant tunneling effects is

suggested for the variations observed in ion emission during O; bombardment for Si targets.

I. INTRODUCTION

The use of reactive ions (05 and Cs™) during secondary
ion mass spectrometry (SIMS) profiling has become standard
practice since it provides high ionization efficiency. It has
been observed that in the case of O; bombardment of Si the
substrate becomes partially or completely oxidized, depend-
ing on the experimental conditions. This oxidation not only
has an effect on the ionization yield but also plays a substan-
tial role during depth profiling when redistribution phenom-
ena such as impurity segregation are active.'

Although there exist a large range of experimentaj condi-
tions whereby one can correlate the variation in secondary
ion emission with the increasing degree of oxidation, it is
also observed that under conditions of nearly complete oxi-
dation (>90% SiQ,) still drastic changes in secondary ion
emission can be seen. The origin of these changes has not yet
been clarified.

Different authors have proposed some ionization mecha-
nisms during sputtering. The most important are the electron
tunneling model’~ and the local bond breaking model.> 1t
Both models intend to explain the electronic changes under-
gone by an atom sputtered by ion bombardment of the target
surface. An accurate description of these changes would pro-
vide us with a better quantification of ion yields in SIMS
analyses. In the tunneling model, which has been tested in
metals, electrons tunnel between outgoing atoms and the tar-
get surface, and hence neutralization of the outgoing ion can
occur. On the other hand, the local bond breaking model is
based on the chemical enhancement of secondary ion emis-
sion as observed during oxygen bombardment and is applied
to both ionic and partially ionic materials {oxides).
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For the specific case of Si" emission from ion-beam-
oxidized Si surfaces, a global model kas not yet been devel-
oped. Since ion emission depends on the surface electronic
properties of the bombarded material, it is necessary to study
in detai! the changes undergone by the Si valence band after
oxygen bombardment. Only if the electronic properties of
these materials are better understood it is then possible to
formulate a general model for the ionization of outgoing at-
oms.

Il. EXPERIMENT

The Si(100) samples were bombarded with a 5 keV
O; -ion beam at angles of incidence of 0°, 15°, 25°, 30°, and
35°, with respect to the target normal, while rastering over
4X4 mm?®. The high-resolution in situ x-ray photoemission
spectroscopy (XPS) measurements are performed with an
SSX-100 instrument and the base pressure of the analysis
chamber is in the 10710 Torr range and rises to 1073 Torr
during bombardment.

The oxidation states for silicon were derived from the Si
2p core level by means of a detailed peak fitting. The con-
straints used in the peak fitting were those proposed in Refs.
12-14.

lil. RESULTS AND DISCUSSION

The validity of local bond breaking and tunneling models
requires a detailed investigation of the changes undergone by
the valence band after bombarding the targets. The investi-
gation necessarily starts from an overview of the valence
bands for pure Si and SiO, surfaces. The following para-
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Fic. 1. XPS spectrum for the valence band of Si (G1 stands for I')).

graphs describe the XPS valence band structure for both ma-
terials and link the results to the theoretical models which
describe this energy region.

The XPS valence band for Si has been obtained from a
(100) Si surface which was HF (0.5%) dipped for 5 min and
immediately loaded in the XPS chamber for analysis. The
agreement between experiment and calculations is striking
and allows an accurate assignment of each of the peaks [re-
gion [: Ly, X,, and (W,+2,,..); region I L, and W, re-
gion III: L, and '}, and the valley between region I and I
(V), which can bhe seen in Fig. 1. Feature W, cannot be
experimentally separated from ¥,,,,. although the former is
predicted by empirical pseudopotential method and self-
consistent orthogonalized plane wave function calculations
and the latter only by the calculations in Refs. 16.

500C T

The Si0, valence band has been measured on a Si0, layer
of 800 nm, thermally grown on a (100) Si substrate. The
XPS analysis was performed following the same procedures
as described above for the case of crystalline Si. Theoretical
calculations®*” describe the upper valence bands as a group
of several peaks distributed in two well-defined regions aris-
ing from very different orbital interactions between atoms:
region [ at the top of the valence band side and region I at
the “strongest bond” energy side. In Fig. 2, we show the
corresponding XPS spectrum. Region If accounts for the
Si—O bond occurring in @ 0-Si—O chain bent to an angle of
about 150° for amorphous SiG,. I is formed by two strong
peaks and a very weak additional peak. The strong peaks
correspond to 5a, and 47, molecular orbitals arising from o
binding between the O 2p state and the Si 3s and Si 3p
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Fic. 2. XPS spectrum for the valence band of thermally grown Si0O,.
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FiG. 3. Si chemical state relative concentration as a function of the angle of
incidence derived from the Si 2p core level fitting after 5 keV O, bombard-
ment.

