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The room temperature adsorption of acetonitrile (CH3—C==N) on Si(111)-7 X7 is examined by synchrotron
radiation N 1s x-ray photoemission and x-ray absorption spectroscopies. The experimental spectroscopic data
point to multiple adsorption geometries. Candidate structures are optimized using density functional theory
(DFT), the surface being simulated by silicon clusters encompassing one (adjacent) adatom-rest atom pair.
This is followed by the DFT calculation of electron transition energies and cross sections. The comparison of
theoretical spectra with experimental ones indicates that the molecule is adsorbed on the surface under two
forms, a nondissociated geometry (an sp*-hybridized CN) and a dissociated one (leading to a pendent sp-
hybridized CN). In the nondissociative mode, the molecule bridges an adatom-rest atom pair. For bridge-type
models, the discussion of the core-excited state calculations is focussed on the so-called silicon-molecule
mixed-state transitions that strongly depend on the breaking or not of the adatom backbonds and on the
attachment of the nitrogen end either to the adatom or to the rest atom. Concerning the dissociated state, the
CH bond cleavage leads to a cyanomethyl (Si-CH,-CN) plus a silicon monohydride, which accounts for the
spectroscopic evidence of a free C=N group (we do not find at 300 K any spectroscopic evidence for a
C=N group datively bonded to a silicon atom via its nitrogen lone pair). Therefore the reaction products of
acetonitrile on Si(111)-7 X 7 are similar to those detected on the Si(001)-2 X 1 surface at the same temperature,
despite the marked differences in the reconstruction of those two surfaces, especially the distance between
adjacent silicon broken bonds. In that respect, we discuss how adatom backbond breaking in the course of

adsorption may explain why both surface orientations react the same way with acetonitrile.

DOI: 10.1103/PhysRevB.73.125345

I. INTRODUCTION

The reactivity of molecules toward clean reconstructed
silicon surfaces is clearly correlated with the presence of
surface dangling bonds. In the case of the Si(001)-2 X 1 sur-
face, the buckling of the silicon dimer leads to only two
kinds of triply coordinated atoms, the “electron-rich” outer
dimer atom and the “electron-poor” inner dimer atom.' On
the other hand, in the case of the Si(111)-7 X 7 surface, the
dimer—adatom-stacking fault (DAS) reconstruction® (Fig. 1)
results in a much more complex situation, as there exist a
variety of inequivalent triply coordinated Si bearing a dan-
gling bond. The 19 broken bonds of the unit cell are borne by
12 adatoms (ADs), six rest atoms (RAs), and one corner hole
atom. Charge transfer between adatoms and rest atoms pro-
vides an additional mechanism for lowering the energy. The
six rest atoms plus the corner hole atom are able to convert
their half-filled dangling bond into a more stable lone pair by
extracting seven electrons from the 12 adatoms. In a band
picture, one would have a set of metallic adatoms bands
(with a 5/12 filling) crossing the Fermi level, plus a com-
pletely filled rest atom band. This picture is valid at least at
room temperature, as confirmed by an angle-resolved photo-
emission mapping of the Fermi surface.> While the adatom
bands show dispersion in the reciprocal space, the small
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band dispersion of the rest atoms states point to their local-
ized nature. The local viewpoint provided by scanning tun-
neling microscopy (STM) and scanning tunneling
spectroscopy*~¢ is in accord with the overall picture given by
valence band photoemission® and inverse photoemission.’
Naturally STM imagery gives detailed information on the
charge density at the various sites. In particular the electronic
structure of the unfaulted and faulted triangular subunits
composing the 7 X 7 cell are not equivalent. The faulted sub-
unit has a higher electron charge density than the unfaulted
one, with obvious consequences on chemical reactivity.
Moreover, the center and corner adatom dangling bonds in
both subunits have also different heights relative to the rest
plane,®-10 likely in relation to a different filling of their dan-
gling bonds. Therefore, in contrast to the case of the buckled
Si(001)-2X 1 surface, a simple Lewis picture of the
Si(111)-7 X7 surface broken bonds in terms of basic (the
closed shell rest atoms) and acidic sites (the partially filled
adatoms dangling bonds) may be not fully adequate: the key
issue is the charge transfer reversibility between those two
sites, first suggested by Avouris and Wolkow in their STM
study of ammonia adsorption.* The ammonia molecule
(which bears a lone pair) would react counterintuitively with
an electron-rich rest atom, the excess charge being trans-
ferred to the neighboring adatoms. In the framework of the

©2006 The American Physical Society
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FIG. 1. Schematic diagram illustrating the DAS model (Ref. 2)
of the 7 X7 surface reconstruction. SF stacking fault.

density functional theory (DFT), a cluster'! calculation and a
periodic slab calculation'? (using a simplified 4 X2 surface
unit cell) have been performed recently: the former (latter)
supports (invalidates) the “charge transfer” model.

In recent years, many surface science studies have been
devoted to the reactivity of organic molecules toward silicon
surfaces, because their functionalization is promising in view
of potential electronic applications.'? Paralleling studies car-
ried out on the “technological” Si(001) surface,"!* 7-bonded
molecules, such as acetylene'>~'7 and ethylene,'®2 have
been adsorbed on the Si(111)-7 X 7 surface. One expects that
the 77 bond opens to form a so-called di-o bonding with two
surface silicon broken bonds. For acetylene and ethylene,
the experimental data are consistent with such a picture, and
the bridging of a rest atom—adatom pair—despite the large
(~4.5 A) distance separating these two atoms—is generally
envisaged, at least at relatively low coverage; see, e.g., Refs.
16, 17, 19, and 20. More recently, the reactivity of the cyano
group (-C=N:) in acetonitrile,”?> allylcyanide,>® and
benzonitrile,” has also been investigated on the
Si(111)surface. The study of this functionality is indeed par-
ticularly interesting. Being isoelectronic to -C=C-, aceto-
nitrile is also expected to undergo an sp-to-sp? rehybridiza-
tion over a pair of dangling bonds. Naturally, adjacent rest
atom—adatom pairs can be those sites. Various bridging ge-
ometries are depicted in Figs. 2(a)-2(e). Bearing a lone pair
on its nitrogen, a dative bonding with a silicon dangling bond
also deserves consideration. In the latter case the reaction site
should be an adatom dangling bond (empty or partially
filled). However, the attachment of the nitrogen end on a rest
atom might be steered by the transfer of the excess charge to
the neighboring adatoms. Two possible dative bonding ge-
ometries are sketched in Figs. 2(f) and 2(g). Note that dative
bonding geometries could be precursor states to the bridging
geometries of Figs. 2(a)-2(d).
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FIG. 2. Possible adsorption modes of acetonitrile on Si(111)-7
X7 (AD=adatom, RA=rest atom, PA=pedestal atom). (a)
bridgex_ap, (b) bridgen_ra, (¢) bridgen_ap plus broken PA-AD
bond, (d) bridgex_ga plus broken PA-AD bond, (e) double bridge,
(f) AD dative, (g) RA dative, (h) AD-cyanomethyl plus RA-H, and
(i) RA-cyanomethyl plus AD-H.

