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Soft-x-ray photoelectron, x-ray absorption, and autoionization spectroscopy
of 1,5-cyclooctadiene on Si„001…-231
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~Received 11 December 1998!

The adsorption of a nonconjugated diene, 1,5-cyclooctadiene, on Si(001)-231 is studied using valence-
band and core-level soft-x-ray photoemission, near-edge x-ray absorption fine structure at the C 1s edge, and
autoionization spectroscopy. Core-level spectroscopies validate the bonding model for room-temperature ad-
sorption proposed by Hovis and Hamers@J. Phys. Chem. B101, 9581~1997!#—based essentially on scanning
tunneling microscopy~STM! and infrared spectroscopy experiments—where the diene attaches to the silicon
surface via only one CvC bond. On the other hand, the complete quenching of the silicon surface states at
saturation points to a coverage of one molecule per Si dimer, and not to a coverage of one molecule per two
Si dimers, as the STM observation of locally 232 or c(234) ordered adsorption domains would suggest. The
orientation of the freep orbital is deduced from the angular dependence of the C 1s absorption spectra. This
orientational order is lost after thermal annealings of the molecular film~610–680 K range!, before the
molecule decomposes~at ;820 K!. Valence-band spectra are taken at various photon energies~between 22 and
170 eV! to investigate the nature of the adsorbate-derived molecular levels resulting from the formation of the
molecular film at 300 K. Valence-band spectra recorded at photon energies near the C 1s edge show that an
electron promoted to the lowest unoccupied molecular orbital~p* ! of the chemisorbed molecule remains
localized to the core-hole site, as both participator and spectator decay channels are observed.
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I. INTRODUCTION

A fruitful association between organic chemistry a
semiconductor surface science can be envisaged serio
since the recent discovery that ordered chemisorbed m
layers from multiple functionality hydrocarbons can be
formed on a clean reconstructed Si(001)-231 surface.1,2

The experimental effort has been concentrated so far on
fundamental aspects of the reactivity of the silicon surfa
with molecules having two or more CvC double bonds.1,3–6

As a matter of fact, alkene groups, not involved in the bo
ing with the substrate, could be subsequently converte
other functional groups~alcohols, amines! or participate in
polymerization reactions.

It is now well established that a simple alkene like eth
ene~one CvC bond! attaches to the Si~001! surface via the
interaction of the hydrocarbonp bond with thep bond of the
Si dimer, producing two new Si—C bonds~the so-called
di-s bonding!.7 This reaction is facile, and the sticking coe
ficient of the molecule at room temperature is close to un
at least for coverages below one molecule per two
dimers.8 In the formalism of organic chemistry, this reactio
is termed a@212# cycloaddition, as a Si2C2 four-membered
ring is formed. While there is a lack of clearcut experimen
evidence pointing to the silicon dimer remaining intact, de
sity functional theory calculations all point to an uncleav
silicon dimer.9–11
PRB 600163-1829/99/60~4!/2930~11!/$15.00
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However, the Si2C2 ring is strained, as a consequence
the difference between Si—Si ~;2.35 Å! and C—C ~;1.5
Å! bond lengths.

1,5-cyclooctadiene~1,5-COD! is anonconjugateddiene.12

Its bonding to the silicon surface occurs necessarily via
@212# cycloaddition of one CvC double bond with one S
dimer, or of both CvC bonds with two adjacent Si dimers o
a given dimer row. As a matter of fact, the distance betwe
alkenelike bonds of gas phasetwisted-boat1,5-COD is in-
deed ;3.2 Å,4,13 a distance which nearly matches that
neighboring silicon dimers along a dimer row~3.8 Å!. Using
scanning tunneling microscopy~STM!, Fourier-transform in-
frared ~FTIR! spectroscopy, and x-ray photoelectron spe
troscopy ~XPS! ~Al Ka monochromatized source!, Hovis
and Hamers~Ref. 1! have investigated the interaction of 1,5
COD with the~001! surface. STM images show that for ex
posures of a few langmuirs~L! (1 L51026 Torr s) the mol-
ecules are aligned into rows, apparently in a unique bond
configuration. Molecules form ordered regions having lo
232 or c(432) symmetry~the coverage would then be o
one molecule per two silicon dimers!. Hovis and Hamers
find support from FTIR and XPS spectroscopies for th
assumption of a molecule reacting only at one end, with
remaining alkene group exposed to the vacuum~this bonding
configuration is depicted in Fig. 1!. The ~quasi! absence of
infrared absorption peaks in the 2000–2150 cm21 Si-H
stretching region points to an essentially nondissociative m
2930 ©1999 The American Physical Society
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PRB 60 2931SOFT-X-RAY PHOTOELECTRON, X-RAY ABSORPTION, . . .
lecular adsorption. The peaks observed in the 3020–3
cm21 region are attributed by the latter authors to CH alke
stretches: ‘‘at least some of the molecules@...# have bonded
to the surface through only one double bond.’’ T
XPS C 1s spectrum of a 1,5-COD-saturated surface~expo-
sures are carried out at a substrate temperature of
100 °C! is reconstructed with a sum of three Gaussians
binding energies 283.7, 284.4, and 284.8 eV, assigned14 to
carbon bonded to silicon~two atoms!, alkanelike carbon
~four atoms!, and alkenelike carbon~two atoms!, respec-
tively, with intensities in the right proportion 1:2:1.

