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Experimental and theoretical NEXAFS/XPS study of the room-temperature adsorption
of acetonitrile on Si(001)-2X 1
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Combining synchrotron radiation NsIx-ray photoemission and x-ray absorption spectroscopy to density
functional theory calculations of electron transition energies and cross sections performed on silicon clusters,
we have re-examined the issue of acetonitrile adsorption on single- and two-dor@0)&iX 1 surfaces,
taking into consideration the various adsorption models proposed in the recent theoretical works. It is shown
that at 300 K and saturation coverage, the molecule is chemisorbed both under nondissociated and dissociated
forms. The nondissociative adsorption mode results from @ lbddnding involving the cyano group. The use
of a vicinal surface allows us to show that thiele-on(a cycloadditionlike product on the Si dimes the
majority species of dir type. The datively bonded moleculend-on is not observed at 300 K. The molecule
also dissociates on the surface, under the form of a cyanomgli/a silicon monohydride, a model which
has not been so far proposed by theoretical works.

DOI: 10.1103/PhysRevB.71.165319 PACS nuni®er68.43.Fg, 68.47.Fg, 71.15.Mb, 61.10.Ht

I. INTRODUCTION is thought to be a low symmetry state, donatingst&lec-
trons to the acidic silicon sit®’

The adsorption of organic molecules on silicon surfaces The cyano(-C=N:) functional group, being isoelec-
has developed into a thriving field in current semiconductokronic to (-C=C-), is another potential anchoring unit
research, because of the technological interest in combining, grafting organics on Si. In that respect, acetonitrile
the Si-based “infrastructure” with the novel functionalities of (CH3CEN :) appears at first g'ance as a model system_ Tak-
an organic “superstructurésee, for instance, the recent mo- ing into consideration @pto-sp? rehybridization scheme,
lecular resistivity measurements of Guisingerl!). Never-  yi_, bonding geometrie$Si-C—N-Si) can result from the
theless this field needs some maturation before surface strugsaction of ther system with the surface. The first one, the
tures with well-defined electronic properties can beside-ongeometry that can form on a silicon dimgsite A of
exploited. At present, a fundamental research effort has stiltjg 9y js sketched in Fig. @). Alternately the molecule

to be madsi) in the identification of the reaction products— could bridge two Si dangling bonds across two adjacent
i.e., in the theory-assisted interpretation of spectroscopic data

and near-field probe imagery—aifid) in the understanding

of the relevant factors—i.e., kinetics vs thermodynamics— 2354

which control the outcome of a surface reaction. Theg p si si
interaction of organics with the “technological” surface, A ] &
3.84 A

Si(001)-2X 1, has been by far the most studied. The dimer-
ized surface(see Fig. 1is characterized by an asymmetric

buckling> The asymmetry is associated with an electron ® S S S
transfer between the down atom of the dimer and the up

atom. Chemically, this means that the up atom can act as c

Lewis base, while the down atom acts as a Lewis acid. An-s; Si Si Si
choring units leading to nondissociative molecular grafting 5354

on the clean surface have already been identified. They hav
been essentiallyr-bonded units, vinyl and acetylenic moi-
eties, that bind on the surface by openingrabond and FIG. 1. (a) The 2x 1 reconstructed surface and three adsorption
forming two strongo Si-C bonds with a pair of silicon dan- sites. (b) The asymmetry of the dimers is associated to a charge
gling bonds> On the dimer(site A), the reaction intermediate transfer between down and up silicons.

@ ®
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either a Si-N=C=CH, cumulative-double-bondCDB)
unit or a Si-CH-C=N cyanomethylnit. For instance, on
site A, the CDB and cyanomethyplus silicon monohydride
geometries are depicted in FiggdRand Ze), respectively.
Given that a cyanomethyl can rotate around itsxSi-axis,
its nitrogen ending could also make a dative bond with dan-
gling bonds of neighboring silicon dimefsite B and C of
Fig. 1). The intrarowdatively bonded cyanomethid de-
picted in Fig. Zf).

Feng Tao and co-workePsmade the first experimental
study of the adsorption of acetonitrile on(@1)-2X1 (at
110 K), using high resolution electron energy loss spectros-
copy (HREELS. After annealing at 300 K, they observed a
peak at 1603 cnt (197 me\, attributed to the stretching
mode of asp’ rehybridized adspeciglC—N). Moreover a
characteristic methyl bending mode was also detected.
Therefore the side-on or end-bridge geometries, are likely
products. These authors also observed that the signature
characteristic of an end-on geometrg., a C=N stretching

(c) End-on (d) CDB+ monohydride (site A) h .
mode was absent after room temperature annealing, point-
H H ing to the fact that the end-on cannot be stabilized at 300 K.
‘ " N In a subsequent experimental work, our group used syn-
// \ ¢ chrotron radiation spectroscopifl¥ 1s x-ray photoemission
\ Y Si— 3 /// spectroscopyXPS) and N Is near-edge x-ray absorption fine
/C\H l I& structure spectroscopiNEXAFS)] to examine the products
l—s. Sis resulting from the reaction of acetonitrile with(802) at 300
/\ I\ l\ /S\ K.10 We detected multiple hybridization states for the CN

(e) Cyanomethyl + monohydride (site A)

(f) Intra row datively bonded cyanomethyl

+ monohydride

group, in contrast to the findings of Feng Ta al.®
who observed only &N products after a
110 K adsorption/300 K annealing. The two maintransi-

FIG. 2. Possible adsorption modes of acetonitrile adsorbed o#ions we observed were tentatively attributéd to a

Si(001)-2x 1.