The preceding works?'??> devoted to acetonitrile adsorp-
tion on the Si(111)-7 X 7 surface have been carried out es-
sentially at cryogenic temperature. In the STM work of Shi-
rota et al.?! carried out at 120 K the molecular image is not
seen directly. The presence of the molecule is only inferred
from changes in the apparent height of the adatoms involved
in the reaction. The lack of visible molecular imprints on this
surface is a general fact of observation, that is likely related
to the too localized nature of the silicon electron states which
have a limited overlap with the molecular orbitals of the
adsorbate.?> The adsorption site would consist in two center
adatoms situated on each side of the dimer line dividing the
faulted and unfaulted subunits. The observation of reacted
adatoms does not enable by itself a precise characterization
of the adsorbate chemical bonding. On the other hand, the
high-resolution electron energy loss spectroscopy (HREELS)
study of Feng Tao et al.?>—carried out at 110 K—is clearly
indicative of an sp-to-sp? rehybridization of the C=N moi-
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ety (there is no indication of molecular dissociation). Valence
band photoemission shows also that adatoms and rest atoms
are involved in the chemical bonding. Therefore Tao and
co-workers conclude that the molecule likely bridges a rest
atom—adatom pair, as sketched in Figs. 2(a) and 2(b). The
interpretation of the low-temperature STM image made in
Ref. 21 is difficult to reconcile with the HREELS detection
of a bridge bonding. As a matter of fact, the distance sepa-
rating center adatoms across the dimer row is 6.65 A, a value
which seems too large to enable the formation of a
Si—C=N-Si unit, as the distance between two silicon pairs
should be less than 5.1 A (1.98+1.29+1.80 A). Note that the
characteristic vibrational signature of a C=N moiety is also
observed for the other nitriles.?*2*

The only available study on acetonitrile adsorption at
room temperature is a STM imaging of the surface by Tao
and co-workers.?”> Images point to a change in the electron
occupancy of adatoms, revealed by a change in their bright-
ness: reacted adatoms darken. Statistically, the faulted sub-
units are more reactive than the unfaulted ones and center
adatoms are more reactive than corner adatoms, a situation
reminiscent of the case of ethylene adsorption.'” After a
0.2 L exposure, ca. 27% of the adatoms are reacted. At satu-
ration (the dose is not indicated), the percentage of reacted
adatoms reaches 42%. Then their number per triangular sub-
unit is about 3, that is the number of rest atoms. According to
Tao and co-workers, this observation lends strong support to
the rest atom—adatom bridging geometry at 300 K.

Tao and co-workers?? have also calculated the adsorption
energy of a molecule adopting a bridge geometry. They use a
simplified model of the actual surface, a SigH;, cluster rep-
resenting a rest atom—adatom pair. Their DFT calculations
lead to adsorption energies of —1.06 eV for the bridgen_ap
model [Fig. 2(a)] and of —1.19 eV for the bridgey_ga model
[Fig. 2(b)]. The authors do not discuss the fact that the ada-
tom may be dragged away from its initial position by the
bridging molecule.

In the analogous case of acetylene adsorption over a rest
atom—adatom pair, the DFT calculation of Lu et al.?® using a
Sij¢Hg cluster shows that the rest atom—adatom distance is
reduced from 4.4 to 3.5 A. In their recent semiempirical
calculation—a slab containing two 7 X7 unit cells is used—
Sbraccia et al.?’ find two equilibrium geometries for acety-
lene bridging the AD-RA gap, one conserving an intact bond
between the pedestal atom (PA) and the AD, and one for
which this bond is broken. The latter geometry is found to be
the more stable. However, when the same authors perform a
periodic DFT calculation—then they use a reduced 2 X 2 sur-
face cell—they find that the bridging geometry with a broken
PA-AD bond is the only stable one. Therefore, for acetoni-
trile also, the issue of PA-AD bond breaking in bridging
geometries must be addressed: such geometries are sketched
in Figs. 2(c) and 2(d). Note that the breaking of the PA-AD
bond could also leave enough room for the bridging of a
second molecule, in a “double bridge geometry,” as sketched
in Fig. 2(e).

In their calculation Tao and co-workers??> have not ad-
dressed the issue of molecular dissociation. In fact our recent
x-ray absorption study on the adsorption of acetonitrile on
Si(001)-2 X 1 points to the breaking of the C—H bond over a
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dimer and the subsequent formation of a cyanomethyl
(Si—CH,—-C=N) plus a silicon monohydride.?® This results
from the acidic nature of the oH atom.?® Over a rest atom—
adatom pair the C—H bond could also break [note that H,O
(Refs. 30 and 31) and NH; (Refs. 4 and 32) dissociate both
over a Si, dimer of the Si(001) surface and over a rest atom—
adatom pair of the Si(111)-7 X 7 surface]. Two types of cya-
nomethyls could form on the surface, the AD-cyanomethyl
on an adatom [Fig. 2(h)] or the RA-cyanomethyl on a rest
atom [Fig. 2(i)].

The goal of the present study is the determination of the
electronic structure of acetonitrile adsorbed at room tempera-
ture on Si(111)-7 X7, by combining N 1s core-level photo-
emission and near-edge x-ray absorption fine structure
(NEXAFS) spectroscopies to DFT electron transition energy
computation, following the approach of Refs. 28 and 33. It is
shown that synchrotron radiation spectroscopies give valu-
able information on the various bondings of acetonitrile on
Si(111)-7 X7, especially in a context in which a direct and
detailed image of the adsorption geometry cannot be pro-
vided by STM topographic scans.

II. EXPERIMENT

The Si(111) substrates (phosphorus doped, 0.003 ) cm
resistivity) were cleaned from their native oxide by flashing
at 1250 °C, and then cooled down to room temperature be-
fore exposure to the gas. The surface reconstruction was
checked by low-energy electron diffraction and its cleanli-
ness by Si 2p photoemission (see Sec. IV). Acetonitrile
which is liquid at room temperature was contained in a glass
vial and purified by repeated “freeze-pump-thaw” cycles.
The molecule was introduced directly in the analysis cham-
ber via a leak valve. The gas purity was controlled with a
quadrupole mass analyzer.

Electron spectroscopy measurements were performed at
the SB7 beamline of the SuperACO storage ring (LURE syn-
chrotron facility, Orsay, France), using a Dragon type mono-
chromator at a bending magnet.>* The source was linearly
polarized (95%), the main component of the electric field (E)
being contained in the horizontal plane. The sample could
rotate around a vertical axis, so that the beam incidence
angle 0 (measured with respect to the sample surface plane)
could be changed. @ is also equal to the angle between E and
the normal to the surface (see Fig. 3).

