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Surface x-ray-absorption fine structures of SiO, (0 <x <2) and SiN, (0 <x <4/3) produced
by low-energy ion implantation in Si(100)
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X-ray-absorption near-edge structures (XANES) have been investigated for silicon oxide and nitride
with nonstoichiometric compositions (SiO,, SiN, ) produced by low-energy ion implantation in Si(100).
The XANES structures at the Si 2p edge for SiO, at x = 0.2 resemble those reported for SiO,, and those
at the O 1s edge are independent of the x value. These observations indicate that the conduction band of
SiO, is mainly composed of the orbitals of SiO,. On the other hand, the XANES structures of SiN,
change with the x value, and the sharp resonance corresponding to a N dangling bond was observed at
the N 1s edge for x > 1.0. These findings suggest that in the SiN, phase there is a random-bonding
structure rather than a mixture of Si and Si;N, islands.

I. INTRODUCTION

Silicon dioxide (SiO,) and silicon nitride (Si;N,) are
widely used for microelectronic devices such as passiva-
tion layers and insulating layers in thin-film transis-
tors.!"® As well as such stoichiometric compounds, the
electronic  structures of compounds with non-
stoichiometric composition, i.e., SiO, (0<x <2) and
SiN, (0<x <$), are of great importance, since these lay-
ers in the interface between the semiconductor and insu-
lator influence the electric properties in the circuit, espe-
cially in very large scale integrated electronics.

The electronic structures of nonstoichiometric silicon
compounds have been investigated for SiO, (Refs. 7-17)
and SiN, (Refs. 17 and 18) by means of photoelectron
spectroscopy. These methods provide information about
the electronic structures of occupied orbitals. Although
many of the electrical properties depend on the electronic
structures in the conduction-band region, the unoccupied
states of such nonstoichiometric silicon compounds have
not been fully understood. In the present work, the tech-
nique of x-ray-absorption near-edge structure (XANES)
is applied to elucidate the electronic structures of unoc-
cupied orbitals for SiO, and SiN, to learn the
conduction-band structures.

XANES is useful for elucidation of the conduction-
band structures because it provides information about
electronic transitions from the core to the unoccupied
states, if we adopt a one-electron transition (or single-
particle) approximation. In addition, XANES is sensitive
to the orbitals surrounding the atom whose core level is
being measured. This implies that we can learn the elec-
tronic structure of both silicon and oxygen (or nitrogen)
sites separately by adjusting the incident photon energy
to each core level.

In the present paper, XANES at Si 2p, Si 25, and O 1s
(or N 1s) absorption edges are measured for SiO, and
SiN, layers, which were produced by ion implantation.
X-ray photoemission spectroscopy (XPS) is also mea-
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sured as a reference to learn the electronic structures of
the occupied orbitals in the core region.

II. EXPERIMENT

The target material used was a Si(100) single crystal of
high-purity grade ( >99.9999 at. %). The surface of the
sample was mechanically polished with a diamond paste
of 1+ um, and then cleaned in vacuum by repeating the 3-
keV Ar* sputtering and 800 °C annealing.

XANES measurements and ion implantation were per-
formed in the same vacuum chamber with a base pressure
of 3X 1077 Pa. An ion gun of a Penning-ion gauge (PIG)
type was used for the ion implantation. High-purity oxy-
gen and nitrogen gases were used for the production of
0," and N, ions, respectively. The accelerating voltage
of the molecular ions was 10 keV, which corresponds to
5-keV atomic ions. The incident angle of the ion beam
was 25° from the surface normal. The pressure during
the bombardment was kept at 1X10~* Pa. It was
checked that the ion-assisted trapping of atmospheric
gases!”?® does not occur at this pressure. The beam
current was fixed to be 2 pA/cm? (2.5%X10"
atoms/cm?s).

XANES measurements were performed at the
Grasshopper Monochromator Station BL-11A of the
Photon Factory in the National Laboratory for High-
Energy Physics (KEK-PF). XANES spectra were taken
after ion implantation by recording the total electron
yield (TEY) as a function of photon energy. The TEY
was normalized to the photon intensity which was mea-
sured by a copper mesh located in front of the sample.
The polar angle of the electric vector of incident x rays
was fixed to be 90°. As a detector of secondary electrons,
a channeltron was used, and it was located at a 45° direc-
tion from the sample surface.

XPS was also measured with another UHV chamber,
which has been described elsewhere.’*”!7 This instru-
ment was also equipped with an ion-implantation system.
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The experimental conditions of the sample preparation
and ion implantation were the same as those for the
XANES measurements. An Al Ka (1486.6 eV) x ray was
used as an excitation source, and the peak energy was
calibrated such that the Au 4f,,, line of metallic gold
was 84.0 eV. The Auger spectra were also taken during
the XPS measurements (x-ray-induced Auger electron
spectra, XAES).