Si-C=N-Si unit (having its7 system contained in the sur-
face plang and (ii) to a C=N moiety (which did not give

dimers of the same rouvsite B of Fig. 1), to give anend-  rise to pronounced x-ray absorption dichrojsriVe con-
bridge geometry[Fig. 2(b)]. cluded that the latter product could result from the dissocia-
Yet, besides diz bonding on Si viar bond opening, other tion of the molecule, without specifying its nature, or from a
bonding possibilities must be envisaged. First the nitrogemN lone pair dative bond.
lone pair, can be involved in a dative bond with the acidic Si  The experimental works have stimulated theoretical cal-
site in anend-onconfiguration Fig. 2(c)]. Second, the acidic culations of the adsorption energetics of {LH on S{001)
nature of theaH atom has to be taken into accodrand  using the density functional theo(fFT) approach!13Ad-
dissociated geometries have to be envisagedHAcould be  sorption energies from the literature are collected in Table I.
transferred to a silicon dangling bond while the £LLH moi- Cho and Kleinmatt have restricted their analysis to non-
ety could bind to a second silicon dangling bond, to givedissociative cases. Using DFT and modelling the surface by

TABLE |. DFT adsorption energies reported in the literature, “Cho” from Ref. 11, “Mui” from Ref. 12,
“Miotto” from Ref. 13. Periodic slab geometries are calculated for a molecular coverage of 0.5 monolayer.
Adsorption energies that are obtained as by-products of our DFT calculgseesSec. Il A, are also
included for comparison.

DFT adsorption energie®V)

Periodic slab SH 1, cluster

Geometry Cho Miotto Mui This work
End-on -0.91/0.00 -0.91/0.06 -0.61/0.06 0.0¢
Side-on -1.47/-0.56 -1.60/-0.69 -1.09/-0.48 -0.54

End-bridge -1.43/-0.52 -1.28/-0.37

CDB -1.54/-0.98 -0.8¢°
Free Cyanomethyl -1.%28

@Relative to the adsorption energy of the end-on model.
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H the chemical bondingK-edge NEXAFS is a powerful syn-
V H chrotron radiation technique which probes the unfilled states
'/ of p symmetry. It is able to detect the presence of specific
. bonds in the molecule®.g., = bonds via the observation of
@ \H+ a 1s— = resonance at a photon energy close to thesN 1
@ binding energy. NEXAFS gives also information on the ori-
Q S entation of the unoccupiepl orbitals. The dipole absorption
i | from a 1s level has a characteristic ¢98) dependence,
/ \ where § is the angle between the orbital axis and the po-
larization vectorE of the synchrotron radiatiolf. Therefore
bond directions can be inferred from the experimental di-
chroic absorption spectra, and adsorption models can be
readily eliminated.
Yet, our philosophy was to go beyond such a straightfor-
ward interpretation of the experimental data. As a matter of
fact the systematic calculation of NEXAFS spectra is highly

a periodic slab geometrga 2x 2 unit cel), they found that ~desirable in modern synchrotron radiation spectroscopy ap-
the side-on(respectively, paireénd-bridgé configuration is  plied to surface science, as far as only the knowledge of the
the more stable, at 0.Bespectively, 1 monolayer coverage, energetics(x-ray absorption transition energies and ioniza-
a situation similar to the acetylene cd4€ho and Kleinman tion potentialy would permit a rigorous attribution of the
have calculated the reaction paths of both products from afxperimental lines to any particular model. However, be-
end-on precursor: an activation barrier of 0.26 @¥spec- cause many different chemisorbed forms of the molecule on
tively, ~0 eV) is found for the side-or(respectively, end the substrate can exist, it is crucial to numerically resolve

bridge. Therefore the end-bridge product should be kineti-with high precision both the energy position and the intensity
cally favored, at least at low coverage. of the resonances corresponding to the various species.

In their DFT cluster calculations, Mt al2 have exam- In this context, DFT seems to be the most suitable ap-

ined the formation of the side-on addueta an end-on pre- Proach. It can take into account both relaxation and correla-
cursod, but they have also taken into consideration the issudéion effects at a moderate computational cost. It has been
of molecular dissociation. They have calculated the formashown that theASCF type of approach can be adopted for
tion of a CDB[F|g Z(d)] formed from the end-on precursor, the DFT Kohn-Sham orbital theory, i.e., thA ‘Kohn-Sham”

and found it 0.44 eV more stable than the sidettre cal- method as proposed by Trigueeoal,'” in which ionization
culated activation barrier is only 0.04 eV larger than that ofpotentials and transition energies are obtained through sepa-
the end-on to side-on transformatjon rately optimized ground and excited states. Like for Hartree-

Note that the two theoretical works cited in Refs. 11 andFock (HF) based methods theAKS” method improves
12 share the common view that the precursor to moleculai€aching experimental agreement within a few tenths of an
adsorption and/or dissociation is the end-on adduct. For in€V as recently shown in Refs. 17 and 18 for isolated mol-
stance the CDB could result from an end-on intermediatécules. In the present paper we apply this kind of approach to
which bends to transfer a proton to the nucleophilic up dimethe case of molecular adsorbates grafted on a semiconductor
atom?2 Alternately, another H transfer mechanism, leadingsurface, S001)-2x1, that we simulate by clusters of vari-
to cyanomethyl grafting, can be imagined as depicted in Figous sizes.

3. The nucleophilic up dimer atom harpoons a proton, leav-

ing a CH,CN™ anion. Thea carbon, which now bears a “for- Il. EXPERIMENT

mal” lone pair—calculatior’$ show indeed that the pyrami-
dalization angle(~ CCH) at the carbonion carbon is in the
range 114°-115.7°—makes a dative bond with the electro- 1. Si cleaning
philic down dimer atom, resulting in a Si-GBN moiety.

