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Using scanning tunnelling microscopysSTMd, photoelectron and photoabsorption spectroscopies, we have
examined how acrylonitrilesH2CvCH-CwNd reacts with the Sis001d-231 surface for coverages ranging
from ,1012 molecules/cm2 to ,1014 molecules/cm2. At 300 K, in the very low coverage regimesbelow
1013 molecules/cm2d, filled- and empty-state STM images show that the molecule bridges,via its b carbon and
nitrogen ends, two silicon dangling bonds, across the trench separating two dimer rows. A cumulative-double-
bond unitsCvCvNd is formed. The 300 K STM image results from the dynamic flipping of the molecule
between two equivalent equilibrium positions, which can be seen when the molecular motion is slowed down
at 80 K. For coverages larger than 1013 molecules/cm2, for which STM does not show ordered adsorption any
more, the adsorption kinetics were observed in real-time using valence band photoemission and resonant Auger
yield, associated with N 1s x-ray absorption spectroscopysNEXAFSd. At 300 K, these techniques point to a
situation more complex than the one explored by STM at very low coverage. Three speciesscyano-bonded,
vinyl-bonded, and cumulative-double-bond speciesd are detected. Their distribution does not vary with increas-
ing coverage. All dimerization-related surface states are quenched at saturation. The uptake rates versus
coverage relationship points to the presence of a mobile precursor. Finally, the paper discusses a possible
mechanism leading to the formation of cross-trench CvCvN unit at low coverage, and the reasons why the
product branching ratio changes with increasing coverage.
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I. INTRODUCTION

A particularly active field in surface science is the study
of the reaction of p-bonded molecules spossessing
vinyl, acetylenic or cyano unitsd with the dimers of the
Sis001d-231 surface. Understanding the reaction mecha-
nisms paves the way to the controlled growth of organic
arrays on Si, with potentially interesting electronic
properties.1,2 One mechanism leading to molecular adsorp-
tion is the opening of a molecularp-bond and the formation
of di-s bonds with a pair a silicon dangling bonds.3 Experi-
mental research efforts were initially aimed at “small”
pseudodiatomic moleculessacetylene,4 ethylene5d. Attention
has now turned towards “larger”multifunctionalmolecules.
The objective is to fabricate molecular nanostructures
anchored to the silicon substrate by one functional group,
leaving the others free to assume a specific role. In that
respect, the reactivity of acrylonitrile, which possesses twop
units fvinyl and cyano, see Fig. 1sadg has been examined
recently both experimentally6–8 theoretically.6,9–13 The
acrylonitrile/Sis001d system is complex, due tosid the pres-
ence of two different functionalities and the competition be-
tween them,sii d the conjugation of thep units which allows
bond shifts within the molecule, and finallysiii d the multiple
adsorption sites constituted by a pair of dangling bonds on

the Sis001d-231 surfacefFig. 1sbdg. Note that apart from the
direct bonding of CvC and CwN on the surfacefpossible
bonding geometries are given in Figs. 1scd and 1sdd, conju-
gation allows the formation of a CvCvN cumulative
double bondsCDBd unit: Figs. 1sed and 1sfd show two such
configurations, on sites A and D. Naturally CDB bonding on
site B and C should also be considered.

N 1s XPS sx-ray photoelectron spectroscopyd spectra and
N 1s NEXAFS snear edge x-ray absorption fine structure
spectroscopy14d spectra of a Sis100d-231 surface saturated
by acrylonitrile at 300 K have been reported by Bournelet
al.7 NEXAFS spectroscopy indicates that three bonding ge-
ometries are present on the surface, a minority adspecies
bondedvia the cyano group, forming an Si-NvC-Si unit,
and two majority adspecies, a CDB unit having its
CvCvN axis nearly parallel to the surface and a pendent
CwN, resulting from a bondingvia the vinyl group. N 1s
NEXAFS spectra are shown and discussed in more detail in
Sec. III B 2.

The observation of various adsorption modes at 300 K
seems to be in contradiction with an earlier work by Tao and
co-workers using HREELSshigh resolution electron energy
loss spectroscopyd to study acrylonitrile chemisorbed on
Sis001d-231 at 110 K and subsequently annealed at 300 K.6

These authors proposed that acrylonitrile bonds exclusively
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to the silicon dimer via the CwN, as they obtained a CvN
stretching mode at 1669 cm−1. However, in the HREELS
spectra, there may be also indications of a CDB unit, as a
vibrational peak at 2010 cm−1 is seen. Interpreted by Tao and
co-workers as a twice CH2 twist mode,6 it is assigned by the
same authors to a CDB in the case of acrylonitrile adsorbed
on the Sis111d-737 surface.15 Schwartz and Hamers, using
MIR smultiple internal reflectiond-FTIR sFourier transform
infraredd spectroscopy performed on a surface kept at room
temperature, confirm the formation of a CDB with a strong
CvCvN absorption peak at 1985 cm−1 and of a pendent
CwN sa minority species, a weak mode being found at
2218 cm−1, within the stretching regiond.8