III. RESULTS AND DISCUSSION

A. SiO,

Figure 1 shows the TEY at the Si 2p and Si 2s edges as
a function of photon energy for SiO, at various ion doses
(hereafter we call these curves the XANES spectrum). In
Fig. 2, the XANES spectra at the O 1s edge for SiO, are
displayed. In both figures, the surface O/Si ratio (x)
determined by the peak areas of XPS is indicated in each
figure. For comparison, the electronic structures in occu-
pied core orbitals were also measured. The results for the
Si 2p XPS and Sig;; XAES for the same samples are also
indicated in Figs. 3 and 4, respectively.

In Fig. 1, the XANES spectrum before ion implanta-
tion [clean surface of Si(100)] is similar to the previously
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FIG. 1. XANES spectra at Si 2p and Si 2s edges for O, -
implanted Si(100) at various ion fluences. The surface O/Si ra-
tio determined by XPS is indicated as x in each spectrum.
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FIG. 2. XANES spectra at the O 1s
Si(100) at various ion fluences.
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FIG. 4. Sigx;; XAES for O,"-implanted Si(100) at various ion
fluences.

reported x-ray-absorption fine structures for silicon.?!~%°

In the case of pure atomic silicon, the surrounding crystal
environment is little perturbed. Thus it is assumed that
only dipole-allowed transitions are observed in the
XANES spectrum. Therefore, peaks 4 and D are as-
signed to the Si 2p —a,(3s) and Si 2p —t, +e(ed ) transi-
tions, respectively. Peak E is assigned to the transition
from Si 2s to the 3d-derived state.

XANES spectra of SiO, produced by the O, -ion im-
plantation are quite similar to those reported for bulk
SiO, or an oxide overlayer produced by the thermal oxi-
dation of silicon.?"?*=2° The intensity of peak A of the
pure silicon immediately decreases at x =0.2, and the
peak almost disappears at x =0.4.

We note that peak A shifts to the higher-energy side
(A') for the spectra of x =0.2, which is based on the Si
2p XPS spectra (see Fig. 3). Although the Si 2p peak is
slightly broadened with increasing x, the peak for SiO,
apparently consists of two components, i.e., a 99.5-eV
peak of pure Si (peak A4) and a 102.8-eV peak correspond-
ing to SiO, (peak B). Such a two-phase structure for SiO,
is more clearly observed in the Sig;; -XAES spectra (Fig.
4) because of the large chemical shift between Si and
SiO,.

In the Si 2p XPS, the energy separation of two com-
ponents is 3.3 eV, which is close to that observed in
XANES between peaks 4 and A’. If we ignore the
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difference of the final-state relaxation effects between
XPS and XANES,*% peak 4’ in XANES can be as-
signed to the transitions from chemically shifted Si 2p to
the o *(a,) valence orbital.

The shifts to higher energy of 3—4 eV are also observed
for peaks D and E. Thus peaks D’ and E' also originate
from the chemically shifted Si 2p—Si 3d and Si
2s —Si 3p-derived state transitions, respectively.

In the case of SiO,, the tetrahedrally coordinated and
strongly electronegative oxygen atoms change the sym-
metry of the crystal field to enable transitions to the 3p-
derived states.”® Therefore peak B is assigned to the tran-
sition to the o*(¢,) valence orbital. Structures C and D’
are due to the shape resonances in the continuum corre-
sponding to the excitation to ¢, and e orbitals of 3d char-
acter.?#%

On the other hand, XANES spectra at the O 1s edge
(Fig. 2) scarcely change except for the increase in intensi-
ty with x. Peak A at around 540 eV is assigned to the
transition from O 1s to the Si 3p -like orbital (generally
called the “mr-resonance peak”). Peak B above the O 1s
ionization threshold is assigned to the continuum shape
resonance which appears due to the presence of the crys-
tal lattice of the SiO, microscopic unit (generally called
the “o-resonance peak”). These two structures also have
been observed for oxygen-adsorbed silicon.3! The con-
stant spectrum shape in Fig. 2 suggests that all the im-
planted oxygen atoms constitute the SiO, unit structure.
This finding excludes the possibility that phases other
than the SiO, unit exist in the oxygen site of the SiO,
phase.

Regarding the microstructure of nonstoichiometric
SiO,, two contradictory models have been proposed.
One is the random-mixture model (RMM), in which the
SiO, phase is interpreted as a mixture of Si and SiO, re-
gions as small as 0.5-1.0 nm.** In this model, silicon
atoms are tetrahedrally coordinated to four oxygen atoms
to form the SiO, unit cell. The remaining region consists
of a pure silicon phase. The other is the random-bonding
model (RBM), in which each silicon atom is tetrahedrally
coordinated to x oxygen and (4—x) silicon atoms with
the probability statistically determined.>* If we adopt the
latter model, the absorption peak corresponding to, e.g.,
the SiO unit would appear in the XANES spectra at the
Si 2p edge.”> However, only the structure of the SiO,
unit is seen in Fig. 1. This result and the two-phase
structures in both the Si 2p-XPS and Sig;; -XAES peaks
suggest that the RMM is consistent with the electronic
structures of SiO, compared to the RBM. Regarding the
electronic structures of SiO,, we can conclude that the
conduction band of SiO, at x =0.2 is mostly composed
of components of the orbitals of SiO,.