Very recently, Miotto and co-worket$have made peri-
odic DFT calculation, supporting the existence of the side-o
on the surface. They have also found that the end-on mod
is also possible. In contrast to the preceding theoretical
works 12 Miotto and co-workers do not find that the end-on
is a precursor to the side-on, as any distortion of the end-on
leads to its desorption. To take a full advantage of the capability of N NEX-

The goal of the present study is the determination of theAFS spectroscopy to determine bond orientations, the aceto-
adsorption geometries of acetonitrile at room temperature onitrile molecule needs to be deposited on a single-domain
Si(001), by combining radiation synchrotron electron spec-vicinal surface. It is well known that on-axisominal(001)]
troscopy data and electron transition energy computation. Asurfaces consist of 2 1 and 1X 2 domains in equal quanti-
the experimental level, we have used &l gdhotoemission ties, with the dimer rows of one domain running perpendicu-
and NEXAFS spectroscopy, which inform on the nature oflar to the dimer rows of the other. On the other hand, a

N=c—C"_

up
down hucleophilic
electrophilic

FIG. 3. A possible reaction path leading to the formation of a
cyanomethyl plus monohydride.

A. Sample preparation

Si samples are cut into phosphorus doped wafers, of re-
r.}aistivity 0.003Q) cm. They are cleaned from their native ox-
e by flashing at 1250 °C. The surface reconstructions are
ecked by low energy electron diffractiobEED).

2. Single domain Si(001) surfaces
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FIG. 4. LEED pattern of a $901)-2X 1 vicinal surface, satu-
rated with acetonitrile. The step edge is along [th&0] direction.
The energy of the electron beam is 79.7 eV.

vicinal Si(001) surface, cut by more than 2° df001] axis,

toward [1?0], forms a regular array of bi-steps and single FIG. 5. (a) For a photon incidence of relative to the surface
@ne, the electric field makes an anglevith respect to the normal

2% 1 reconstructed surface domain terraces. Here the surfa«? o -
is misaligned by 5°. We have checked by LEED that a n) to_the_ surface(b) In normal incidence on a vicinal surface the
single-domain pattern is observed. We give in Fig. 4 thee!ecmc f!eld can be paralle(IEPara)_or c.’rthogona'(E.""hO) to the

. - - ... _dimer axis. The crystallographic directions are indicated.
LEED image of a vicinal surface saturated with acetonitrile.

Note that half-order spots are only seen along[tt0] di-

rection. Spot doubling along tHé 10] direction reflects the
step edge periodicity of terraces with equal widths.

and the surface normal can be changed betw#ed0° (nor-

mal incidencg¢ and 6=16° (grazing incidence The azi-

muthal orientation oE with respect to the surface crystallo-

o _ graphic directions can also be modified by rotating the

3. Acetonitrile dosing sample around the normal to its surface. In the case of a

Acetonitrile is a commercial produd@ldrich), purified  single-domain §D01) surface, under normal incidend®

by several freeze-pump-thaw cycles. It is dosed onto the sili=90°) E can be placed either parallel or perpendicular to the

con surface cooled at room temperature, through a leak-valvaxis of a “symmetric” Si dimer, as depicted in Fig. 5.

under constant pressure in the 8910 ‘mbar range(the

gauge reading being uncorrectefbr 600 s, in order to 2. Photoemission
achieve th.e saturation coverage. The gas cleanliness is Core-level(Si 2p, C 1s, N 1s) photoemission spectra were
checked with a mass quadrupole analyzer. also recorded with the hemispherical analyzer working in
swept mode. Binding energies are measured with respect to
B. Electron spectroscopies the Fermi level(FL). Additional valence band spectra were

also measured using a Héamp as an excitation source.
1. Synchrotron radiation

The experiments have been performed at Beamline SB7/ [ll. COMPUTATIONAL
experimental station ABS6 of LURE-Super ACO synchro-
tron facility (Orsay, France The photon energy is calibrated
using the difference in energy of both, first and second order Electronic structure calculations were completed with the
light from the Dragon-type monochromator. The source beGAMESSUS) (Ref. 19 software package using Becke3
ing a bending magnet, the degree of linear polarization id.ee-Yang-Par(B3LYP) three parameter DFT theory. Geom-
95%. The larger component of the electric fi€l), lies in  etries of local minima on the potential energy surface were
the horizontal orbital plane of the storage ring. The Augercalculated with a 6-311Gbasis set for nitrogen, carbon and
yield (AY) mode has been used to increase the adsorbatsilicon atoms. The H ligands are described by a 6-3b&
to-Si bulk signal ratio. A Scienta 200 hemispherical electronsis. When the adsorption site involves only one difreey in
analyzer, working in fixed mode, is used for that purpose: 18nodels(a), (c)—(e) of Fig. 2|, the S{001)-2x 1 surface is
eV wide energy windows, centered at 363, 373, and 383 eVhodelled with a SH;, cluster. The top two silicon atoms
were chosen. To obtain reasonable count rates the phot@mompose the surface dimer, while the remaining seven Si
band width was around 180 meV. Angle dependent measuretoms, compose three subsurface layers which are hydrogen
ments have been carried out. The sample was mounted onterminated to preserve thsg® hybridization of the bulk dia-
vertical sample holder, so that the polar anglbetweenE ~ mond lattice. Using the §4, cluster, adsorption energies—