X-ray photoelectron spectroscopy (XPS) was carried out
using a “Scienta 200” hemispherical analyzer. Si 2p core-
level spectra were measured at a photon energy of 145 eV to
obtain conditions of maximum surface sensitivity (for pho-
toelectrons of kinetic energy about 45 eV an escape depth of
about 3.5 A is estimated®®). N 1s XPS spectra were mea-
sured at hv=440 eV. Binding energies are referenced with
respect to the Fermi level. Therefore the Si 2p;,, binding
energy of the clean surface is at 99.45 eV.

NEXAFS N 1s spectra were taken in the Auger yield
mode (N KVV transitions) to achieve a good adsorbate sen-
sitivity (for further details see Ref. 28). The spectra were
normalized with respect to the secondary electron photo-
emission peak dominated by contributions from bulk Si. The
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FIG. 3. (Color online) Geometry of the experiment. The x rays
are incident in the horizontal orbit plane of the storage ring, which
contains the major electric field component E (the polarization fac-
tor being 95%, the weaker component is orthogonal to the orbit
plane). n is the surface normal, parallel to [111]. The x-ray inci-
dence angle 6, which is also the polar angle of E, is changed by
rotating the silicon crystal about the axis of the (vertical) manipu-
lator. @ can be set at any value between 16° (grazing incidence) and
90° (normal incidence). The axis of the electron analyzer makes an
angle of 44° with the beam direction.

photon bandwidth was about 200 meV. The photon energy
was calibrated using the first- and second-order light from
the monochromator. We measured the angular dependence of
the NEXAFS absorption intensity with the light incidence
angle 6, between 90° (normal incidence) and 16° (grazing
incidence). Indeed, dichroic spectra give valuable informa-
tion on the adsorption geometries. Due to the dipolar selec-
tion rules, K-edge NEXAFS probes the unfilled states of p
symmetry. The absorption has a characteristic cos?(5) depen-
dence, where ¢ is the angle between the p orbital axis and the
polarization vector E of the synchrotron radiation.’® There-
fore the direction of bonds having a characteristic symmetry
(o, ) can be inferred from the experimental dichroic ab-
sorption spectra, and adsorption models can be validated or
eliminated.

III. COMPUTATIONS
A. DFT cluster calculation of the adsorption geometries

Optimized adsorption geometries are calculated with the
GAMESS(US) software package®’ using Becke3 Lee-Yang-Parr
(B3LYP) three-parameter DFT theory.

Because of the size and complexity of the DAS unit cell,
our DFT calculation is based on a simplified model of the
actual surface structure. Two types of clusters have been
used to represent the adjacent adatom-rest atom pair on a
faulted half of a Si(111)-7 X7 surface unit cell. The Si;¢H g
cluster and the Siy Hy, cluster are depicted in Figs. 4(a) and
4(b), respectively. Then the molecule is added to each type of
“mother” cluster.

With Sij¢H;g, the geometrical optimization of the adduct
is made using a 6-31 1G" basis set for nitrogen, carbon, and
silicon atoms. The H ligands are described by a 6-31G” ba-
sis. With Si,H,4, due to the large cluster size, we use a
(SBKJC+1d) basis set for all silicon atoms and a 6-311G"
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FIG. 4. (a) (Color online) The Si;¢H;g cluster. (b) The Siy;Hyy
cluster. In both cases, the (111) plane is defined by the bottom layer
of Si atoms kept at bulk positions.

basis set for the nitrogen, carbon, and hydrogen atoms. In all
geometry optimizations, the bottom layer Si atoms are kept
fixed at bulk lattice positions, so defining the “(111) surface
plane.” All the other Si atoms and their H terminations are
free to relax.

The Si;gH 5 cluster had been used previously in theoreti-
cal investigations of the chemisorption of ammonia'! and of
various 7 bonded molecules on Si(111).2° The advantage of
this cluster is its relatively small size: the main problem en-
countered in the present simulation is the convergence of
core-excited states within a large system, given the large ba-
sis sets we use (see below). Its drawback is the “flexibility”
of the rest plane due to the fact that the pedestal atom de-
noted PA, in Fig. 4(a) is connected to two H atoms instead
of two silicon atoms of the second layer. For bridging geom-
etries such as those depicted in Figs. 2(a)-2(c) the adatom is
dragged toward the rest atom, without breaking the PA;
-AD bond (see below and Ref. 26). Kang!?> and Sbraccia
et al.*’ consider that the distorsion of the rest plane is non-
physical and leads to spurious effects in the calculation of
adsorption geometries and reaction paths. Therefore a more
realistic representation of the surface should make use of a
stiffer restplane. However it is clear that for nonbridging
geometries such as the dissociated models of Figs. 2(h) and
2(i), the rest plane flexibility is no longer a problem and that
the Si;cH;g cluster is convenient in the latter case.

In the Siy;H,, cluster, PA, is now topologically connected
to the bottom (fourth layer) Si atom via three six-membered
silicon rings (as in the real surface). This ensures the stiffness
of the restplane atoms, when the bottom plane Si are fixed to
their bulk position. Consequently, the stable bridging con-
figurations we find (see Sec. IV) are of the “broken adatom
backbond” type [Figs. 2(c) and 2(d)]. Thus the use of the
Siy Hoy cluster gives us the opportunity to examine the influ-
ence of the broken PA;-AD bond on the electronic structure
of the bridge adduct, by comparison with the similar struc-
tures calculated with the Si;¢H,g cluster.

B. Core-excited states

The local minima geometries we find for the molecule
plus Si cluster system are the starting point of the calculation
of NEXAFS transitions and ionization potentials (IP). (Note
that in the calculation the IP is the binding energy measured
from the vacuum level, while experimentally the binding en-
ergies are referenced with respect to the Fermi level.) The
quantum chemical ab initio calculations of the N 1s excited
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states are performed at a DFT level of theory. The applica-
tion of DFT to core-photoionization phenomena takes advan-
tage that both the relaxation and correlation effects are si-
multaneously described at a moderate computational cost,
with respect to self-consistent field SCF and post-HF meth-
ods. We used a modified version of the GAMESS(US) program,
enabling (i) the choice of a fractional occupancy for the core-
hole and (ii) the calculation of singlet core-excited energy
values.*® We used an IGLOO-III basis set*® for the nitrogen
atom along with a special diffuse [3s,3p,3d] basis added at
the core-ionized or -excited site.

