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Abstract. A first-principle approach allows the study of relaxed structural
models for surfaces and interfaces. This is a powerful tool for the study of
the local bonding. The utility of the first-principle theory is substantially
extended through the calculation of core-level shifts. Such results can be
used in conjunction with measured photoemission spectra to make progress
in understanding the local atomic structure at interfaces. We review the
quantitative comparison of the calculated core level shifts with experiment
for a series of molecules. We then describe results for the Si(001)-Si02
interface.

1. Introduction

Core-level photoemission spectroscopy stands out as one of the most suc-
cessful tools for providing direct information on the local bonding envi-
ronment of specific atoms at surfaces and interfaces. The interpretation of
photoemission spectra is often straightforward, and comparison with molec-
ular counterparts or simple charge-transfer models appear to be sufficient
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to extract the relevant structural information. However, in some cases core-
hole relaxation effects are sizeable and cannot be neglected. Furthermore, at
surfaces and interfaces, the bonding environments may differ significantly
from those in molecular counterparts, making quantitative predictions of
core-level shifts as deduced from molecular analogs very difficult. Because
of these reasons, the availability of a reliable theoretical framework could
represent an invaluable tool for the assignment of unidentified spectral fea-
tures.

First-principle approaches in which the electronic structure is described
within density functional theory (DFT) could serve this purpose [1, 2].
Such approaches have several advantages. Because the forces acting on the
ions can also be calculated within these approaches [3, 4], a structural
optimization can be performed, providing in this way reasonable configu-
rational models even when the actual structures are unknown. Then, core-
level shifts, including core-hole relaxation effects, can be evaluated consis-
tently within the same theoretical framework. An additional advantage of
this approach derives from the fact that core-shifts are sensitively affected
only by modifications of the electronic structure in the valence band. Such
changes can accurately be described within a pseudopotential approach in
which only valence electrons are treated explicitly [5]. This in turn allows
the application of this approach to relatively large systems containing up
to a hundred atoms given the current computational means.

The purpose of this work is to assess the current status of this theo-
retical method by describing its merits and its limitations in a series of
applications. These range from small molecules to more complex systems
such as surfaces and interfaces. More specifically, we focus here on core-
level shifts induced by adsorbates forming Si-O bonds on Si(001) surfaces
and on the relation between core-level shifts and bonding environments at
Si(001)-SiO; interfaces.

This paper is organized as follows. A brief description of our approach
for calculating core-level shifts is given in Section 2. In Section 3, a com-
parison between calculated and measured core-level shifts in a series of
molecules provides a quantitative measure of the degree of accuracy that
can be achieved with this approach. In Section 4, we calculate the shifts
induced by dissociated water and spherosiloxane molecules on Si(001) sur-
faces. In Section 5, calculated Si 2p core-level shifts for all the different
oxidation states of silicon at Si(001)-SiO; interfaces are presented. Finally,
in Section 6, we apply our approach to nitrided Si(001)-SiOy interfaces
and establish a relation between the N 1s core-level shifts and the bonding
configurations of the incorporated N atoms.
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2. Theoretical approach

The atomic relaxations and the core-shift calculations were performed with-
in the local density approximation (LDA) to DFT [6]. Our approach ac-
counts for the electronic structure and consistently provides atomic forces
[3, 4]. Only valence electrons are explicitly considered using pseudopoten-
tials (PPs) to account for core-valence interactions. The core-level shifts
can be calculated both within the initial state approximation and includ-
ing core-hole relaxation [7, 2]. The difficulty of using a PP approach is
overcome as follows. Initial-state shifts are obtained in first order perturba-
tion theory by evaluating the expectation value of the local potential on the
atomic core-orbital, while final state effects are included by considering dif-
ferences in total energies [5]. Following these procedures relative core-level
shifts can be determined. Throughout this paper, we only considered verti-
cal excitations, i.e. the molecular structure in the final state is the same as
in the initial state. A detailed description of our approach is given in Refs.
[7, 2].

3. Small molecules

The accuracy of LDA-DFT for the calculation of core-level shifts [1, 2, 8]
can be examined by considering a series of small molecules for which exper-
imental data are available [9]. We considered small molecules containing Si
and N atoms. After full relaxation of the molecular structures, we calculated
Si 2p and N 1s core-level shifts both in the initial-state approximation and
including core-hole relaxation. The calculated shifts are reported in Table 1
and Table 2, together with the experimental results. The technical aspects
of these calculations are given in Refs. [2, 8].