A. Geometry optimization

165319-4
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relative to that of the end-on model, see Table |—are in goodiifficulty, we have introduced a procedure which consists in
accord with those previously calculated with a cluster of theoptimizing decreasing fractional occupancies for the core
same sizé? When the adsorption involves two dimer sites electron(between 1 and)0 Generally, no convergence prob-
pertaining to the same rolas in modelgb) and(f) of Fig. 2]  lems are encountered for the small silicon clug®iH;,).
a SisHy6 Cluster was used. _ However for larger clusters, such as the triple-dimer cluster
It has been shown that the cluster size has some effect q;j, H,,), the convergence process may be rather tedious,
molecule-to—5|l|con_ charge trar_lsfers, and_thgrefore on th%specially for singlet DFT core excited statese below
calculated adsorp.tlon heat, fo_r Instance, W'dﬂal'zo have The variational principle can be applied to densities refer-
zzzwgaizattotgzs%r'ﬁbzg mreegﬁd'\r/nee;ggsrtiiro';r&eNcassr?]Z_and ring to any state with fractional occupancy. The NEXAFS
ecul% on S001). (Note that the many-?jimer Iarge? clusters spegtra are calculatgd in the framew_ork of the transition po-
) tential (TP) method, in which relaxation effects are treated

are intended to address the low coverage lintitne could d ord turbation th the DET calculati
wonder if the cluster size could also affect considerably thé?y second orger perturbation theory, the caicutation op-

calculated excited state energies of the adsorbed moieculiMiZ€s the ionic state corresponding to a fractional electron

To our knowledge, DFT works dealing explicitly with this ©ccupancy of the 4 orbital equal to 1.5. Then transition

effect in the case of molecules on semiconductors have né&nergies are obtained as the difference between the energies

been published yet. The reason may be purely “technical,” a8f the virtual orbital and that of theslorbital. X-ray absorp-

the convergence of the excited states may be difficult fofion cross sections are calculated by use of the monoelec-

very large clustergsee below, Sec. Il B Note that the tronic core and excited-state TP virtual orbitals within the

“small” SigH;, cluster representing a single-dimer site hasdipolar approximation(lt is assumed that the radiation is

been recently used in a DFT calculation of the x-ray emisdinearly polarized.

sion spectrum for ethylene adsorbed o(081).2* However The TP method gives accurate relative NEXAFS transi-

to examine this size issue, the end-on bonding has been takéon energies(see below but absolute values are typically

as a test case. The possible influence of charge delocalization5—-1 eV off the experimental ones. Therefore NEXAFS

along a dimer row(see Ref. 2pon the N X transition ener-  spectra are repositioned on an absolute energy scale by a

gies is examined using a cluster comprising three dimers iDFT calculation of the firstlower hv) bound excited state,

the same rowSi ;Hyo), placing the molecule on the central for which one electron is removed from the and one is

dimer, leaving the other two free. In addition to the three-added to the empty orbital of interest. Then the transition

dimers-in-a-row cluster, we have also used a double-dimegnergy is obtained as the difference between the energies of

cluster(SixHz4) to study the effect of increasing the cluster the excited state and of the ground statethe following this

size across the trench separating the dimer rows. “A Kohn-Sham” method is denotetlKS). The relativistic

correction of 0.3 eV is incluced, according to Triguesb

al.l” The AKS triplet final state transition energies are cor-

rected using the sum method of Ziegler, Rauk, and
The local minima geometries we find for the molecule Baerend®’ in order to account for the spin conservation in

plus Si cluster system are the starting point of the calculatiorlipolar transitions leading to a singlet final state. This leads

of NEXAFS transitions and ionization potentiald®). The to transition energies fairly close to experimental ones, as

guantum chemicahb initio calculations of excited states are tested for free moleculés.

performed at a DFT level of theory. The application of DFT  For the calculation of N dionization potential€IP), the

to core-photoionization phenomena takes advantage thaameAKS method is applied, IP being the difference be-

both the relaxation and correlation effects are simultaneouslyiveen the energy of the excited state, represented by a core

described at a moderate computational cost, with respect taole in the N & orbital, and that of the ground state.

SCF and post-HF methods. We used a modified version of Steplike features, referred as “continuum stefdsate ob-

the GAMESSUS) program, enablingi) the choice of a frac- served in the experimental NEXAFS spectra. Steps are the

tional occupancy for the core hole afig) the calculation of result of excitation of the core electron to(guas) con-

B. N 1s NEXAFS calculations

singlet core excited energy valuEsWe used an IGLOO-IIl  tinuum of final states. In isolated molecules, the step occurs
basis se# for the nitrogen atom along with a special diffuse at the IP, due to the transition to the free-electron continuum.
[3s,3p,3d] added at the core ionized/excited site. We have considered that the adspecies plus Si cluster can be

One of the main problems encountered in the presentonsidered as a molecule, having discrete bound states below
simulation was the SCF convergence of core excited satd® and discrete statesmbedded in the energy continuum of
within a large system, that is, the adduct and the silicorthe free electron above IBelow IP, the NEXAFS spectrum
cluster representing the surface. The large basis sets indionsist of the DFT-TP calculated lines broadened by convo-
cated above are necesséiyto describe correctly the drastic lution with a Gaussian of 0.6 eV full-width at half-maximum
changes in the electronic structure in the vicinity of the cor(FWHM). Above IP, to describe the continuum part of the
excited or ionized site, an(i) to represent properly the Ry- spectrum, the DFT-TP method is connected to the Stieltjes
dberg transitions near the photoionization edge. Not only ismaging proceduré? which converts the “above-IP” discrete
the computation procedure relatively time consuming, butines into a continuungthe calculated continuum cross sec-
the convergence of the core excited final states may be dition is convoluted with the same Gaussian function used for
ficult to reach, especially for large systems. To overcome thishe discrete part below )P
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220 2 ] 395 4 400 405 410 415 420
. it ] N1s™(1) Photon energy (eV)
S 15 - i Single domain Si(001)-2x1 E
alsr- : Grazing incidence ] . .
8 [ o 92160 E < (110) ] FIG. 7. Normalized N & NEXAFS spectra of the two-domain
> 03 2 ] Si(001)-2x 1 surface exposed to acetonitrile under a pressure of
< f . 107" mbar for 600 s at a temperature of 300 K. The binding ener-
B r H "":W ] gies (relative to the conduction band minimyirof the two XPS
%‘ 05 HE . spectral linegFig. 8 are indicated with vertical baf$\ 1sCBM (1)
g - A and N °BM (2)]. Peak assignments are reported in Table IV.
ZO.O:I."l.‘l“l"I'\;H‘Pl||||||I|||||||||I|||||||||I|||||||||’I|||||:
400 410 420 430 440 nal to the dimer axigE,y,, the Auger yield intensity is
Photon energy (eV) maximum, | =1, (see also Fig. bto a direction parallel to