Whereas vibrational and electron spectroscopies all point
to the formation of at least three products on the surface
sSi-CvN-Si, -CwN,CvCvNd, experimental informa-
tion concerning the adsorption sitesfFig. 1sbdg is lacking. By
analogy with ethylene adsorption,16 CvC bonding with a
pair of Si atoms site at A should be preferred to adsorption at

site B. On the other hand, CwN bonding with a Si pair
could involve both sites A and B, by analogy with acetoni-
trile adsorption.17 As stated before, a CDB unit could appear
on sites A, B, C or D.

Various methods are used to perform theoretical calcula-
tions of adsorption energies for optimized geometries, “post
Hartree-Fock” by Choi and Gordon,9 density functional
theory sDFTd applied to Si9H12 clusters by Muiet al.,10 pe-
riodical DFT by Cobianet al.,11 Cobian and Boureau12 and
Cho and Kleinman.13 References 9–11 agree on the hierarchy
of adsorption energies on site A, in order of decreasing sta-
bility, we found the CvC adsorption mode, the CDB geom-
etry, and the CwN adsorption mode. The calculation re-
ported by Cobian and Boureau12 shows that the CDB on site
D is more stable than the other configurationss−0.3 eV with
respect to the CvC grafting moded, in qualitative agreement
with the findings of Cho and Kleinman13 who find the CDB
more stable by −0.16 eV on site D than on site A. The ad-

FIG. 1. sad Acrylonitrile sthe
bond lengths are given in Åd. sbd
Possible adsorption sites on
Sis001d-231, the distances be-
tween each pair of dangling bonds
are given in Å. scd Acrylonitrile
grafted by the CvC group on site
A. sdd Acrylonitrile grafted by the
CwN group on site A.sed CDB
geometry on site A.sfd CDB ge-
ometry on site D. For geometries
scd,sdd, andsed the calculated rela-
tive adsorption energies are given
in eV ffrom Choi and Gordon
sRef. 9d ], from Mui et al. sRef.
10d *, from Cobianet al. sRef. 11d
†, from Cobian and BoureausRef.
12dg with respect to the CvC
bound mode on site Ascd.
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sorption energies from these references are indicated in Fig.
1 with respect to the CvC bound mode.

Shifting from thermodynamic to kinetic considerations,
we note that the results of Choi and Gordon9 and Muiet al.10

differ from that of Cobianet al.11 as concerns the reaction
path found for CvC anchoring. A large barrier of 0.72 eV
s0.44 eVd is calculated by Choi and Gordon9 sby Mui et
al.10d, while no barrier at all is found by Cobianet al.11

Experimental work at 300 K shows indeed that CvC an-
choring is facile.7

Our previous NEXAFS study was indicative of various
adsorption configurations on the surfaceat saturation
coverage.7 The aim of the present work is to combine a local
probe, scanning tunnelling microscopysSTMd to the global,
but chemicaly sensitive, XPS and NEXAFS probes, this to
examine the adsorption sites, the chemical bonding and the
possible variation in the product branching ratios as a
function of coverage, in the,1012 molecules/cm2 to
,1014 molecules/cm2 range. Special attention has been paid
to the dynamics of the individual admoleculesby comparing
room temperature with low temperature STM resultsd and to
the kinetic aspectssin particular by carrying outreal-time
electron spectroscopy measurementsd.

II. EXPERIMENTAL DETAILS

A. Scanning tunnelling microscopy

The STM images were obtained under ultrahigh vacuum,
operating in a base pressure regime of 10−11 mbar. The acry-
lonitrile was introduced into the STM chamber via a leak-
valve after cleaning with several freeze-pump-thaw cycles.
Exposures were made at room temperature on freshly
cleaned Sis001d-231 samplesssee belowd.

Image sequences showing the dynamic behavior of the
adsorption processes were made at room temperature by tak-
ing one image per 4 seconds while dosing the surface. Such
motion pictures were also obtained at 80 K using a variable
temperature STM. For these measurements the surface was
cooled down to 80 K after dosing at room temperature.