B. SiN,

Figure 5 displays XANES spectra for the N,*-
implanted silicon at the Si 2p and Si 25 edges. XANES
spectra at the N 1s edge are shown in Fig. 6. The Si 2p-
XPS and Sig;;-XAES spectra for the same sample are
presented in Figs. 7 and 8, respectively.
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FIG. 5. XANES spectra at Si 2p and Si 2s edges for N,*-
implanted Si(100) at various ion fluences. The surface N/Si ra-
tio determined by XPS is indicated as x in each spectrum.

In contrast to the SiO, system, the XANES spectra for
SiN, at the Si 2p and Si 2s edges (Fig. 5) appreciably
change with the x values. Peaks A4 apparently originate
from the Si 2p —a,(3s) transition.?” It should be noted
that the peak position of A gradually shifts to higher en-
ergy with the x value. This fact is consistent with the Si
2p XPS (Fig. 7) and Sig;; XAES (Fig. 8), in which a
two-phase structure such as SiO, is not observed. The
gradual energy shifts in the Si 2p XPS and Sig;; XAES
suggest that there exist several kinds of potentials sur-
rounding the silicon atom. Kircher, Ley, and Johnson!®
have reported that Si 2p XPS of SiN, produced by dc
sputtering consists of five components corresponding to
the Si-Si bond replaced by 0~4 Si-N bonds. Our results
for the XPS are in good agreement with that of Kércher.
Such multicomponent structure is more clearly observed
for the Sig;; -XAES spectra (Fig. 8) because of the larger
chemical shift in the Auger peak than that in the XPS
peak.

The chemically shifted transition is also observed in
peaks D and E, which correspond to the Si
2p —t,+e(ed) and Si 3s —Si 3p transitions, respectively.
But the spectral shapes at both edges drastically change
with the x values. We assume that these spectral changes
are due to the gradual replacement of the Si-Si bond by
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FIG. 8. Sig;;-XAES for N,*-implanted Si(100) at various
ion fluences.

the Si-N bond.

Filatova, Vinogradov, and Zimkina?’ have demonstrat-
ed that the x-ray absorptions corresponding to the Si
2p —t, (Si 3p) and Si 2p —e(Si ed) transitions are locat-
ed at 105~ 120 eV for Si;N,. Peaks B and C observed at
high fluence (x = 1.0) might be attributed to these transi-
tions. However, the intensities of these transitions are
very weak even at x =1.1. This fact implies that the
Si;N, phase of stoichiometric composition is a minor
component and each silicon atom is coordinated to nitro-
gen and silicon atoms with the probability statistically
determined.

In the N 1s-XANES spectra (Fig. 6), a sharp resonance
appears at N/Si= 1.1 (peak A). Due to its highly local-
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ized p-type character, the line shape is assumed to be at-
tributed to N dangling bonds. Regarding the concentra-
tion of the N dangling bonds, it is deduced that the N
dangling is a minor component compared with Si-Si and
Si-N bonds because the N 2p orbitals are highly localized
around the nitrogen atom due to its atomiclike character,
so that the cross section of this N dangling-bond peak is
appreciably higher than those of the other resonance
peaks. Such a resonance peak has been observed in
XANES for SiN films produced by plasma-enhanced
thermal nitridation.3%3¢

It has been reported that the dominant electrical defect
in SiN_ is the Si dangling bond.’” In the present study,
such a Si dangling bond could not be detected in the Si-
XANES regions (Figs. 1 and 5). The existence of a N
dangling bond observed in the N 1s XANES may be im-
portant in the analysis of the memory-trap mechanism in
chemical-vapor-deposition (CVD) memory devices.3®

IV. CONCLUSIONS

We have measured XANES spectra at the Si 2p, Si 2s,
O 1s, and N 1s edges for SiO, and SiN, produced by ion
implantation in silicon. A clear difference in the XANES
changes with the x value was found between oxide and
nitride. XANES spectra at the Si 2p and Si 2s edges for
SiO, resemble those reported for SiO, even at x =0.2,
and those at O 1s are independent of the fluence. These
observations suggest that the conduction band of the
SiO, is mainly composed of orbitals of SiO,. On the oth-
er hand, the XANES spectrum for SiN, changes with the
x value, and the sharp resonance corresponding to N
dangling bonds appears at the N 1s edge for x =1.1.
These findings imply that the Si;N, phase of
stoichiometric composition is a minor component, and
each silicon atom is coordinated to nitrogen and silicon
atoms with the probability statistically determined.
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