the dimer axigEp,., the Auger yield is minimum, and equal
*o Imax/ 3). For its part, thes" transition appears polarized at
right angle with respect to the" resonance, being maximum
(minimum) for Epard Eortho -

The second bound transition observed at 399.QrYy5s. 6
and 7, is better seen at grazing incidence. Its position coin-
cides with a continuum step, related to the onset of transi-
tions to silicon states mixed with molecular levéls.

The exposure of the silicof001) surfaces to acetonitrile The third bound transition is observed at 399.8 (@gs.
(under a pressure of 10mbar, for 600 s, at a temperature of 6 and 7. It appears weakly dichroic both for single-domain
300 K) corresponds to a situation in which all silicon surfaceand two-domain surfaces. We will limit ourselves to noting
states are consumed, as checked by He | valence band pHbat this transition energy is close to that of a free acetonitrile
toemission(not shown. The Si 2, level move by 0.15 eV  molecule(399.9+0.1 eV.?
to higher binding energy with respect to the clean surface The N 1s XPS spectrum of a two-domain(8D1) surface
position, in relation to a change in band curvature at thgsaturation coveragés given in Fig. 8.
surface. The N4 NEXAFS spectra of chemisorbed layers ~ Two spectral lines are found at binding enerdieferred
are given in Fig. 6, for a single-domain(801)-2x 1 sur- to the Fermi level 397.8 [N 1s™ (1)] and 398.7 eV
face, and in Fig. 7 for a “nominally flat” two-domain surface. [N 1s™ (2)], respectively. Therefore XPS points (@t least

Three bound resonancéat photon energies 397.8 eV,

399.0 eV, and 399.8 eVVand one continuum resonance 4ox10®
(“o""-like, at a photon energy of408 e\) are observed in

the NEXAFS spectra of the single- and two-domain surface, £
showing that no detectable extra adspecies are present on tt 5
single-domain surface, because of its high step density. Graz €
ing incidence spectra, for whidh is nearly perpendicular to
the surface are nearly identical. The normal incidence spec
trum of the two-domain surface can be reconstituted by sum-
ming the two normal incidence spectra of the single-domain
surface, taken witle parallel to the dimer axis or perpen- 0 [~ e
dicular to them. This means that the products formed on S FE SN T ST S
single- and two-domain surfaces give identical NEXAFS sig- 400 399 Binding :ﬁgrgy (V) 307 396
nature, and that their relative distribution is nearly the same.

First let us focus on ther (397.8 e\f and o (408 eV) FIG. 8. N Is photoemission spectrurfdots of a two-domain
resonances which are polarized in the surface plane. Whesi(001) surface exposed to acetonitrile at 300(s@aturation cover-
using a single-domain surface, a strong in-plane azimuthalge. The binding energy is measured with respect to the Fermi
dichroism in normal incidence can be noticed in Fig. 6 forlevel. A best fit(solid curve$ is also given, the FWHM of each
this 7 resonance wheR changes from a direction orthogo- spectral line is 0.97 eV. Peak assignments are reported in Table IV.

FIG. 6. Normalized N & NEXAFS spectra of the single-domain
Si(001)-2x 1 surface exposed to acetonitrile under a pressure o
10°7 mbar for 600 s(a) Normal incidence(b) Grazing incidence.
The dimer rows run in 4110] direction (see also Fig. b Peak
assignments are reported in Table IV.

IV. N 1s NEXAFS AND XPS EXPERIMENTAL DATA
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End-on/Si(001)-2x1
........ E//X
A — Ely