All STM images presented in this paper were taken in the
constant current mode using a tunnel current in the
0.5 nA to 1.5 nA range. Filled and empty states images of
the sample were obtained by setting the sample bias voltage
negative or positive, respectively. The Sis001d substratessSb
doped, 0.014V cm resistivityd were prepared under UHV
conditions by outgassing at 600 °C for 12 hours and flashing
off the surface oxide at 1250 °C, followed by 5–10 addi-
tional flashes to 1250 °C. After the final flash the sample was
slowly cooled down to room temperature. This procedure
results in a clean Sis001d-231 surface with a low density of
missing dimer defects.

B. Electron spectroscopies

Electron spectroscopy measurements were performed at
the SB7 beamline of SuperACO storage ringsLURE Syn-
chrotron Facility, Orsay, Franced, using a Dragon type mono-
chromator at a bending magnet.18 The source was linearly
polarizeds95%d. The main component of the electric field,

contained in the horizontal plane, always laid in a silicon
s110d plane. The sample could rotate around a vertical axis,
so that the beam incidence angleu smeasured with respect to
the sample surface planed could be changed.u is also equal
to the angle between the main electric field componentsEd
and the normal to the surface. The ABS6/C-Seal end-station
used was equipped with a Scienta 200 electron analyzer for
XPS and NEXAFS measurements.

The NEXAFS N 1s spectra were taken in the Auger yield
modesKVV transitionsd to achieve a good adsorbate sensi-
tivity. Two 18 eV wide kinetic energy windows, centered at
363 and 373 eV, were chosen using the Scienta analyzer in
the “fixed” mode. The spectra were normalized with respect
to the secondary electron photoemission peak dominated by
contributions from bulk Si. The photon bandwidth was
180 meV. Angle dependent measurements were performed
by varyingu, between 90°snormal incidenced and 16°sgraz-
ing incidenced. The photon energy was calibrated using the
first and second order light from the monochromator.

NEXAFS intensities were measured during dosing in real-
time. We refer to this as real-time “resonant Auger yield”
sthe Auger kinetic energy window was placed at 363 eVd.
The gas was introduced at constant pressure directly in the
analyzer chambervia a leak-valve. The normalization of
these data was made by dividing by the NEXAFS intensity
below the N 1s edges395 eVd. These measurements were
made atu=54.7° sthe so-called magic angled, in order to
suppress any effect due to a possible reorientation with time
of the various species.19

Valence band photoemission spectra were also recorded in
real-time with a He I sourceshn=21.2 eVd. Photoelectrons
were measured in normal emergence, with a 10 eV wide ki-
netic energy window, in order to follow simultaneously the
time evolution of the silicon surface states and of the acry-
lonitrile molecular states.

Phosphorus dopeds0.003V cm resistivityd wafers were
used. Their nominal orientation wass001d. The surface was
cleaned from the native oxide by flashing at 1250 °C, after
degassing for 24 hours at 600 °C. The appearance of a two-
domain Sis001d-231 reconstruction was checked by low en-
ergy electron diffraction.

III. RESULTS AND DISCUSSION

A. Low coverages studied by STM

The images for the filled states measured at 300 K shows
that the clean surface dimers have the symmetric shape char-
acteristic of dynamical flipping. While dosing the surface
with acrylonitrile, a characteristic signature of the molecule
appears on the surface. Figure 2sad shows a sequence of
STM-images during acrylonitrile dosing where the succes-
sive adsorption of individual molecules can be seen. The
arrows indicate newly adsorbed molecules. In most cases a
specific molecular imprint is seen in this initial stage of ad-
sorption. In less than 5% of the adsorption events, the ap-
pearance of the imprint differsflike the one marked by the
lowest arrow in the lower right-hand frame of Fig. 2sadg. This
is probably caused by cracked molecules. The dominant mo-
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lecular imprint displays an elongated feature, or barlike fea-
ture, between two Si-dimer rows together with a modifica-
tion in both dimer rows bordering the elongated feature. A
strong static buckling is induced in one of the dimer rows
which is attenuated over a range of 5–7 dimersfFig. 2sbdg.
Intuitively one can consider that the influence of the ad-
sorbed molecule on dimers pertaining to two adjacent rows
provides a strong indication for a cross-trench adsorption
mode. At this stage there is no indication of adsorption on a
single dimerfsite A in Fig. 1sbdg.