Synchrotron radiation core- and valence-electron sp
troscopies, used in this study, shed light on many aspec
the adsorbate plus substrate system that are not attainab
vibrational spectroscopy or STM. First, the quenching of s
con surface states~both in valence-band and Si 2p core-level
spectra! as a function of the exposure to the gas can
readily followed by synchrotron radiation x-ray photoem
sion ~SRXPS!, because of its high surface sensitivity. Se
ond, near-edge x-ray absorption fine structure~NEXAFS!
spectroscopy at the C 1s edge, which probes the carbon u
filled states havingp symmetry, is able to detect the presen
of specific bonds in the molecules~e.g., carbon-carbonp
bonds via the observation of a 1s˜p* resonance!. More-
over, the resonance intensity associated with a specific
lecular orbital~MO! final state is largest if the polarizatio
vectorE of the radiation points in the direction of that MO
and the intensity vanishes ifE is perpendicular to the direc
tion of that orbital. Consequently, it is possible to derive t
spatial orientation of the MO final state.15 Third, autoioniza-
tion and Auger spectra, taken at photon energies near
C 1s absorption edge, give information about the spatial
calization of the unfilled adsorbate-derived orbitals. In t
autoionization and Auger spectra we analyze electrons w
are emitted due to the decay of the excited final-state x
absorption or x-ray photoemission processes, respectivel
the autoionization process we use a photon energy co
sponding to the excitation of an electron to an initially uno
cupied level. In single-particle terms, the excited state dec
in two ways, denoted participator or spectator decay, prod
ing different types of final states. In the participator dec
the excited electron takes part in the decay process. The

FIG. 1. Bonding geometry of 1,5-COD on the Si~001! surface
according to Hovis and Hamers~Ref. 1!.
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state is then a one-hole (1h) final state similar to the one in
direct valence photoemission spectroscopy, and the
channels interfere with one another~resonant photoemis
sion!. If instead the excited electron remains as a spect
during the decay process the final state will be a two-h
one-particle final state (2h1e). On the other hand, the initia
state for the ‘‘normal’’ Auger decay is the ionic final sta
after a photoemission process. During the decay one elec
is emitted and another one fills the core hole. Hence the fi
state is a two-hole (2h) state. In a spectator decay the kine
energy of the ejected electron is close to that of an ordin
CVV Auger electron, but is shifted to higher kinetic ener
because of the screening effect of the spectator electron~the
so-called ‘‘spectator’’ shift!.

Our goals were~i! to examine the reaction of the silico
dangling bonds upon exposure to increasing doses of
COD at room temperature and,~ii ! to validate, using core-
level spectroscopies, the bonding model proposed by Ho
and Hamers, i.e., the diene bonds to Si dimers via only
CvC bond;~iii ! to study the stability of the organic layer a
a function of increasing annealing temperatures; and~iv! to
determine by autoionization spectroscopy the spatial lo
ization of the unfilledp* orbital of the adsorbate. Points~iii !
and ~iv! are relevant to the functionalization issue of t
surface, via thermal and photochemical processes, res
tively.

This study is a part of our XPS/NEXAFS investigatio
series on the unsaturated hydrocarbon-Si interacti
@Si~111!-acetylene,16 Si~001!-ethylene, and Si~111!-ethylene
~Ref. 8!#.

II. EXPERIMENT

A. Clean surface preparation and exposure to 1,5-COD

Si samples are prepared in an ultrahigh-vacuum~UHV!
chamber whose base pressure is;10210 Torr. The samples
~phosphorus-doped silicon wafers, of resistivity 0.002–0.0
V cm! are heated by Joule effect~temperature measuremen
are made by infrared pyrometry!. The silicon wafers are
cleaned of their silica protective layer by heating at;1520
K, in order to minimize SiC contamination.17 The surface
cleanliness is checked by the intensity of the Si 2p core-level
surface state, by a survey of the C 1s region~when energeti-
cally available!, and by the sharpness of the low-energy ele
tron diffraction ~LEED! patterns characteristic of a two
domain 231 pattern.

Then the silicon surface is exposed to 1,5-COD—purifi
by several freeze-pump-thaw cycles—under pressures in
range 1028– 831028 Torr, measured with an ionization
gauge whose reading is not corrected. Exposures to the
are given in langmuir units~see Table I!.

B. X-ray photoemission

Photoelectron energy distribution curves are measured
valence bands~at hn5145, 170, and around 285 eV!, Si 2p
~at hn5145 eV!, and C 1s ~at hn5297.5 and 330 eV! core
levels with monochromatic synchrotron radiation deliver
by the linear undulator of beam line SU7 of the SuperAC
storage line. The undulator radiation is monochromatized
a 10-m TGM monochromator covering the 130–800 eV ph
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2932 PRB 60FLORENCE JOLLYet al.
ton energy range. A partially angle-integrating electrosta
electron energy analyzer~RIBER MAC2! is used. The linear
polarization of the synchrotron radiationE is at 40° to the
axis of the cylindrical electron analyzer, defining a horizon
scattering plane. The sample surface is put in the comm
focus of the light beam and of the analyzer entrance lens
can be oriented about the vertical axis through the pho
emission spot. The sample surface normal is always par
to the analyzer axis and the light polarization vector is c
tained in the (11̄0) plane of the Si~001! surface.