Overall agreement between theory and experiment is very good. In Table
1, the linear additivity of the shifts observed in the experimental data is also
found in the calculated values. Another significant case is that of Si(CHgs)4.
On the grounds of simple electronegativity arguments a negative Si 2p shift
is expected. However, the experimental shift is positive and theory correctly
reproduces it. For molecules in which the neighboring atoms to the excited
silicon atoms are hydrogen, silicon, chlorine or carbon atoms the error is
smaller than a few tenths of an eV.

The necessity of considering core-hole relaxation effects appears more
evidently in the case of the N 1s shifts given in Table 2. The agreement
with experiment of these shifts is noticeably improved when final states are
accounted for. In the N series, theoretical and experimental shifts differ by
less than 0.3 eV over a broad range of shifts.

This level of accuracy is not found for the Si 2p shifts of molecules con-

taining oxygen atoms: O(SiHgz)z, O(SiCls3)2 and Si(OCHsz)4. Although the
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TABLE 1. Relative Si 2p initial-state and full
shifts for a series of molecules. Experiment from
[9]. Shifts are in eV. Negative shifts indicate
higher binding energies.

Initial State Full  Expt.

SiH, 0.00  0.00  0.00
Siz He —0.03 047  0.42
SiCIH, —0.88 —0.95 —0.83
SiCls H —2.28 —245 —2.16
SiCly —2.89 —3.13 —3.11
O(SiHa)2 —0.42 —0.79 —0.53
O(SiCl3 )2 —275 —3.24 —2.86
Si(CH3 )4 1.00 121 1.32
SiH2CHa 031 040  0.46
SiClaCH -1.97 —210 —1.97
SiHs CICH3 —0.55 —054 —0.48
Si(OCHa)s —0.15 —1.67 —0.42

TABLE 2. Same as in Table 1, but for N 1s

core-level shifts.

Initial State Full  Expt.

NH: 0.00  0.00 0.0
NH,CHa 0.06  0.57 0.5
NH(CHs)s —0.08  0.58 0.7
N(CHz)a —0.33  0.61 0.8
NH,COH -1.73 —113  —0.8
NO; —6.91 —7.24 73
N,O (N*NO) —-3.46 —3.30 —3.1

(NN*0) —6.77 —T7.08 —T.0
CINO —6.53 —5.68 —5.8

calculated shifts for these three molecules still show the correct qualitative
trend, a quantitative discrepancy is observed. Calculated Si 2p core-shifts
of silicon atoms which have oxygen neighbors, systematically overestimate
the shifts towards larger binding energies relative to experiment. Using lin-
ear additivity arguments, one can estimate the excess negative shift to be
about —0.3 eV per oxygen neighbor.

These results together with similar results obtained for C 1s shifts [1]
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confirm that LDA-DFT is overall quite successful in reproducing the ob-
served core-level shifts. In the particular case of Si 2p core-level shifts in
the presence of oxygen neighbors, the difference with experiment has been
demonstrated to be systematic. This therefore allows useful conclusions
even in these cases as we illustrate in the following sections.

4. Adsorbates on Si(001) interfaces

In this section, we consider dissociated water and spherosiloxane molecules
on Si(001) surfaces, which are two different adsorbates forming Si-O bonds
with the surface. The former gives rise to a well understood microscopic
structure and therefore allows a stringent comparison between theory and
experiment [10]. The microscopic structure resulting from the adsorption
of spherosiloxane molecules can only be hypothesized by comparison with
similar chemical reactions [11, 12]. In this case, the application of our ap-
proach allows one to critically examine the proposed structural model by
comparison with experimental spectra [13].

4.1. DISSOCIATED WATER MOLECULES ON Si(001)

Figure 1. Ball and stick model of the relaxed positions resulting from dissociative water
adsorption on Si(001). Distinct Si positions are labelled.

It is by now well established that HoO is adsorbed dissociatively on
Si(001)2x1 by saturating the free dangling bonds of the clean surface with
—OH and —H groups [14]. In Fig. 1, we show the structure that results from
our structural optimization process [10]. The Si 2p shift of the Si atom (1)
directly bonded to the —OH group is found to be —1.1 eV with respect
to the bulk value [10]. This compares rather well with the measured shifts
of —1.0 eV (Ref. [15]) and —0.9 eV (Ref. [16]). The slight overestimation
should be related to the same systematic effect as observed in the molecules.
Core-hole relaxation is crucial to obtain this agreement, since the initial
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state shift calculated for the Si atom (1) is only —0.5 eV. The full shifts of

the other Si atoms [(2) to (6)] are all within 0.2 eV from the bulk value. This
agreement further strengthens the reliability of our theoretical approach.

4.2. DISSOCIATED SPHEROSILOXANE MOLECULES ON Si(001)

Figure 2. Ball and stick model of the relaxed surface structure of chemisorbed HgSigO12
clusters on Si(001).