The minimum distance between two dangling bonds of
two adjacent dimer rows is 5.35 Åfsite D, Fig. 1sbdg, a dis-
tance which would allow the acrylonitrile molecule to bond
by its b-carbon and nitrogen atoms with the formation of a
CDB, as shown in Fig. 1sfd. Atomically resolved images give
further insight into the local bonding geometry. An occupied
states image of an adsorbed acrylonitrile molecule is shown
in Figs. 3sad and 3sbd sVb=−1.7 V andI =1.5 nAd. The im-
age showssid a barlike feature in the middle of two dimer
rows between the silicon atoms]2 and]3, sii d a depression
on silicon]2 and]3, and finallysiii d a protrusionsball-like
structured above silicon]4. This could be an indication of
strong charge transfers between the molecule and the sub-
strate, and/or of variations in the silicon atom heights. In
Figs. 3scd and 3sdd, we compare filled-state images
s−1.9 Vd and empty-state imagess+1.8 Vd of one adsorbed
molecule. The “protrusion” on Si]4 in the occupied-state
image shifts to Si]1 in the empty-state image. This strongly
suggests that Si]1 sSi ]4d bears an emptysfilledd dangling
bond.

At a mechanistic level, the room temperature adsorption
of acrylonitrile may be described in the following way
sFig. 4d. Conjugation allows a mesomeric form depicted in
Fig. 4sbd with positive snegatived charge on theb-carbon
snitrogend atom. The positively chargedb-carbon binds to an
electron-rich Si atomsan up silicon dimer atomd while the
negatively charged nitrogen is attached to an electron-poor Si

atom sa down silicon dimer atomd of the adjacent row. The
adsorption site must be formed of two adjacent dimer tilted
“inphase.” Indeed DFT calculations show that the 232 and
c-432 reconstructions are nearly degenerate in energy.20

The resulting product corresponding to a CDB species is
depicted in Fig. 4scd. Within such a Lewis acid-base reaction
scheme, the remaining dangling bond on the Si-dimer at-
tached to the nitrogen atom is filled, the one on the dimer
attached to the carbon atom is empty.

The barlike feature seen in the occupied states images in
between the dimer rows is 9 Å long, largely exceeding the
dimensions of the molecules3.7 Å is the distance between
the b-carbon and nitrogen atoms in acrylonitriled. Low tem-
perature STM experiments were performed to check if the
large size of the molecular imprint at 300 K could be ex-
plained by a thermally activated motion of the adsorbate be-
tween different configurations. A surface dosed at 300 Ks
30 s under a pressure of 10−9 mbard was cooled to 80 K, in
an attempt to freeze the molecular displacements. Successive
STM scanss4 s between two images,Vb=−3 V, I =1 nAd
were made imaging one moleculefFig. 5sadg. Instead of the
large barlike feature in between the dimer rows, a single
“protrusion” is now seen flipping between two positions
swhite arrowsd mirrored by a s110d plane containing the
Si-Si axes of the dimer pairs involved in the CDB bonding.
In Fig. 5sbd we report a Hartree-Fock geometry optimization
sSTO-3G, Gamessd21 of the CDB geometry, showing that the
a-hydrogen is separated by about 2 Å from the mirror plane.
If one assumes that the flipping between the two equivalent
positions seen at 80 K is thermally activated one can deduce
an activation energy barrier of 200 meV from the oscillation
frequency in the range of 1 Hzsassuming a prefactor of
1013 Hzd.

Therefore, the barlike feature in between the Si-dimer
rows seen at room temperature is actually an averaged image
of the two equilibrium positions of the molecule with respect

FIG. 2. sad In-situ STM adsorption sequencesacrylonitrile
pressure=10−9 mbard: the time line runssnot linearlyd from the up-
per left to the lower right image. The white arrows indicate newly
adsorbed moleculessimage size 95 Å3110 Åd. sbd Magnified view
of an adsorption event, the upper image shows the clean surface
before adsorption. The lower image shows the same surface area
after an adsorption event which induces a static buckling of one
dimer row simage size 35 Å340 Åd. Images insad and sbd have
been measured at 300 K, withVb=−1.7 V andI =0.5 nA.

FIG. 3. sadAtomically resolved occupied-state imagesadsorption
and measurement at 300 K,Vb=−1.7 V, I =1.5 nAd of an adsorp-
tion site.sbd The same image as insad with dumb-bells symbolizing
the silicon dimers. The molecular imprint shows a barlike feature,
placed in the trench separating two dimer rows, and a ball-like
featureson Si-atom]4d together with a static buckling of the dimer
row right to the bar-like featuresimage size 35 Å350 Åd. scd
Occupied-state sVb=−1.9 V, I =0.5 nAd and sdd empty-state
sVb= +1.8 V, I =0.5 nA, image size 30 Å330 Åd images of the
same adsorption site. The images suggest that the dangling bond on
Si ]4 srespectively, on Si]1d possesses a large charge density
below the Fermi levelsrespectively, above the Fermi leveld.
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to the mirror plane. The above estimated activation energy
for a flip between the configurations result in a flipping rate
of 33109 Hz at 300 K. To simulate the appearance of the
adsorbate in the STM-images taken at 300 K the images of
the temporal sequence taken at 80 K were averagedfsee Fig.
5scdg. A barlike feature in between the dimer rows becomes
visible, which is in good agreement with the room tempera-
ture image of Fig. 3sad. Note however, that at 80 K buckling
is seen on both sides of the molecular imprint, likely because
the surface temperature is below that of the dynamic-to-static
buckling transitions120 Kd.22