1. Absolute NEXAFS transitions and IPs calculated via the
AKohn-Sham method

Absolute values of NEXAFS transitions are calculated via
the so-called AKohn-Sham method (denoted hereafter AKS).
The energy of the core excited state is calculated by remov-
ing one electron from the ls and adding one to the empty
orbital of interest. Then the transition energy is obtained as
the difference between the energy of the excited state and
that of the ground state. The relativistic correction of 0.3 eV
is included, according to Triguero et al.*® The AKS triplet
final state transition energies are corrected using the sum
method of Ziegler, Rauk, and Baerends,*! to account for the
spin conservation in dipolar transitions leading to a singlet
final state.

For the calculation of N 1s ionization potentials, the same
AKS method is applied, IP being the difference between the
energy of the excited state, represented by a core hole in the
Ls orbital, and that of the ground state.

The accuracy of the AKS method is excellent for the iso-
lated acetonitrile molecule, for which we obtain a calculated
NEXAFS m(_y transition of 3999 eV and an IP of
405.6 eV, to be compared with the experimental gas phase
Te—y transition found at 399.9+0.1 eV,*> and the experi-
mental gas phase IP of 405.6 eV.*3

Note that the influence of the silicon cluster size on N 1s
NEXAFS and IP calculated transitions has been examined in
the case of the acetonitrile/Si(001) (Ref. 28) and
benzonitrile/Si(001) (Ref. 33) systems. Increasing the cluster
size has no effect on the NEXAFS transitions calculated with
the AKS method. On the other hand, the IP energy typically
diminishes by 0.2—0.3 eV when the cluster size is multiplied
by a factor of about 2 (from a SigH;, single-dimer cluster to
a Siy Hy three-dimer cluster). This may be understood in
terms of final-state contribution. For a NEXAFS transition
the core-hole is screened by the excited electron, and the
“substrate” screening plays a limited role. For a ionic state,
the screening contribution of the “substrate” is large and the
cluster size matters.

2. NEXAFS cross-section calculation within the single-electron
approach

X-ray absorption cross sections are calculated by use
of the single-electron core and virtual (excited-state) orbi-
tals, within the dipolar approximation (it is assumed that
the radiation is linearly polarized). We have tested vari-
ous approaches aiming at taking into account the relaxation
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effects in the NEXAFS state. The electron occupancy of
the 1s core level, of the lowest unoccupied molecular
orbital (LUMO) and of virtual orbitals higher in energy
than the LUMO (LUMO+n), can be chosen in various ways.
As the variational principle can be applied to densities
referring to any state with fractional occupancy, we have
examined (i) the transition potential approach (Is'2 final
state),”* (ii) the (1s)'(LUMO)' model,*** and finally
(iii) the (15)(LUMO)"2(LUMO+1)"? model. In this type
of approach, the transition energy is the difference be-
tween the energy of the virtual orbital and that of the 1s
orbital. In the present work, we have adopted the
(1s)'(LUMO)"2(LUMO+1)'? method which gives the most
accurate relative NEXAFS transition energies with respect to
those calculated with the AKS method. As the absolute val-
ues of the transition energies may be 0.5—1 eV off the ex-
perimental ones, the NEXAFS spectra are repositioned on an
absolute energy scale provided by the energy of the first
(lower hv) bound excited state calculated with the AKS
method.

In isolated molecules, a step is seen experimentally at the
IP* due to the transition to the free-electron continuum. In
the present calculation, we have considered that the adspe-
cies plus Si cluster can be considered as a molecule, having
discrete bound states below the IP and discrete states embed-
ded in the energy continuum of the free electron above the
IP. Below the IP, the NEXAFS spectrum consists of the dis-
crete lines calculated by the (1s)'(LUMO)Y2(LUMO+1)'?
method and broadened by convolution with a Gaussian of
0.6 eV full width at half maximum (FWHM). For transitions
calculated above the IP, we convert the discrete lines into a
continuum using the Stieltjes imaging procedure,*® (the cal-
culated continuum cross section is convoluted with the same
Gaussian function used for the discrete part below IP).

IV. RESULTS AND DISCUSSION
A. Experimental spectra

We begin this section by examining how the surface states
of the Si 2p core-level line “feels” the adsorption of the
acetonitrile molecule at room temperature (Fig. 5). The clean
surface Si 2p spectrum is characterized by a surface state
shifted by ca. —0.80 eV from the silicon bulk line. This state
is attributed to the restatoms.” From STM imagery it is
known that adatoms react at 300 K.??> Si 2p XPS proves that
rest atoms are also involved in the chemical reaction: for an
acetonitrile dose of 1078 mbar X 600 s, i.e., 4.5 L, one sees
that the rest atom line intensity is strongly diminished. An
exposure to a larger dose (1077 mbar X 600 s, i.e., 45 L) does
not modify appreciably the spectral shape. The formation of
new bonds (Si—C or Si—N) cannot be inferred with the
present resolution (the bulk Si 2p;,, line has a FWHM of
0.5 eV). Figure 5 shows also the absence of band curvature
shift upon molecule adsorption. Despite surface states are
consumed during absorption, the Fermi level pinning within
the semiconductor gap is not affected.

The N 1s photoemission spectrum of the Si(111)-7 X7
surface exposed to acetonitrile under a pressure of 10~ mbar
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FIG. 5. Raw experimental Si 2p core level of a Si(111)-7 X7
surface exposed to increasing doses of acetonitrile at room tempera-
ture. The spectra are measured at normal electron emergence.

for 600 s (Fig. 6) exhibits two structures peaked at 397.60
and 398.95 eV, respectively, in a 48:52 proportion. This is
indicative of the presence of (at least) two different chemical
environment for the nitrogen atom.

The corresponding NEXAFS N 1s curves, given in Fig. 7,
present two 7 transitions. The first one appears at
397.65 eV. Its intensity decreases from normal to grazing
incidence, suggesting the nitrogen p lobes are rather parallel
to the silicon surface. The second transition is seen at
399.80 eV and its intensity varies little with 6.