orbitals, respectively. Beside these two peaks we can resolve
a third weak peak at the edge of the region. This peak is not
assigned in the calculations of Tosscl, Vaughan, and
Johnson® and we have called it 5a/ (as a substructure of the
5a; molecular orbital). Region I is formed by the le, 5¢,,
and 1r; molecular orbitals, although the first two peaks are
not resolved in the XPS spectra and form a single peak. The
5t,, 1e and 1t orbitals arise from nonbonding O 2p orbit-
als. Finally a rathcr deep valley is also measured between
region T and 1T (V).

Once the valence band for Si and SiO, has been charac-
terized in detail, we can investigate the valence bands for the
surface of the altered layers, induced by ion-beam oxidation.
Immediately after the steady state was reached, an XPS
analysis was performed on the ton-beam-induced samples
with a take-off angle of 35° in order to maximize the signal
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from the surface. The evolution of the different Si chemical
states derived from XPS data can be seen in Fig. 3. This data
is based on the Si 2p core level measured for different angles
of incidence for the ion beam.

The valence band for the altered layers experiences a
strong increase in total width from 11 eV (crystalline Si) or
10 eV {SiO,) to 15 eV. This effect arises primarily from the
merging of the valence bands of Si and Si0, to one single
wider band for these altered layers. The new altered valence
band can be divided in two different regions. Peaks I, TI, and
IHl form the Si-like subband, while the IV, V, VI, VII, and
VIII peaks form the SiO,-like valence band (Fig. 4 shows the
spectrum corresponding to the valence band for an altered
layer bombarded at 35°). Peaks I, II, and Il correspond
solely to the L,, X, and W,+3%,,;, bands that were de-
scribed as the f{irst region in the crystalline Si valence band
and they are understood as Si 3p-like orbitals corresponding
to the presence of Si—Si bonds in a highly damaged Si ma-
trix. Peaks I'V and V account for nonbonding O 2p-like mo-
lecular orbitals, as already found in the case of SiO,
{le+51, and 14;), with a small influence of the L, and L,
peaks {s-p hybrids) that are present in the Si vaience band at
this energy position. The deep valley V determined for SiO,
is now partially overlapped by the L, peak arising from
Si~Si interactions. Peaks VI, VII, and Vill correspond to
oxide bonding orbitals between Si and O and only peak VI
becomes affected by the presence of the I'; peak (s-like or-
bitals) of the Si—Si interaction origin.

The zero energy for all the valence bands has been de-
fined at the top of the valence band of Si0O,. The three peaks
corresponding to Si-Si (I, II, and II) maintain the same
energy position as compared to Si, whereby the Si-Si 3p-
like orbitals remain unchanged after ion-beam-induced oxi-
dation. The relative variations of these Si valence band fea-
tures like peaks I, and I, and HI should be understood as a
measure of the induced suboxidation in the altered layer,
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FiG. 4. XPS spectrum for the valence band of the altered layer formed after a 5 keV/35° OF bombardment of Si.
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since the suboxide molecules include one silicon atom bond
to one (Si'1), two (Si?"), and three (Si®") oxygen atoms and
three, two and one silicon atoms (Si 3 p-like orbitals) respec-
tively. The intensity off peaks I, 1}, and III decreases with
decreasing angle of incidence or, put differently, with in-
creasing degree of oxidation. It is, however, quite surprising
that at low angle of incidence (15°) or normal incidence ((°),
peaks [T and I still show up, although the intensity is very
fow. In both cases, however, peak 1 is not present, giving rise
to an increase of band gap for these altered layers which are
becoming more and more oxidelike structures.