In Fig. 2, we show the relaxed configuration corresponding to a spherosi-
loxane (HgSigO12) molecule attached at the surface through dissociation of
one of its Si-H bonds [13]. This structural model was presumed for the ex-
perimental assignment of peaks in the measured photoemission spectrum
corresponding to the new interface structure resulting from spherosilox-
ane clusters and Si(001) [11, 12]. In particular, in the experiment Si 2p
peaks were observed at —1.04 eV and at —2.19 eV [11]. These peaks were
attributed to the substrate silicon atom (1) and the cluster atom (2), re-
spectively. Such assignments radically contrast with the more traditional
interpretation which attributes a shift of approximately —1 eV for every
nearest-neighbor oxygen atom [16-18]. Si atoms (1) and (2) would be in
a Si® and Sit? oxidation state with expected shifts of ~0 and ~—3 eV,
respectively.
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Figure 3. Calculated Si 2p core-level spectrum for chemisorbed HgSigO12 clusters on
Si(001), corresponding to the model structure shown in Fig. 2. The relative intensities of
the two peaks are arbitrary.

The calculated Si 2p shifts [13] for the model in Fig. 2 are represented
schematically in Fig. 3, in which a Gaussian broadening was introduced to
account for dynamical effects: a FWHM of 0.4 eV for Si® and 0.7 eV for
Sit3. All the Si® atoms merge in a single peak which coincides with the
bulk reference peak. The Sit? atoms belonging to the cluster give rise to
an asymmetric peak with a maximum at —4.3 eV and with a FWHM of 1.1
eV. This peak agrees well with the experimental spectrum, where at high
binding energies a well defined peak is found at —3.64 €V with « FWHM
of 1.2 eV. The overestimation is again attributed to the systematic effect
oberved in Si-O systems. The asymmetric shape of the high-energy peak
results from core-hole relaxation which depends on distance to the screening
silicon substrate. This calculation shows that the presumed model cannot
account for the experimentally observed peaks at —1.04 eV and at —2.19€V,
and suggest that the actual interface formed by spherosiloxane molecules
and Si(001) is more complex.

5. The Si(001)-SiO; interface

Photoemission spectra indicate that the three intermediate oxidation
states of silicon occur in roughly comparable amounts at the Si(001)-SiOq
interface [16-18]. We generated several structural models of this interface
with the minimal transition region required to be consistent with the pho-
toemission data [7, 19, 20]. Further constraints come from electrical mea-
surements which indicate the presence of an extremely low density of defects
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Figure 4. Ball and stick models showing the relaxed positions of several interface struc-
tures: (a) Si-Si bond pointing into the oxide, (b) O in the backbond connecting an inter-
face Si atom to the substrate, and (c) B-cristobalite with the construction proposed in
Ref. [21] at the interface. The formal Si partial oxidation states are indicated.

states. We therefore did not allow for any unsaturated dangling bond in our
interface models. The models are obtained by attaching a crystalline form
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of Si0y, such as tridymite or S-cristobalite, to Si(001). The initial struc-
tures obtained in this way are then allowed to relax fully within our theory
(see Fig. 4).
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Figure 5. Si 2p core-level shifts at the Si(001)-SiO» interface as a function of oxidation
state: models (solid circles) and experiment (open squares) from Ref. [18].

In Fig. 5, calculated Si 2p core-level shifts are plotted versus the oxi-
dation state of the silicon atoms to which they belong, and compared to
experimental values [18]. Apart from the usual systematic shift to higher
binding energies the agreement with experiment is rather good. The cal-
culated Si 2p shifts show a linear dependence on the number of first near-
est neighbor oxygen atoms. This result confirms the interpretation based
on charge-transfer models. In fact, core-hole relaxation effects account for
about 50% of the shifts shown in Fig. 5, but their correction also scales
linearly with the number of O neighbors. This increase of the final state
effect with O neighbors can be understood as caused by a reduced valence
screening in oxidized Si atoms. The large role of core-hole relaxation effects
has also been supported experimentally through a careful comparison of
photoemission and Auger spectra [22].

6. Nitrided Si(001)-SiO, interfaces

The incorporation of a low concentration of nitrogen atoms at the Si(001)-
Si0; interface has promising applications in the electronic device industry
[23, 24, 25]. Further improvement of the dielectric properties of such sys-
tems also relies on the availability of detailed microscopic information on
the situation of the incorporated N atoms. In this section, we charater-
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ize these N atoms by establishing a correspondence between their bonding
environment and the N 1s shifts measured in photoemission experiments.

(©)

Figure 6. Models of the Si(001)-SiO; interface (a) before (from [7]) and after N (black
atoms) incorporation, in a (b) N-Siz and (c) in a N-Si;O configuration. L_y, Lo and L,
label the Si layers. H atoms (white) saturate residual dangling bonds.