ethyl), no dangling bonds are left on the dimer site, and
buckling is weak or absent.
R The optimized geometry is depicted in the inset of Fig. 9
5 for a calculation performed on a single-dimer cluster
(SigH15). Geometrical outputs are reported in Table Il. The
molecule datively bonded to a silicon atom conserves a CN
bond-length characteristic of a triple bofid15 A). The CN
J - axis makes an angle of 11° with respect to the normal to the
K surface: ther bond system is therefore nearly parallel to the
ol .1 ‘) 4 - surface. As expected, the calculated NEXAFS spectrum ex-
396 398 400 402 404 406 408 410 hibits aa-r::EN transition(athry=400.3 eV strongly polarized
Energy (eV) in the xy plane[Fig. 9]. The IP is calculated at 406.72 eV.
FIG. 9. (Color online Calculated NEXAFS spectra of the Fpr this particular adsorptipn mode, we hq\(e examined
end-on model, for three directions of the electric field. The opti-the |nf|uenpe of the'cluster size on the transition energleg.
mized geometries are given in the inset. The transition energies for the three clusters are collected in
Table 1ll. Using the three-dimers-in-a-row clusterySi,,
he NEXAFS m._,, transition is calculated at an energy of
00.3 eV, equal to that calculated for thetsj, cluster. On
the other hand the IP is calculated at 406.37 eV, slightly
shifted down(by 0.35 eV} with respect to that obtained in
V. INTERPRETATION the single-dimer calculation. Using the other large cluster,
the trench(double-dimey cluster SjsH,,, we find NEXAFS
and IP energies equal to those calculated for thgH3§ one.
1. The isolated molecule We note that the effect of an increasing cluster size on the
tN 1s NEXAFS transition energy is almost negligible, while
the IP decreases by a few tens of eV. The comparison of the
two large clusters and is also of interest. As indicated in Ref.
20 for the related case of NHlatively bonded to a silicon
dimer, charge delocalization is greater for the three-dimers-
in-a-row cluster(Siy;H,o) than for the trenchitwo-dimep
cluster(Siy3H,4). This means that two adjacent dimer rows
are nearly independent. Therefore, initial state IP shifts, rela-
tive to the single-dimer cluster, should be larger for the
In the end-on model the molecule is datively bonded to &Si,;H,, cluster than for the $iH,, one. As the two calcu-
silicon dangling bond. In a Lewis picture, the “free” dangling lated IPs are nearly identical, it seems reasonable to assume
bond is occupied by two electrons, forming a lone pair.that initial state effectéas a function of the cluster sizare
Therefore a buckling is expected, the lone pair bearing silismall. Thus the trend observed for the (d decrease with
con moving up, and the molecule-bearing silicon movingincreasing cluster sizesould be related to a better screening
down (see, e.g., the triethylamine cd%#). This situation is  of the nitrogen core hole when the number of Si atoms sur-
specific to the end-on geometry. For all the other geometriesounding it increases. On the other hand, the NEXAFS peak
studied here(side-on, Si-H plus CDB, Si-H plus cyanom- position would remain largerly unaffected by the silicon

N N
o [$,)
T[T T T [TI T T[T TT T [TITT[TTTH

=S
(9]

-y
o

o
o

[Nl FERNI ANENE FENRI SRERE NERES

Calculated NEXAFS intensity (arb. units)

o
o

the presence of two species. The measure
[N 1s™ (1)]:[N 1s™ (2)] intensity ratio is 30:70.

A. Calculated N 1s NEXAFS spectra

For the isolated molecule, we obtain a calculated IP o
405.6 eV and a calculated NEXAFS_, transition of
399.9 eV. Therefore thaKS calculations are in excellent
agreement with the experimental [R05.6 eV(Ref. 27] and
1s— 7" transition energie§399.9+0.1 eV(Ref. 26] of the
molecule in the gas phase.

2. The end-on model

TABLE Il. Calculated distances and angles of the optimized geometries. Distances are given in A and angles in degrggslafiae
corresponds to the surface plane andztwrection to the surface normal.is perpendicular to the dimer axis. Calculations are performed
with a single-dimer cluster §il,,, except for the dative cyanomethyl, for which a two-dimers-in-a-row clu8geH¢) is used.

End-on Side-on CcDB Cyanomethyl Dative cyanomethyl
dsi.si 2.39 2.35 241 2.40 2.3R)/2.39C)
den 1.15 1.29 1.21 1.15 1.16
dc.c 1.45 1.50 1.31 1.45 1.42
dsic 1.98 1.94 2.03
dsi-n 1.91 1.83 1.77 2.00
dc.H 1.09 1.09 1.08 1.09 1.09

/ CCN 179.5 122.2 177.2 177.5 165.1
£ SINC 172.8 103.1 135.5 125.4
£ SISIN 107.9 79.2 118.1 106.7
£HCH 109.3 109.7 119.2 107.6 110.4
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TABLE lll. CalculatedAKS NEXAFS transitions

Calculated NEXAFS

Model transitions Type polarization Calculated IP
Free molecule 399.9 Ty 405.6
End-orP 400.3 me_nE/ Xy 406.72
End-orf 400.3 406.37
End-orf 400.3 406.36
Side-orR 398.0 me_nElly 403.3
398.8 ognNEl 12
CDBP 399.3 e nElY 404.5
402.2 e cnEl X
Free 399.7 oy 404.7
cyanomethyl
Intrarow 399.6 menEl 12 405.7
Cyanomethy 400.2 menE/ IX

&Calculated by adding the TP model energy shift to the absdli® value of the lower energy transitipn
and AKS IPs for various models of the acetonitrile(@)1) system.

bSigH,, single-dimer cluster.
€Sip1H,q three-dimers-in-a-row cluster.
dSi,4H,, trench(double-dimer cluster.
€Si;gH,6 two-dimers-in-a-row cluster. Energies are given in eV.

cluster size as the core hole is screened by the electron pratoms are allowed to relax. The,®iimer is contained in the
moted in thes" orbital. The same cluster size effects arexz plane. The CN distance is 1.29 Bee Table I), a value
obtained in the case of benzonitrile grafted to a silicon dimeexpected for a &N bond. Note that the resulting four-

via a Si-C=N-Si unit3 In the latter case, the NsSINEX-

membered ring is strained, withSiCN (109°) and 2 CNSi

AFS transition is not affected by an increase in the clustef1039 angles much smaller than the expected 120° fspra

size(from a SiH, cluster to a SijH,, clustey, while the IP

hybridization. Therefore the Si-N axis makes an angle of

decreases by about 0.25 eV. We can conclude that the calcabout 13° with the normal to the surfata.

lated small changes induced by increasing the number of Si_The theoretical NEXAFS spectra are given in Fig. 10. The
atoms in the cluster make that comparisons between transi._y transition is calculated dt»=398 eV. This transition
tions calculated with clusters of different sizes remain senis polarized in they direction(i.e., it vanishes in the& andz

sible.