B. Spectra simulation

1. Choice of the models

At this stage of the discussion, a comparison with the case
of acetonitrile adsorbed on Si(001)-2X1 at 300 K is

TT [T I T T[T I T T T I T[T T TV [T I T T[T I T [ TTIT]TITTI]

25x10°

XPSN Is
hv=440 eV

T[T T T [T T T[T T T[T v oo T
s bvv e beraa b aa bl

Photoemission Intensity (arb. units)

:lllllllI[llllllllllllIIlllll[llll[lllllllllll—
400 399 398 397 396
Binding Energy (eV)

FIG. 6. Experimental N 1s core level of the Si(111)-7 X7 sur-
face exposed to an acetonitrile dose of 1077 mbar X 600 s at 300 K.
The spectrum is measured at an electron emergence of 30° with
respect to the surface normal. The background has been subtracted.
The attribution of the spectral lines is given in Table IV.
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FIG. 7. Experimental normalized N 1s NEXAFS spectra of
the Si(111)-7X7 surface exposed to an acetonitrile dose of
10”7 mbar X 600 s at 300 K. The measurements are made under
grazing (=16, that is, E nearly perpendicular to the surface
plane) and normal incidence (6#=90°, that is, E contained in the
surface plane). The attribution of the various spectral lines is given
in Table IV.

helpful.?® In the acetonitrile/Si(001) system, two main NEX-
AFS transitions (see Figs. 6 and 7 of Ref. 28) are observed
experimentally at 397.7 and 399.8 eV, that is, at the same
photon energies as those seen in the case of the acetonitrile/
Si(111) system. The confrontation of experimental data to
DFT calculations, lead us to attribute the transition at
397.65 eV to a “side-on” adsorption mode (a Si—C=N-Si
unit) and the one at 399.8 eV to a pendent C=N (inter-
preted as a cyanomethyl Si—CH,—C=N). A third line, ob-
served at 399 eV for CH;CN on Si(001), was attributed to a
0" (Si—N bond) transition (denoted hereafter G';_N) of the
side-on geometry. The absence of such a line at ca. 399 eV in
the NEXAFS spectra of the acetonitrile/Si(111) system (see
Fig. 7), which will be discussed in Sec. IV C, does not alter
the general picture we are suggesting.

Guided by analogies with the acetonitrile-Si(001) system,
we have examined here adsorption geometries that lead to
the formation of double and triple CN bonds, in the context
of the (111)-7 X 7 reconstruction. Our N 1s NEXAFS simu-
lation has been limited to the Si—C=N-Si bridge and cya-
nomethyl plus Si—H geometries involving a rest atom-—
adatom pair. The NEXAFS spectra of acetonitrile datively
bonded to an adatom or a rest atom have not been calculated,
although the corresponding NEXAFS transition should also
be found around 400 eV [the calculation gives 400.3 eV for
acetonitrile datively bonded on the Si(001)-2 X 1 surface®®].
Indeed, in such a case, the 7 system should be contained in
the surface plane. The nondichroic behavior of the transition
at 399.8 eV makes the presence of a dative bonding at 300 K
very unlikely (see also Sec. IV C).

TABLE I. Calculated distances for the cluster optimized geom-
etries. PA, is a pedestal atom out of the mirror plane defined by
PA;, AD, and RA atoms. Distances are given in angstroms.

Cluster type SijeH ;g Siz Hyy
dipra 434 4.50
dap-pa, 2.38 244
dap-pa, 2.37 2.40
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TABLE II. Calculated distances and angles for the optimized
AD-RA bridge geometries. vy is the angle between the normal to the
(111) plane and the Si-N bond axis. Distances are given in ang-
stroms and angles in degrees.

Cluster type SijeHg Siy Hoy

model bridgen_ap/bridgen.ra  bridgen_ap/bridgen.ga
dap-ra 3.38/3.53 3.60/3.56
dap-pa, 2.41/2.43 3.97/3.90

dsin 1.77/1.79 1.70/1.77

ds;_¢ 2.00/1.99 1.95/1.98

de—n 1.28/1.27 1.27/1.26

£ SiNC 120.5/137.4 149.2/143.3

y 57.5/10.4 75.9/9.1

The calculated spectra are given for two x-ray light inci-
dences, normal (0=90°, i.e., E parallel to the surface; see
Fig. 3) and grazing (#=20°, E nearly orthogonal to the sur-
face). The threefold symmetry of the Si(111) surface around
the [111] axis is taken into account in the spectrum calcula-
tion. The outputs of geometrical optimizations (bond lengths,
angles, etc.), that are useful for the discussion, are collected
in Table I (before molecular attachment) and Table II (after
formation of the AD-RA bridge geometries). In Table III, we
give the AKS NEXAFS transition energies and IPs corre-
sponding to the various envisaged models.

2. AD-RA bridging geometries with a Si;H g cluster

When the molecule bridges the adatom-rest atom pair, the
Sij¢Hg cluster simulation shows that the adatom is dragged
toward the rest atom as shown in the insets of Figs. 8 and 9
(refer also to Tables I and II). The rest atom—adatom distance
is reduced from 4.34 to 3.38 A (3.53 A) for the “bridgex_ap~
geometry (respectively for the “bridgey_ra” geometry). The
PA;-adatom bond length is slightly stretched—from 2.38 to
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FIG. 8. (Color online) Simulated N 1s NEXAFS spectra of the
bridgen_ap model (Si;¢H;g cluster), for two orientations of the elec-
tric field (solid line, 8=90°; dotted line, #=20°). The threefold sub-
strate symmetry is taken into account. The IP is 403.0 eV. The
corresponding optimized geometry is given in the inset.

Photon energy (eV)

241 A (N-AD model) and 2.43 A (N-RA model)—but it
does not break. (Note that the same kind of distortion of the
initial Si;¢H;g cluster geometry was obtained by Lu et al. in
the case of acetylene adsorption. 26) The calculated CN bond
length is 1.28 A for the N-AD and 127 A for the N-RA
geometry, a value expected for sp? hybridization. The
£ SiNC angle is 120.54° for the N-AD geometry and 137.4°
for the N-RA geometry, closer in the former case to the ideal
(120°) angle of sp? bonding.

For both bridge models, the theoretical WE:N transitions
are close in energy, 397.8 eV for the N-AD model and
398.1 eV for the N-RA model. Our simulation (Figs. 8 and
9) shows also that this 7._y transition, polarized in the
(111) surface plane, is maximum at normal incidence and
vanishing at grazing incidence. An examination of the so-
called silicon-molecule mixed states is also worthy of inter-
est. For the N-RA model, the line at 399 eV, strongly polar-

TABLE III. Calculated AKS NEXAFS transitions and AKS IPs for various models of the acetonitrile/

Si(001) system. Energies are given in eV.

Model and cluster

Calculated NEXAFS transitions

Type and polarization Calculated IP

Free molecule 399.9
Bridgen_ap 397.8
SijgHig 399.1
Bridgen_ra 398.1
Sij¢Hig 399.0
Bridgen_ap 397.6
Siy Hoy 398.0
Bridgen_gra 397.4
398.1
Siy Hoy 399.5%
RA-cyanomethyl 399.8
SijeHs

Toen 405.6
ey E//(111) 403.0
Mixed state E//(111)

ey E//(111) 403.1
og NEL(111)

Tap_n EL(111) 403.3
me_n E//(111)

“N 2p+AD db” E L (111) 403.0
w*C’_N E//(111)
Osin EL(111)

Toen 404.7

Calculated by adding the (15)'(LUMO)Y2(LUMO+1)"? model energy shift to the absolute AKS value of

the lower-energy transition
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FIG. 9. (Color online) Simulated N 1s NEXAFS spectra of the
bridgen_ra model (SijgH g cluster), for two orientations of the elec-
tric field (solid line, =90°; dotted line, #=20°). The threefold sub-
strate symmetry is taken into account. The IP is 403.1 eV. The
corresponding optimized geometry is given in the inset.

ized perpendicularly to the (111) plane, has a clear o y
character, as shown in Fig. 10. Its dichroism stems from the
fact that the Si-N axis makes an angle y of 10° with the
normal to the (111) plane. On the other hand, for the N-AD
model, the mixed state calculated at about 399 eV—with a
polarization parallel to the surface—does not exhibit a “revo-
lution symmetry” around the Si—N bond axis.