The STM images of Figs. 2, 3, and 5 correspond to very
low coveragessin the 1012 molecules/cm2 ranged.23 In order
to examine higher coverages up to surface saturation, in-situ
STM experiments of the adsorption were made using the
following procedure:sid the surface was dosed for 4 min
under 10−9 mbar of acrylonitrile, while the tip was retracted
sto avoid screening the surfaced. Additionally, Vb was set to

zero to prevent a deflection of the path of the arriving mol-
ecules by the inhomogeneous electrical field between tip and
sample.sii d The leak-valve was closed and an STM image
was recorded. This procedure was iterated a number of
times. Figure 6 shows a series of images up to a total expo-
sure time of 12 min. After a 4 min exposure, the character-
istic image of the CDB adsorption geometry is seen. After an
8 min exposure, the surface looks more disordered. There is
no long range order in the adsorbed layer and there is more
than one adsorption site involved. Indeed protrusions appear,
centered on one dimer row. After a 12 min exposure, it is
difficult to identify individual molecules. Multiple adsorption
modes in a “disordered way” complicate a detailed analysis
of the adsorption configuration by STM.

Therefore, for this system, STM was not used to gain
information on the local adsorption modes for molecular
coverages above,1013 molecules/cm2. Instead, we have
used real-time resonant Auger yield and real-time UV va-
lence band photoemissionsUPSd to examine the distribution
of the various adspecies as a function of exposure timescov-
eraged. Information is provided by this method for typical
coverages in the 1013 to 1014 molecules/cm2 range.

FIG. 4. sad The mesomeric form of acrylonitrile with opposites
charges on itsb-C spositively chargedd and Nsnegatively chargedd
atoms.sbd On the clean surface, the silicon dimers are buckled,
electron charge is transferred from the down atomspositively
chargedd to the up atomsnegatively chargedd. Bonding occursvia
Lewis acid-base reactions, the basic nitrogen donates electronic
charge to the acidic Si]3, while the acidicb-carbon attaches to the
basic Si]2. scd A CDB geometry results, with a filled dangling
bond on Si]4 sclose to the N-endd and an empty dangling bond on
Si ]1 sclose to the C-endd.

FIG. 5. Occupied-state imagessVb=−3 V, I =1 nA, image size
30 Å330 Åd measured at 80 K after dosing the surface for 30 s
under a pressure of 10−9 mbar at 300 K.sad Chronological sequence
s4 s/ imaged showing a single protrusion as the molecular imprint
appearing at the positions indicated by the uppersrespectively, the
lowerd white arrow. The time line runs from the upper left to the
lower right image.sbd Geometrical optimization of the CDB on a
Si22H14 clustersGamess, Hartree-Fock, STO3Gd, thea-H is distant
by about 2 Å from thes110d mirror plane containing the dimer
pairs.scd Average of the temporal sequence ofsad.
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B. The high coverage regime studied by photoemission
and x-ray absorption spectroscopies

1. Real-time UPS at300 K

In order to monitor changes of the valence band upon
adsorption, real-time UPS was carried out while dosing
acrylonitrile sFig. 7d at 300 K under a pressure of
2310−9 mbar. We observed a gradual quenching of the sur-
face states situated at a binding energy of 0.85 eV and the
growth of a molecular state at 2.2 eV. At saturationswhen
the molecular states intensity remains constantd, the disap-
pearance of all surface states indicates that all silicon dan-
gling bonds are affected by the reaction of acrylonitrile with
the surface. The photoemission intensity is integrated over
two binding energy windowss0.7 eV wided centered on the
surface states and on the molecular state. The intensities of
the two states are plotted in Fig. 8 as a function of time. The
quenching rate of the surface states, as well as the growth
rate of the molecular state, remain constant up to saturation,
indicating a non-Langmuirian process where a mobile mo-
lecular precursor intervenes.24 Other measurements were
made at different pressures up to 5310−8 mbar, the maxi-
mum pressure reachable due to vacuum and spectra-
acquisition considerations. The surface state quenching rate
rQ is defined as the ratio 1/tQ, where t=0 is the time at
which the gas was introduced, andtQ the time at which
saturation occurs. The absolute value ofrQ is plotted in Fig.
9 as a function of pressure. Given the error bars,rQ increases
linearly with pressure in accord with the mobile precursor
model.24