3. The side-on model

This di-o adsorption of the molecule on a site is simu-
lated using a(single-dimeJ SigH;, cluster. The optimized

directions. Therefore, for a single-domaitvicinal) surface,

the experimental absorption spectra of the side-on should
exhibit strong dichroic effects. The absorption intensity

should vanish at grazing incidence. At normal incidence it
should strongly depend on the azimuthal direction of the
field, i.e., maximum in theE,, geometry and zero in the

adsorption geometry is depicted in the inset of Fig. 10. InEpara geometry (see Fig. 5 Another bound transition is

this cluster, which simulates four silicof®01) planes, all

N
o

2.0

-
(&}
FITT T[T T T[T T T T [TTTT[TTTT

Calculated NEXAFS intensity (arb. units)

Side-on/Si(001)-2x1
........ E/lx
— Elly
=== Ellz

Lo —

y

X

A EEENI FEE I SRR R

FIG. 10. (Color online Calculated NEXAFS spectra of the
side-on dio cyclo-addition on siteA, for three directions of the

396 398 400 402 404

Energy (eV).

406

408

electric field. The optimized geometry is given in the inset.

found at 399 eV, polarized along tre direction, i.e., the
[001] direction. It corresponds to as%,,,” the Si-N bond
axis direction being close to that of tkeaxis. The ionization
potential(IP) is calculated at 403.26 eV.

4. The cumulative-double-bond (CDB) model

The CDB adsorption mode on sife proposed by Muet
al.,'2 is simulated using a single-dimer clusi&ig. 11 and
Table 1l). The admolecule and the silicon dimer are con-
tained in thexz plane. The N=C=C axis makes an angle
of 16° with z. The N—=C and C=C bond lengths are 1.21 A
and 1.31 A, respectively.

We calculate a strong” transition at 399.3 eV, polarized
alongy (i.e., in thexy plane, perpendicularly to the dimer
axis) followed by anotherr" transition at 402.2 eV, polarized
orthogonally to the preceding one. The calculated IP is
404.48 eV, 1.2 eV above that of the side-on.
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FIG. 11. (Color onling Calculated NEXAFS spectra of the dis- FIG. 13. (Color onling Calculated NEXAFS spectra of the dis-
sociative adsorption mode, a cumulative double bg@BB) and  sociative mode, cyanomethyl datively bonded and monohydride on
monohydride on sité, for three directions of the electric field. The site B, for three directions of the electric field. The optimized ge-
optimized geometry is given in the inset. ometry is given in the inset.

5. The cyanomethyl models tions, the first one at 399.6 eV is polarized alangrazing

The “free cyanomethyl plus silicon monohydride” geom- incidence, while the second one at 400.2 eV is polarized
etry is calculated for a sité using a single-dimer cluster. alongy (normal incidenceE,,, geometry. The calculated
The optimized geometry is represented in Fig.(48e also P is 405.67 eV, 2.2 eV above that of the side-on.

Table Il for the geometrical outpytsThe CN bond length is
1.16 A, characteristic of a triple bond. As the other dissoci-
ated modgthe CDB plus Si-H modg the cyanometyl plus
Si-H mode exhibits a larger adsorption heat than that of the To help the discussion, the values of the calculatéd
nondissociated productsee Table )l The mainme_y is  transitions and IPs for the various models considered in Sec.
calculated at 399.9 eV. Fd directed along the absorption Vv A are reported in Table 1ll. The experimental data and
intensity is larger than along, as a matter of fact, due to the their assignments are given in Table IV.

electronic repulsion between the free cyano and the Si-H, the The calculations show that tiilewesthy) NEXAFS tran-
molecule rotates around its Si-C axis away fromsh@lane  sition measured at 387.8 eV and found strongly polarized in
(the dihedral angle/ SiSICC is 57J. The calculated IP is the surface plangerpendicular to the dimer axis, i.e., in the
404.68 eV, 1.3 eV above that of the side-on. Eorino gEOMeEtry has the right energy transition and the right

Due to the almost free rotation around the Si-C bond, thealichroism (in the case of a single-domain surfac® be
cyanomethyl can make a dative bond with a neighboringattributed to aside-onspecies. However, we can notice, in
silicon dangling bond of an adjacent dimer pertaining to thethe experimental spectrufifFig. 6) of the vicinal surface, a
same row. The geometry of the datively bonded intrarowresidual 7~ intensity along the dimer row directio(Eq,
cyanomethyl is given in Fig. 1&ee also Table Jl The CN  geometry. This can be due to another adspecies tiended
bond length is 1.16 A: as in the end-on case, the triple bondt right angles with the side-on, i.e., the end bridge. Alterna-
is not affected by the dative bonding. TheSINC angle is tively, this can arise from the formation of minority surface
125.4°. In relation with this large Si<&=N bending—in the domains 1x 2, rotated by 90° with respect to thex2l ter-
datively bonded end*-on species, we calculateSINC angle  races of the vicinal surface “staircase.” The dimension of the
of about 173°—ther-_,, transition splits into two contribu- 1 2 areas would be too small to be detected by LEED. In
any case the side-on is the majority._y speciesat satu-
ration) after room temperature adsorptighe attribute the
XPS line found at a binding energy 6£397.8 eV to this
side-on species, which has indeed the lowest IP among all
the calculated modelsee Table Il). (This gives an effective
work function of~5.5 eV, that can be compared to the mea-
sured value of the clean surface, 4.9%)V.