3. AD-RA bridging geometries with a SiyH,4 cluster

We consider now the case of a bridgen_ap plus broken
PA-AD bond geometry. The optimized geometry is shown in
Figs. 11 and 12 (refer also to Table II). Before the attachment
of the molecule, the Si,;H,, cluster exhibited a PA-adatom
distance of 2.44 A, close to the one obtained for the Si;¢H g

FIG. 10. (Color online) The (T;fN orbital of the unbroken ada-
tom backbond bridgey ga geometry [(1s)'(LUMO)"*(LUMO
+1)12 state]. It gives rise to a NEXAFS transition at 399 eV; see
Fig. 9.
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HOMO (-5.10 ¢V)

FIG. 11. (Color online) Ground state orbitals of the bridgex_ap
plus broken PA-AD bond geometry: HOMO (PA; dangling bond),
LUMO (7yp_yx)> LUMO+1 (m._y). The corresponding energies
are also given. To help comparison with the extended solid case,
note that the work function (affinity) of the clean Si(111)-7 X7
surface is ~4.65 eV (~4.16 V). (Ref. 48).

cluster (2.38 A). But as soon as the molecule bridges the
adatom-rest atom site, the large PA;-adatom distance
(3.97 A) we obtain indicates that the bond is broken. The
rest atom—adatom distance imposed by molecular bridging is
now 3.60 A, slightly larger than that found for the “flexible”
SijgH 4 cluster. The calculated CN bond length is 1.27 A, a
value expected for sp? hybridization, but the ~SiNC angle
(149°)is larger than the ideal value of 120°. The AD-N bond
axis makes an angle 7y of about 76° with respect to the nor-
mal to the (111) plane. The Kohn-Sham orbitals calculated
for the ground state are worth looking at (see Fig. 11). First
the highest occupied molecular orbital (HOMO) is essen-
tially concentrated on the PA; atom. This indicates that the
scheme given in Fig. 2(c)—where both the PA; and AD
broken bonds bear an unpaired electron—has to be some-
what revised, as the PA; dangling bond is filled by electron
transfer from the adatom. Notice also that the LUMO is a 7
bond delocalized over the adatom and the nitrogen atom (de-
noted 7,p,_), While the LUMO+ 1 orbital is of 7.y type
[contained in the Si(111) plane].

As shown in Fig. 12, the calculated N 1s NEXAFS spec-
trum of the bridgey_ap plus broken PA—AD bond geometry
presents two main transitions, one polarized orthogonal to
the (111) plane, at 397.6 eV, and one polarized parallel to the
(111) plane, at 398.0 eV. The former corresponds to a tran-
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FIG. 12. (Color online) Simulated N 1s NEXAFS spectra of the
bridgen_ap model (Siy;Hyy, broken PA—AD bond), for two orienta-
tions of the electric field (solid line, #=90°; dotted line, 6=20°).
The threefold substrate symmetry is taken into account. The IP is
403.3 eV. The corresponding optimized geometry is given in the
inset. Note the presence of a silicon-molecule mixed-state
transition—denoted 7 5p_n—at lower excitation energy than that
of the 7" _y transition.

sition to the LUMO (7 ,_y), while the latter corresponds to
a transition to the LUMO+1 (m _y). Therefore the energy
ordering of the ground state is not modified. The energy
splitting between these two main lines, as given by the
(1s)(LUMO)">(LUMO+1)'"? method, is 0.4 eV (see Fig.
12), a value equal to that obtained from the AKS energy
difference (see Table III).

Finally we address the case of the “bridgey_ga plus bro-
ken PA-AD” model. The bridging of the molecule over the
AD-RA site leads also, on a stiff rest plane, to the breaking
of the PA;—AD bond, as shown in the inset of Fig. 13 (refer
also to Table IT). The total energy of this geometry is slightly
larger (by 0.18 eV) than that of the “bridgey_ap plus broken
PA—-AD” model. The lower-energy transition is calculated at
397.4 eV, with a polarization normal to (111) (the related
orbital, denoted “N 2p+Si db,” is mostly concentrated on the
adatom dangling bond, but some weight is also distributed
on the nitrogen). Note its intensity is much weaker than the
Tap_ny transition of the N—AD model. The main calculated
transition is the WZ:N transition at 398.1 eV, polarized in the
(111) plane. Finally, the line at 399.5 eV—polarized normal
to the surface—has a marked O-Zi—N character, similarly to the
case of the “unbroken adatom backbond” N—RA geometry
(Fig. 10).

4. RA-cyanomethyl plus AD-H with a Sij¢H;g cluster

We have optimized the dissociated geometry “RA-
cyanomethyl plus AD-H” of Fig. 2(i), using the Si;¢H g clus-
ter. The calculated CN bond length is 1.15 A, a distance
characteristic of a triple bond. The calculated NEXAFS spec-
tra of RA-cyanomethyl are given in Fig. 14. The main 'n'EEN
transition is calculated at 399.8 eV. As the threefold symme-
try of the substrate is taken into account, the calculated
T(—y Main transition is not dichroic.
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FIG. 13. (Color online) Simulated N 1s NEXAFS spectra of the
bridgen_ra model (Siy Hy,), for two orientations of the electric
field (solid line, =90°; dotted line, #=20°). The threefold substrate
symmetry is taken into account. Note the characteristic transition at
399.5 eV polarized perpendicularly to the (111) plane, associated
with a Si-N axis close to the normal to the (111) plane. The IP is
402.98 eV. The corresponding optimized geometry is given in the
inset. Note the dichroic behavior of the transitions to silicon-
molecule mixed states, i.e., the “N 2p+Si db” line, which has most
of its weight on the adatom dangling bond (db), and the o; y line.

C. Discussion of the adsorption models

NEXAFS calculations—reported in Table III—show that
the geometries that bridge an AD-RA pair [they are depicted
in Figs. 2(a)-2(d)] lead to WE:N transitions in the
397.8-398.1 eV range, with a strong polarization in the
(111) plane (i.e., the transition intensity is null at #=0°). The
remarkable information provided by AKS calculations is that
the m_ transition energies depend little on the breaking or
not of the adatom backbond. The lower hv experimental
transition (at 397.65 eV) is therefore ascribed to a
Si—C=N-Si unit.