2. NEXAFS and real-time resonant Auger yield at300 K

The Auger yield NEXAFS spectra of a Sis001d-231 sur-
face, saturated with acrylonitriles4650 s under 10−8 mbard at

300 K are given in Fig. 10 for three values ofu: 90° snormal
incidenced, 54.7° smagic incidenced, and 16°sgrazing inci-
denced. The NEXAFS spectra show a first weakp*s1d tran-
sition at 397.3 eV, maximum atu=90° splane polarizedd.
This bonding is a minority species, attributed to an anchoring
by the CwN group sFig. 11d. Two majority species are de-

FIG. 6. Occupied-state images sequencesadsoprtion and mea-
surement at 300 K,Vb=−1.7 V, I =1.5 nA simage size 145 Å
3190 Å, acrylonitrile pressure 10−9 mbard. sad The clean silicon
surface.sbd After 4 min, acrylonitrile adsorbs in a single adsorption
mode, a cross-trench CDB.scd After 8 min, the surface starts to
look disordered and the single adsorption mode of imagesbd is
hardly visible anymore sthe coverage is now in the
1013 molecules/cm2 ranged. In a few locations an adsorption mode
becomes visible where a single protrusion is located on a dimer
row. sdd After 12 min, the identification of individual molecules is
difficult. FIG. 7. Real-time UPSsHe Id of the Sis001d-231 surface ex-

posed to acrylonitrile at 300 K under a pressure of 2.10−9 mbar.
Lower panel, photoemission intensitysreflected in color scaled from
black szerod to yellow s104 countsd as a function of binding energy
sx-axisd and exposure timesy-axisd. Spectra are taken each 7 s.
Acrylonitrile is introduced at time zero. The white vertical lines
delimit the integration windows of the surface statesscentered at a
binding energy of 0.85 eVd and of the molecular statesscentered at
a binding energy of 2.25 eVd. The corresponding kinetics are re-
ported in Fig. 8. Higher panel, photoemission intensity versus bind-
ing energy at times 0spristine surfaced, 150, and 350 sssaturated
surfaced. The Fermi level is at 0 eV.

FIG. 8. Integrated photoemission intensities of the surface states
sfilled squaresd and molecular statessempty squaresd shown in Fig.
7, plotted as a function of exposure time. All surface states are
quenched over a characteristic timetQ.
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tected. The first gives rise to two mutually orthogonal tran-
sitions, p*s2d peaking at u=90° and p*s4d peaking at
u=16°, found at 398.8 and 401.5 eV, respectively. We at-
tribute them to the formation of a CDBssee two lower con-
figurations in Fig. 11d. The second is characterized by a
weakly dichroic transitionp*s3d at 399.4 eV, attributed to an
anchoring by the CvC, leaving a pendent CwN sFig. 11d.
A recent periodical DFT geometrical optimization of these
structures by Cobianet al. shows that the CwN axis of the
pendent cyano group makes an angleg of 50° with respect to
the normal to the surface.11 This angle is indeed close to
54.7°, an angle for which the NEXAFS angular dependence
becomes indistinguishable from that of a randomly oriented
molecule, in the case of surfaces of symmetry higher than 3
sthe symmetry of the present two-domain surface was
fourfoldd.25

While the N 1s photoelectron spectra do not enable us to
separate easily the different contributions of each species, an
indication of their relative distribution can be obtained from
a fitting of the NEXAFS line intensities measured at magic
angle incidence. We find that the intensity ratio
p*s1d : sp*s2d+p*s4dd :p*s3d is 5%:60%:35%. Neglecting
cross section variation effects, this ratio would correspond to
the distribution of cyano-bonded species, CDB, and vinyl-
bonded species, respectively.

In order to follow the growth of the different adsorption
modes, real-time resonant Auger yield measurementssFig.
12d were performed by monitoring the Auger yield for the
three energies corresponding to the three grafting modes of
the acrylonitrile, 397.3 eV for the attachment via the cyano

FIG. 9. Surface states quenching ratesurQu, filled squaresd and
nitrogen uptake ratesrN, empty squaresd at 300 K plotted as a func-
tion of acrylonitrile pressure.

FIG. 10. Angular dependent N 1s NEXAFS spectra of a
Sis001d-231 surface saturated with acrylonitrilesat 300 K for
4650 s under 10−8 mbard for three photon beam incidence anglesu
fnormal s90°d, magics54.7°d, and grazings16°dg.