On the one basis of its energy position, the NEXAFS
transition measured at399 eV could be attributed to the
CDB model proposed by Mut al!? (see Table Ii. However

= L Ly d an examination of the NEXAFS transition polarizations
36 398 400 4(:1.3 304 406 408 410 gliminates the CDB model, indeed the calculation shows that
oy e the absorption intensity must be maximum at normal inci-

FIG. 12. (Color onling Calculated NEXAFS spectra of the dis- dence, while, experimentally, it increases at grazing inci-
sociative mode, free-cyanomethyl and monohydride onAiteor ~ dence(Figs. 6 and ¥. For its part, the datively bonded cya-
three directions of the electric field. The optimized geometry isnomethyl exhibits a calculated transition at 399.6 eV, with
given in the inset. the right polarizatiorinormal to the surfageHowever its IP

B. Simulation vs experiment and identification of the products

Cyanomethyl/Si(001)-2x1
........ E//X
— Elly
i =

N
[=}

-
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Calculated NEXAFS intensity (arb. units)
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TABLE IV. Assignment of the experimental NsSINEXAFS and XPS binding energiggiven in e\) to
adsorption models. FL represents Fermi level. CBM represents conduction band minimum.

Experimental NEXAFS Experimental XPS binding Experimental XPS binding

transitions energy respectively, to FL energy respectively, to CBM  Assigned model
397.8 397.8 398.1+0.1 Side-on
399 [N 1s™ (1)] [N 1sCBM (1)]
399.8 398.7 399.0+0.1 Free
[N 1s™ (2)] [N 1sCBM (2)] Cyanomethyl

is 2.3 eV larger than that of the side-on. We do not see angdsorption products of acetonitrile on(@1) at 300 K. The
structure in the N & XPS spectrum situated at a binding calculation method; which has proven to be accurate for the
energy of ~400 eV, making the presence of this datively isolated molecule, is applied to the case of adsorbates on
bonded cyanomethyl is unlikefj. The CDB and datively surfaces, by simulating the semiconductor substrate by sili-
bonded cyanomethyl models cannot, therefore, account fazon clusters of various sizes. We have checked the influence
the experimental line at 399 eV. In fact, the side-on modebf the cluster size on the transition energies in a particular
calculation provides a spectral line, thg, , transition, po- ~ case(the end-on adduptand found that the effect is negli-
larized normal to the surface and peaked at 398.8(s¢  gible for the NEXAFS transition and relatively smallithin
Fig. 10), i.e., exhibiting the right energy and polarization. ~0.3 eV) for the IP energy. N

The third experimental NEXAFS line at 399.8 eV is typi- __Three main N $ NEXAFS transitions are observed at
cal of aWEEN species, an end-dialculated at 400.3 eNor 397.8 eV, 398.9 eV, and 399.8 eV. The NEXAFS transition

a free cyanomethyicalculated at 399.9 @V However the energies and angulqr dgpendence, calculated .for various
end-on has to be rejected because ofits.,, polarization in models, allow the attribution of the three spectral lines to two
the surface plane and because of its I?Pge IP <Bifi eV) geometries. One of the products results from a diending

with respect to the side-on IP. For its part, the free cyanommvowmg the cyano group, the experimental lines at 387.8

ethyl has a calculated NEXAFS transition at 399.9 eV and ei\t/aia\nadng?..g egrt?i?;lrsseggg etgti\t/ggsn.;%gs IJ(;:F%NV?(;—I’IN
calculated IP 1.3 eV higher in energy than that of the side-on( SN X :

single-domain surfaces enables us to show that the
Therefore only the free cyanomethyl accounts both for theégija_on” is the majority species of di-type. Note that

right = NEXAFS energy and for the measured binding en-o thermodynamic grounds, the paired end-bridge arrange-
ergy shift of about 1 eV between the two N XPS lines  ment was found to be the most stabl@he third experimen-
(Fig. 8). However we note that the calculated absorption in+a| |ine at 399.8 eV cannot be attributed to an end-on
tensity is dichroic in thexy plane[i.e., the(001) plang. This  species(i.e., a datively bonded CJEN) on the basis of
is not observed experimentally for the single-domain surfacgalculated NEXAFS peak polarization and IP. It has to be
(see Fig. 6. On the real surface, the molecule likely rotatesattributed to a “free” =N moiety, a cyanomethyl moiety
around its Si-C axis at room temperature, averaging out théSi-CH,-C=N plus Si-H), not interacting with neighboring
dichroic effects. Si dangling bonds. The other possible dissociated product,

A general comment can be made on the present NEXAF$he cumulative-double-bondSi-N=C=CH, plus Si-H
calculation. The agreement between thi€S energy of the proposed by Muiet al,'? exhibits calculated transitions at
LUMO =" transition and that obtained experimentally is 399.3 eV(and 402.2 eYbut must be rejected on the basis of
striking. However our TP method fails to reproduce the stepits NEXAFS angular dependence. Note that dissociation
like background observed experimentally for photon energieshannels are blocked at 110 K, as only odiadsorption
below IP(see Figs. 6 and)7A step being attributed to tran- modes are detected at this temperafure.
sitions to substrate states mixed with molecular sttés, Besides the expected di-adsorption mode, molecular
onset is expected at a photon energy equal to the bidd-  dissociation occurs, due to the acidic nature of déhieydro-
ing energy measured from the silicon conduction band minigen. However the observation of a cyanomethyl, instead of a
mum (CBM). Therefore step onsets corresponding to thecumulative-double-bond product, questions the pivotal role
side-on and cyanomethyl speciasge Table 1Y are expected played by the end-on intermediat8i-N=C-CH;) in reac-
at ~398 e(N 1s°BM (1)] and ~399 e\[N 1s*BM (2)],  tion paths calculation We recall that Miottoet al 13 found
respectively?* Their positions are indicated in Fig. 7. As a that any attempt to “bend” the end-on leads to its desorption.
matter of fact, we observe hiv~ 399 the onset of an intense Beyond this case study, the crucial role played by electron
step that the simulation of the cyanomethyl mog@&l. 12  transition calculation to achieve a rigorous interpretation of
does not reproduce. The reason for this discrepancy betwedhe experimental NEXAFS/XPS data has also to be empha-
theory and experiment results from the “molecular approachsized.
we use here to calculate the transition intensities.
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