On the other hand, it is clear that the intensity of the
experimental WZ:N transition does not follow a sin’> 6 depen-
dence at grazing incidence (see Fig. 7), as expected from a
C=N unit with p lobes parallel to the surface plane. Indeed

T T T T T T T T [ T T T T [ T T 1T

RA-cyanomethyl < ‘
plus AD-H 8

FTT T[T [T T T T T T

395 400 405 410 415
Energy(eV)

Calculated NEXAFS intensity (arb. units)
O O O O O = = A -
o N A O 0 O N DO

R Mool e Lol v Loy Ll o sl

FIG. 14. (Color online) Simulated N 1s NEXAFS spectra of
the “RA-cyanomethyl plus AD-H” model (Si;¢H;g cluster), for two
orientations of the electric field (solid line, #=90°; dotted line,
0=20°). The threefold substrate symmetry is taken into account.
The IP is 404.7 eV. The corresponding optimized geometry is given
in the inset.
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the experimental intensity at =16° is about % of t*he one at
0=90°. The apparent anomalous behavior of the m-_\ tran-
sition at grazing incidence can be explained by the presence
of electron transitions close in energy to the former. Those
lines should correspond to transitions to molecular orbitals
involved in the backbonding of the molecule. We already
know (Sec. IV B) that their characteristic features (energy,
dichroism) strongly depend on the type of bridging geom-
etry.

Only “broken adatom backbond” bridge models give rise
to calculated structures falling close to that of the WZ:N
(main) transition. In particular, the “ broken PA—~AD bond
plus N-AD” model provides a strong silicon-nitrogen
m'-like state transition at 397.6 eV [polarized perpendicu-
larly to the (111) plane], ca. 0.4 eV below the calculated
Te_y transition (see Fig. 12 and Table III). Note that the
width of the lower-hv transition of Fig. 7 allows for the
presence of two structures split by about 0.4 eV. Therefore
the breaking of the adatom backbond cannot be excluded by
our experimental data.

Now can we distinguish a bridgey_ap bonding from a
bridgen_ra bonding? As indicated in Sec. IV B, NEXAFS
transitions with a marked o, y character are obtained only
in the case of the bridgey_grs configuration. They are calcu-
lated 1.1 eV (AKS calculation) above the WZ:N transition
for the unbroken adatom backbond model, and 1.4 eV
[(1s)(LUMO)"2(LUMO+1)"? calculation] for the broken
adatom backbond model. They are polarized perpendicularly
to the (111) plane. Such transitions should therefore appear at
grazing incidence between the [(111)-polarized] m._, and
the (nondichroic) m_y transitions. We note that no line at
hv~399 eV is observed experimentally in the case of the
acetonitrile-Si(111) system. On the other hand, in the case of
the acetonitrile-Si(001) system, the theoretical NEXAFS
spectrum of the Si—C=N-Si (end on) adsorption geometry
exhibits a characteristic o,  transition at 399 eV, polarized
perpendicularly to the surface plane (the angle between the
Si—N axis and the surface normal is 13°).2% The experimen-
tal observation of a transition at hv=399 eV, the energy pre-
dicted by theory for a oy, y line, is the only feature that
distinguishes the NEXAFS spectrum of the acetonitrile-
Si(001) system from that of the acetonitrile-Si(111) one.
Therefore, in the present case, the comparison of experi-
ments vs theory favors the bridgey_ap configuration over the
bridgen_ra One.

Concerning the dissociated species, the excited electronic
states have only been calculated for the RA-cyanomethyl
plus AD-H model. The calculated WZEN transition energy
coincides with the transition observed experimentally at hv
=399.8 eV. Moreover we note also that the asymmetric
shape of the experimental transition which increases at graz-
ing incidence (see Fig. 7) is accounted for by the satellite
calculated at 401 eV. The observed nondichroic behavior is
also reproduced when the surface symmetry is taken into
account. Consequently the experimental transition at
399.8 eV can be attributed to a cyanomethyl. However is the
RA-cyanomethyl the only possible geometry? In fact, the
AD-cyanomethyl plus RA-H geometry has an optimized ge-
ometry very similar to that of the RA-cyanomethyl plus

PHYSICAL REVIEW B 73, 125345 (2006)

TABLE IV. Assignment of the experimental N 1s NEXAFS and
XPS binding energies (given in eV) to adsorption models. FL is the
Fermi level.

Experimental
XPS binding energy
with respect to FL

Experimental

NEXAFS transitions Assigned model

397.65
399.80

397.60
398.95

bridgen_ap
AD-cyanomethyl
or RA-cyanomethyl

AD-H [same CN bond length; about the same angle between
the CN axis and the normal to the (111) plane]. We thus
expect the same transition energies and dichroic behavior
and therefore we have no practical means of distinguishing
between those two adsorption geometries.

Our simulations indicate that all main experimental NEX-
AFS features are explained by the presence of Si—-C=N-Si
and free C=N blocks. This interpretation is coherent with
the N1s XPS data and IP calculations. We note that the cal-
culated IP energy difference between the bridge and cyanom-
ethyl models is about 1.6 eV. This compares favorably with
the experimental XPS binding energy shift of about 1.3 eV,
measured between the two structures composing the spec-
trum of Fig. 6 (see also Table IV). Let us add that on the
basis of XPS measurements, a C=N moiety datively
bonded to a silicon is excluded, as its binding energy shift
with respect to a C=N line should be larger than 3 eV,?
which is not observed.

D. Adsorption mechanisms

As the confrontation of our experimental NEXAFS data
with calculated spectra points to a N-AD bridge geometry,
one could think of a reaction path in which the molecule
approaches an “acidic” adatom site, forming a datively
bonded precursor state via its nitrogen lone pair [Fig. 2(f)].
Therefore the charge transfer mechanism, where the electron
charge of the “basic” rest atom is redirected toward its ada-
tom neighbors, would not be at work here. If we follow the
argument developed by Kang for NH; dissociation,'? the for-
mation of the datively bonded precursor state on the adatom
would make it hypervalent (fivefold coordinated),*” by which
the backbond breaking would occur more readily.”® In the
case of acetylene adsorption, the DFT calculation of Sbraccia
et al. shows (Fig. 4 of Ref. 27) a transition state in which the
interaction of the molecule with the adatom (formation of
Si—C bond) is accompanied by the breaking of the PA;—AD
bond (indeed the 7 electrons of the molecule can be donated
to the “acidic” adatom). Therefore, in the context of acetoni-
trile adsorption, PA;—AD bond breaking would occur before
AD-RA bridging (mechanism 1 of Fig. 15). The possible
reformation of the PA;—AD bond in a third step would not
be likely, if we take into account our calculations using the
“stiff” cluster indicating that the broken geometry is the only
stable geometry, and periodic DFT calculations by Sbraccia
et al. on the bridging geometry of acetylene.”’ Alternately
(mechanism 2 of Fig. 15), one could imagine that the mo-
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lecular precursor (without adatom destabilization) bends to-
ward a nearby rest atom to form a bridge over the large
adatom-rest atom pair site, maybe with a high activation
barrier owing to the large bridging distance (4.5 A). Bridg-
ing would be then followed by a possible breaking of the
PA,—AD bond. Now if a precursor state forms on a rest
atom site (mechanism 3), the rest atom, which becomes four-
fold coordinated, is stabilized by the dative bonding in con-
trast with the adatom that was destabilized. Therefore for
mechanism 3 as well, the AD-RA gap cannot be reduced, and
a high activation barrier may exist because of the large bridg-
ing distance. Indeed, the experimental NEXAFS data favor
the N—AD bonding.