FIG. 11. Schematics of the three adsorption modes of acryloni-
trile at 300 K, and of the orientation of theirp* antibonding orbit-
als. For the vinyl-bonded species,g is the angle between the normal
to the surfacesnd and the CwN axis.E is the main component of
the synchrotron radiation electric field.u measures the angle be-
tweenn andE. p*s1d andp*s2d transitions will be maximum when
u=90° snormal incidenced, while p*s4d will be maximum whenu is
close to 0°sgrazing incidenced. p*s3d is weakly dichroic, pointing
to an angleg close to 54.7°.

FIG. 12. Real-time resonant Auger yield measurement during
gas exposure at 300 K under 5310−9 mbar. The three NEXAFS
structuressat 397.3, 398.8, and 399.4 eVd, correspond to the three
detected adsorption modessgrafted by CwN, CDB, and grafted by
CvC, respectivelyd. The Auger yield intensity measured at 415 eV
scontinuumd is proportional to the amount of nitrogen on the sur-
face. The measurements were made atu=54.7° smagic angled. In
the inset we show the NEXAFS spectrum taken at saturation. The
rectangular box represents a dosespressure3 timed equivalent to
that of the STM image in Fig. 6sdd.
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group, 398.8 eV for the CDB structure, and 399.4 eV for the
attachment by the CvC leaving a pendent CwN. The Au-
ger yield was also measured far from boundp* resonances,
in the continuum athn=415 eV, its intensity is directly pro-
portional to the amount of nitrogen atoms deposited on the
surface. The dosage, under a pressure of 5310−9 mbar, has
been stopped at saturationsafter,1300 sd. A NEXAFS spec-
trum taken just after dosing is also reported in the inset of
Fig. 12, a comparison made with Fig. 10 points to a fair
experimental reproducibility.

At high coverage NEXAFS detects three different species,
while at very low coveragesbelow 1013 molecules/cm2d the
CDB geometry is the only adsorption mode that can be de-
tected by STM. The main contribution of resonant Auger
yield sFig. 12d is the observation thatthe adspecies distribu-
tion does not vary as exposure proceeds. In order to examine
the consistency between data provided by STM and real-time
resonant Auger yield, we have drawn in Fig. 12 a “box”
representing a dosesexposure time3pressured equivalent to
that of the STM image in Fig. 6sdd, for which STM does not
show ordered adsorption any moresthis procedure is valid
only when the uptake rates are proportional to pressured.
Given that the Auger yield intensities of the various adspe-
cies are, within the box, comparable to the experimental
noise, it appears that the applicability domains of STM and
synchrotron radiation spectroscopies do not overlap, essen-
tially because of the too low photon flux in the latter case.
The second information contained in Fig. 12 concerns the
growth rates of the three species, and consequently the over-
all rate of deposited nitrogen. They are found to be constant
until saturation is reachedsat timetNd. This againsSee sec.
III B 1 d points to a mobile precursor. A characteristic nitro-
gen uptake raterN swhererN=1/tNd is obtained as a function
of pressure, and is displayed additionally in Fig. 9ssee
empty squaresd, together with the absolute value of the sur-
face state quenching ratesurQud measured by real-time va-
lence band photoemission.rN and urQu lie on the same
straight line plotted as a function of pressure.

From valence band photoemission we know that all sur-
face states are quenched at saturation coverage. Therefore,
the adsorption models must be compatible with this observa-
tion, both in terms of chemical bonding and of surface site
filling. Bonding on a single dimerfsee site A in Fig. 1sbdg via
CvC and CwN is quite effective as it leads to the elimi-
nation of the Si-Sip state from the surface gap. If the CDB
bonding on site D leads to an empty dangling bond on silicon
]1 and to a filled dangling bond on silicon]4 fas depicted in
Fig. 4scdg, then the filled dangling bond state must be degen-
erate in energy with bulk silicon levels. Moreover there is no
self-avoidance between adspecies, due to, e.g., electronic re-
pulsion, so that silicon dimers remain nonreacted.

The distribution of the different species was also followed
for hours after surface saturation is reachedsi.e., when a
constant amount of nitrogen on the surface is reachedd. This
was to detect possible geometry rearrangements after adsorp-
tion. Indeed, desorption or “bond-cracking” events have been
occasionally observed under the tip during STM scannings.
Isomerization paths between a vinyl-bonded species and a
cyano-bonded one, going through a CDB product on an A
site, are unlikely, due to the very large activation barriers

s,1.7 eVd.9 On the other hand, other transformations, in-
volving more than one dimer site, can be envisaged. For
instance, the “cross-trench” CDB could become detached at
the N end to evolve towards a bondingvia the CvC moiety,
or to the formation of a CDB on site Bsthe Si-bC bond
would remain unchangedd. Analogously to the benzene
case,26 the nitrogen end of a pendent CwN could react with
a close neighbor silicon dangling bond, pertaining to a non-
reacted adjacent dimer in the same row.27 Examination of
Fig. 12 clearly shows that the distribution of the various
adspecies, after surface saturation, does not change with
time, because of kinetic considerationssbarrier heightsd
and/or of site occupation on the surface, i.e., no sites being
available for a transformation.