It is important to note that at pormal incidence (corre-
sponding to 100% oxidation according to the Si 2p photo-
electron peak deconvolution) peaks II and I are still
present. This can be explained as a result of ion-induced
damage of the builtup Si0O, layer, resulting in an altered layer
with some molecules formed by three oxygen atoms bonding
to one Si atom. The fourth oxygen atom necessary to form
the Si0, 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
scen in the Si 2p photoelectron region. Indeed the chemical
environment of the Si 2p core level in this molecule is com-
parable to a Si0, environment, and therefore no chemically
induced shift is present or it is too low to be measured with
our energy resciution. If the unsaturated bond is located on
the surface, it could react with water vapor to form a Si—~OHR/
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 O 2p orbitals
(IV and V) remain, regardless of the angle of incidence, in a
ratio of about 1:1 as in the SiQ, case. The energy position of
these peaks is constant and in good agreement with the cor-
responding Si(; peaks. For peaks VI and VIII we measure a
very similar dependence with the angle of incidence, i.e., an
increase in intemsity with increasing degree of oxidation,
which confirms the link between these peaks with the Si—QO
bonding orbitais. At 100% oxidation, peaks VI and VI do
not reach the Si0, intensity, probably duc to the induced
damage as already pointed out for peaks I and HI. The in-
termediate peak VIl decreases with decreasing angle of inci-
dence in contrast with the other bonding orbitals. This de-
crease must be seen as a lowering of the contribution of
Si-Si s—s-like orbitals, but not as a lowering of the bonding
orbitals (Si—O). The contribution of this peak is still impor-
tant at an angle of incidence of 35°.

The above-discussed results indicate that the valence band
of the altered layer can be described by a mixture of Si and
Si0,. The most surprising feature is the presence of occupied
states in the region correspending to peaks I, II, and TII for
angles smaller than 30°, where the Si 2p spectrum indicates
complete or partial oxidation but always without the pres-
ence of the pure Si chemical state. The results indicate that
the density 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 impor-
tant to realize that presently the model was only formulated
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for metals where the Fermi level defines the energy region
with occupied states. For a semiconductor like Si, or an in-
sulator like Si0;, 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 Si0O,, imply that the
first ionization energy for Si (I) in the free space needs to be
referenced to the top of the valence band of thermal SiG,
[2.1 eV instead of 8.1 eV that refers to the vacuum level,
since the energy distance from the Si0, top of the valence
band to the vacuum level is 10.2 eV (Ref. 26)] and that there
will be no possibility for tunneling, since the first ionization
level for Si (I) 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 layers (at all angles of inci-
dence) the Si (I) level lies in the region formed by peaks I, I,
and II¥ of their respective valence band, in which case the
tunneling effect is possible, since the density of states at that
energy is not zero.

Combining the results for the XPS valence band, degree
of oxidation derived from the S1 2p core lcvel,41 and the
observed variations in the emission of Sit as a function of
the angle of incidence during oxygen bombardment,*” * we
propose the following model:

{1) At angles of incidence larger than 30°-35°, the silicon
is graduaily converted to an oxide-rich layer with properties,
however (as derived from the valence band), which are still
crystalline-silicon-like. The secondary ion emission is then
dominated by the increase in local Si—C bonds (focal bond
breaking).

{2) At angles smaller than 30°-35°, the silicon surface
becomes an oxidelike structure. The surfaces become nearly
completely oxidized (80%—100%) and very litile variation in
the number of §i—O bonds takes place. However, the in-
creased oxidation gives rise to drastic changes in the valence
band structure, leading to variations in the tunneling prob-
ability.

The increased ionization can be understood as being due
to the large number of Si~O bonds and a reduced tunneling
probability in going to 0° {(due to changes in the valence
band).

iV. CONCLUSIONS

The different degree of oxidation in the surface of the
altered layer gives rise to variations in the Si* ion emission
during SIMS measurements. Two rather different regimes
(angles of incidence larger or smaller than 30°) can be ob-
served for the evolution of the Si "-ion emission as a function
of the oxygen incorporation. In this work a detailed analysis
and interpretation of the valence band region was made. A
comparison with the experimentally measured and theoreti-
cally derived Si valence band and SiQ, valence band sug-
gests 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 suboxide mol-
ecules, and therefore the corresponding 3p—3p Si-like sub-
band, which extends towards the silicon Ferni level, forms
the top of the respective new valence bands. Small variations




2424 J. L. Alay and W. Vandervorst: Modifications in the Si valence band 2424

in intensity and energy position for this subband have dra-
matic implications on the intensity of the Si*-ion emission
during sputtering in SIMS measurements.

A correlation between the valence band variations and the
resonant tunneling model for secondary ion emission is pro-
posed. A mode} combining chemically enhanced emission
and resonant tunneling effects has been suggested to explain
the variations in ion emission during oxygen bombardment
for Si targets.
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