The experimental N 1s spectra show a broad principal peak (FWHM=r~
1.5 V), approximately at the same energy as in bulk SizNy4, which appears
to shift to larger binding energies for samples of increasing oxide thickness
[24, 26, 27]. A deeper analysis of the shape of this peak, has led to the
recognition of two components [28, 29]. The one closest to the bulk SizNy
energy arises from the interfacial region and is generally attributed to N
atoms bonded to three Si atoms (N-Siz) [28, 29]. The second component,
which is shifted by A=0.85 eV to larger binding energies [28], mainly results
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from N atoms distributed throughout the oxide [28, 29]. The contribution
of the latter component increases for thick oxides, accounting for the ob-
served shift of the principal XPS feature. Note, however, that a general
consensus has not yet been reached neither on such a decomposition nor
on its interpretation. In the presence of this uncertain experimental situa-
tion, we use our first-principle approach to explore some plausible bonding
configurations.

Using as a starting point of our nitrided interface study one of the
Si(001)-SiO; interface models obtained previously [see Fig. 6(a)] [7], we
generated several nitrided interface models [two of them are shown in Figs.
6(b) and (c)] containing N atoms in different bonding configurations and
at varying distances from the interface plane [8].
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Figure 7. N 1s core-level shifts A at Si(001)-SiO; interfaces calculated for N-Sis (circle),
N-Siz O (square), and N-SiO: (triangle) configurations at different distances z from the
interface. Continuous lines result from classical electrostatics.

N 1s shifts for these models were calculated including core-hole relax-
ation effects and are given in Fig. 7 as a function of the relaxed position z
of the N atom with respect to the interface plane [8]. We took as a refer-
ence the shift of a N-Siz configuration in which the N atom is located most
deeply in the Si substrate. From Fig. 7, it is evident that the shifts are
strongly affected by first nearest neighbors. The presence of an O nearest
neighbor yields shifts to higher binding energies of A=1.5 eV with respect
to corresponding N-Sis configurations. A second oxygen nearest neighbor
brings this shift to A=3.5 eV. The large separation between the calculated
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shifts of N-Siz and N-Si; O configurations virtually rules out the possibility
that both configurations contribute to the principal XPS peak.

With increasing distance from the interface the silicon substrate is less
effective in screening the core-hole and an increase of the binding energy
is observed (Fig. 7) [7]. An extrapolation obtained within classical electro-
statics [7] illustrates this effect at large distances in Fig. 7. However, this
dependence on distance to the interface only partially explains the obser-
vation of two components of different spatial origin in the principal XPS
peak. Carr and Buhrman [24] found that as a function of oxide thickness
the N 1s peak shifted to larger binding energies by 0.4 eV more than other
oxide peaks. We attribute this shift to a chemical change in the second near-
est neighbors. In the neighborhood of the substrate the enviroment around
a N-Siz center is assumed to be predominantly rich in Si and N atoms
[25, 30, 31], whereas an O-rich environment is expected in the oxide. For
simulating such environments we studied auxiliary test-molecules in which
the central N atom was always kept in a N-Siz configuration, while changes
in second nearest neighbors were investigated [8]. Calculated shifts in these
molecules show that a residual shift of 0.4 eV can indeed be explained in
terms of such second nearest neighbor changes. We also explored the possi-
bility of N-SigH configurations. The calculated shifts were found to be very
close to those of corresponding N-Sis configurations. We can therefore not
exclude that also N-SipH configurations contribute to the principal XPS
feature. However, a H concentration of the same order as the N concen-
tration, i.e. of about one monolayer [25, 30, 31], appears unlikely at such
interfaces.

In summary, we propose an interpretation of the N 1s photoemission
spectra, in which the N atom is found in a single first-neighbor configuration
(N-Siz), both in the interfacial region close to the substrate and in the
oxide. The dependence of the shape of the principal photoemission feature
on oxide thickness is explained in terms of core-hole relaxation and second-
nearest neighbor effects. The experimental spectra do not show a peak in
correspondence of the calculated shift for an oxygen first-nearest neighbor.
This suggests that such configurations are absent at nitrided Si(001)-SiO2
interfaces.

7. Conclusions

We presented a series of applications in which calculated core-level shifts
provided useful support to the interpretation of photoemission spectra. We
used a first-principle approach based on density functional theory, which
provides a consistent framework both for performing structural relaxations
and calculating core-level shifts. The combination of these two features
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together with the overall accuracy of the theory, makes of such a scheme a
reliable tool to be used in conjonction with experiment. We expect that in
the near future theoretical investigations as the ones exposed in this work
will routinely be called for to assign unidentified spectral features.
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