IV. CONCLUSION

The combined use of STM andsreal-timed electron spec-
troscopies have enabled us to determine the adsorption sites
and the chemical bonding of products resulting from the re-
action of acrylonitrile, a conjugatedp molecule, with the
Sis001d-231 surface.

When the molecule is deposited at 300 K, only one ad-
sorption geometry is observed by STM in the very low cov-
erage regimescoverage less than 1013 molecules/cm2d. To
account for the filled- and empty-state images, we propose
that a cumulative double bondsCDBd unit bridges two sili-
con dangling bonds over the trench separating two dimer
rows svia its nitrogen andb carbond. By construction, the
cross-trench CDBsCDB on site Dd has two symmetry
equivalent equilibrium positions, that we have been able to
image by slowing down the molecule back-and-forth motion
at 80 K. Adsorption at 300 K induces also a strong static
buckling in only one of the two bridged dimer rows, pointing
to an asymmetry in the charge transfer resulting either from
Si-N or Si-bC bond making. The simple picture we give of
the reaction path, leading the formation of a CDB, is based
on a Lewis acid-base reaction scheme. It emphasizes both the
role of dynamic dimer buckling at 300 K and the polarity of
the molecule, allowed by conjugation.

For coverages larger than 1013 molecules/cm2, STM per-
formed at 300 K pointed out multiple adsorption modes, but
could not provide precise information on local bonding ge-
ometries. Therefore, we lack indications about the perturba-
tion of the surface electronic structure around a CDB site and
its influence on reactivity. For instance, what is the reactivity
of empty and filled silicon dangling bondssatoms]1 and]4
in Fig. 3d with another molecule? Other problems related to
dimer buckling may arise. As depicted in Fig. 4 the insertion
of a cross-trench CDB in a D site needs a pair of silicon
dimers which are buckled “inphase.” Dynamic buckling al-
lows such an occurrence, as long as adspecies are sufficiently
apart. As the surface is more and more crowded, the conse-
quence of static bucklingswhich extends over,20 Å along
a dimer rowd could be that more and more D sites have dimer
pairs statically buckled out of phase. This frustration may
alter si.e., increased the energy barrier leading to the forma-
tion of a cross-trench CDB. Therefore geometries other than
the cross-trench CDB may be kinetically favored,28 not to
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mention cases in which one dimer remains isolated, on
which only bondingvia CvC or CwN is possible.

The fact that the situation may gain in complexity with
increasing coverage is indeed confirmed by NEXAFS and
real-time resonant Auger spectroscopies. Due to a limitation
of the photon flux, the spectroscopic methods can only pro-
vide an insight into adsorbate bonding from a coverage of
,1013 molecules/cm2. Unfortunately there is no overlap yet
with the coverage range studied by atomically resolved
STM. Kinetic studies performed at 300 K show that the rela-
tive distribution of the three observed species, the minority
cyano-bonded adspecies, and the two majority species, the
vinyl-bonded and the CDB adspecies, does not vary during
the adsorption process. In contrast to a previous vibrational
study,8 CDB and vinyl-bonded species are found by N 1s
NEXAFS in comparable amounts. Real-time valence band
spectroscopy shows also that surface saturation coincides
with the consumption of all Si dimerp states. This informa-
tion is crucial for the modelling of acrylonitrile adsorption at
room temperature.

We expect this work will lead to further experimental and
theoretical work being done. On the experimental side, high
resolution STM imaging conditions remain to be found at
high coverage, for which multiple adsorption geometries are
detected by synchrotron radiation spectroscopies. On the the-
oretical side, the precise calculation of the cross-trench CDB

adsorption energy should be carried out on large surface unit
cells, or large clusters, as STM shows that at very low cov-
erage CDB bonding induces surface buckling extending over
several lattice spacings. Frustration situations associated with
static dimer buckling should be specifically taken into ac-
count when one wishes to reproduce a situation of surface
crowding. It could be interesting to calculate how reactivity
is affected in the neighborhood of a given adspeciesse.g., a
cross-trench CDBd. The problem might be approached in the
same manner reported by Wijdjaja and Musgrave, concern-
ing the related case of NH3 datively bonded to a Si dimer.
They looked for the consequences of charge transfer on mo-
lecular self-assembly.29 This would indeed allow a better un-
derstanding of the transition regime to high coverage, which
could not be fully elucidated using the present experimental
tools.
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