As discussed before it is practically impossible to distin-
guish spectroscopically a RA-cyanomethyl from an AD-
cyanomethyl. However in the absence of a charge transfer
mechanism between rest atoms and adatoms, the acid-base
reaction framework can be used to describe a reaction path.
Assuming the same type of mechanism we proposed in Ref.
28 for C—H scission on Si(001), a proton could be trans-
ferred to the rest atom and simultaneously the CH,CN™ unit
could bond via its C lone pair to the adatom to form an
AD-cyanomethyl.

V. CONCLUDING REMARKS

Bearing a lone pair on its nitrogen end (like ammonia)
and being a m-bonded molecule (like the alkenes and the
alkynes) the acetonitrile molecule, when deposited on the
Si(111)-7 X7 surface, appears as a probe molecule capable
of unveiling some interesting aspects of the surface elec-
tronic structure (acidic and basic sites, possible charge trans-

fer phenomena between surface states, lability of the ada-
toms).

Combining N 1s core-level spectroscopies with DFT elec-
tronic transition calculations, we have determined the elec-
tronic structure of acetonitrile chemisorbed at 300 K. Two
chemical states for the molecule are identified, correspond-
ing to a —-C=N- unit (NEXAFS transition at hv
=397.65 eV) and a pendent C=N unit (NEXAFS transition
at hv=399.8 eV). Thus the state of things is different from
that studied at 110 K, for which HREELS spectroscopy de-
tected only the sp-to-sp® re-hybridization.?? Datively bonded
geometries are excluded at 300 K by our NEXAFS and XPS
experimental data. However, they may play a key role as
precursors to the observed geometries.

Our N 1s NEXAFS simulation of the Si—-C=N-Si ad-
sorption modes, which bridge adjacent adatom-rest atom
pairs, used two types of clusters, a “flexible” Si;qH;g cluster
and a “rigid rest plane” Si, H,4 cluster. Upon adatom-rest
atom bridging, the pedestal atom—adatom bond breaks in the
case of the stiff cluster, while this is avoided in the case of
the flexible one. However, for both clusters, molecular bridg-
ing induces about the same strong reduction of the adatom-—
rest atom distance. While calculations predict a og;  NEX-
AFS transition [polarized perpendicular to the (111) plane] at
399-399.5 eV only in the case when nitrogen is bonded to
the rest atom, its absence in the experimental spectrum lends
more support to an attachment of the nitrogen end to the
adatom. A selective attachment on the adatom may proceed
from a datively bonded precursor (via donation of its N lone
pair to the adatom dangling bond), and therefore the rest
atom-adatom charge transfer scheme® would not be at work
for acetonitrile. Let us add that for the bridge N—AD geom-
etry, the breaking of the pedestal-adatom bond has a strong
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effect on the calculated N1s NEXAFS spectra (a w-type
bond delocalized over the nitrogen atom and the adatom ap-
pears): this may explain the apparent dichroic behavior of the
experimental 7._ ransition at h1v=397.65 eV.

To account for the presence of a free (nondatively
bonded) C=N group, we propose that the molecule can also
dissociate on the surface, to give a cyanomethyl unit
(Si—CH,C=N) plus a silicon monohydride. This model is
suggested by the acidic nature of the methyl hydrogens. The
corresponding calculated N 1s NEXAFS energy coincides
with the experimental one. However the present spectro-
scopic information does not enable us to distinguish between
an attachment of the cyanomethyl to the adatom or to the rest
atom.

We can note also that the reactivity of acetonitrile on
Si(111)-7 X7 and Si(001)-2 X1 is very similar, leading in
both cases to the formation of sp? adducts and to the break-
ing of the C—H bond (formation of a cyanomethyl). Because
the minimal distances between pairs of surface silicon dan-
gling bonds are very different on Si(111) (4.5 A) and
Si(001) (2.35 A), this observation is puzzling, but is not iso-
lated. Indeed alkenes, alkynes, water, and ammonia tend to
react the same way on both surfaces. All these molecules
possess a common feature: they can form a dative bond (via
the 7 electrons or the oxygen-nitrogen lone pair) with the
adatom. Therefore the possible lability of the adatom due to
the dative bond of an adsorbed molecule, first discussed
theoretically by Kang for ammonia,'> can explain why the
same products are observed on both surfaces, as the breaking
of the pedestal atom-adatom bond reduces the adatom-—
restatom distance to 3.4-3.6 A.
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On the other hand the two surfaces differ by the role
played by their gap states in the positioning of the Fermi
level. While the Fermi level moves up in the gap by about
140 meV after molecular adsorption in the case of the
(001)-2Xx1 surface,®' for the (111)-7X7 surface it remains
pinned at the same position within the gap. All surface states
are quenched on Si(001), while some remain on Si(111)
even after surface saturation (e.g., at saturation coverage,
adatoms are still observed”? by STM), or new ones may be
created (e.g., due to a possible pedestal atom—adatom bond
breaking, as shown in Fig. 11).

Further experimental work is needed to better understand
the reactivity of acetonitrile on this complex surface. De-
tailed kinetic studies combining various surface science tech-
niques (spectroscopical tools and STM) would be useful, to
determine, for instance, the formation rate of the various spe-
cies vs exposure, and to obtain a quantitative value of the
saturation coverage. A detailed scanning tunneling spectros-
copy study over the adatom sites should give information on
the possible breaking of the pedestal atom—adatom bond, and
the correlated possible formation of “double bridge” adducts.
It is indeed clear that the question of the lability of the
adatom—destabilized by a dative bonding—is of particular
interest, because of its general applicability in the determi-
nation of the reaction paths of many molecules. We hope that
the present core-level spectroscopy study will also stimulate
theoretical works in this direction.
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