Additional valence-band spectra have been obtained
hn522 and 39 eV. Then the light source is the undulator
the high-resolution beam line SU3. The radiation is mon
chromatized by a PGM monochromator, upgraded to sph
cal mirror optics, covering the 5–250 eV photon ener
range. The linear polarization of the synchrotron radiationE
is perpendicular to the@001# direction of the silicon crysta
and contained in the (110̄) plane. Photoelectrons are d
tected by an angle-resolved analyzer~VSW HAC150, angu-
lar acceptance;2°! at an angle of 45° from the normal to th
sample surface. The overall energy resolution is about
meV.

The zero binding energy~the Fermi levelEF! is always
taken at the leading edge of a clean metal surface~Ta or Cu!
in electrical contact with the silicon crystal.

C. C 1s near-edge x-ray absorption fine structure spectroscopy

On beam line SU7, C 1s NEXAFS spectra of the ad
sorbed layer can be recorded at different anglesu between
the normal to the sample surface and the polarization ve
E, in the range of 20°~grazing incidence! to 90° ~normal
incidence!. The synchrotron polarization factor of the radi
tion is 100%, as the source is an undulator. The absorptio
determined by collecting the total electron yield from t
sample as a function of the photon energy. The detec
consists of collecting electrons from the sample on an e
tron multiplier ~dynode!. We follow the same normalization
procedure as in Ref. 16. We divide the spectrum of surf
plus adsorbate by the spectrum of the clean surface al
The energy resolution of beam line SU7 is about 550 meV
285 eV. The absolute energy precision is estimated to60.2
eV.

The NEXAFS spectrum of the molecular solid@a 1,5-
COD multilayer deposited on a Pt~111! substrate held at liq-
uid nitrogen temperature# has been obtained on beam lin
SA22, the energy resolution of which is about 100 meV
285 eV.

TABLE I. Durations, 1,5-COD pressures~uncorrected ion gauge
reading!, and corresponding exposures (1 L51026 Torr s) to which
the Si~001! surface are submitted at 300 K.

Time ~s! Pressure~Torr! Dose~L!

50 1028 0.5
50 231028 1

100 231028 2
100 431028 4
100 831028 8
500 831028 40
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III. RESULTS AND DISCUSSION

A. How does the molecule bond on Si„001…-231?

1. Chemisorption at room temperature

The valence band of the clean Si(001)-231, measured at
hn5145 eV, exhibits an intense surface state attributed
the occupied silicon dimerp band~see Fig. 2, bottom curve!.
@Although the surface sensitivity is not maximum at this ph
ton energy, the observation of the silicon surfacep band—
when carbon is added to the surface—is easier than athn
;40 eV ~maximum surface sensitivity!, simply because the
calculated cross-section18 ratio of C 2p to Si 3p at hn
5145 eV is one order of magnitude smaller than athn
540 eV ~see Table II!.# The intensity of the surface stat
decreases gradually under exposure to 1,5-COD: practic
above 4 L, the silicon surface state is quenched. The
called ‘‘outer dimer’’ states19 of the Si 2p core level exhibit

FIG. 2. Valence-band spectra of a Si(001)-231 surface ex-
posed to increasing doses of 1,5-COD at 300 K.

TABLE II. Photon energy dependence of the calculated pho
ionization cross-section ratios s(Si 3p)/s(Si 3s),
s(C 2p)/s(C2s), ands(C2p)/s(Si 3p) ~Ref. 18!.

hn ~eV! s(Si 3p)/s(Si 3s) s(C 2p)/s(C 2s)
s~C 2p)/
s(Si 3p)

22 1.00 7 35
39.5 0.75 2 6.6

145 0.87 0.2 0.5
170 0.83 0.2 0.6
270 0.66 0.16 0.4
300 0.63 0.12 0.3
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a similar quenching, while no feature related to the format
of the Si—C bond grows20 ~spectra are not shown!. So far as
the carbon uptake is concerned, it is monitored, by mea
ing athn5330 eV, the C 1s peak intensity~Fig. 3!. We note
that C 1s intensity does not change appreciably from an
posure of 8 L. This saturation effect correlates well with t
complete disappearance of the silicon surface states. H
ever, the latter observation fails to agree with the descrip
of the adsorbed layer at saturation given by Hovis and Ha
ers ~Ref. 1!, where molecules form locally a 232 or c(2
34) reconstruction:only half the surface dimers would the
be consumed at saturation coverage.21

Two typical C 1s spectra, corresponding to a 0.5 L exp
sure and a 40 L exposure, respectively, are given in Fig
The spectra are reconstructed by the sum of only two Vo
curves. The low and high binding energy components,
noted respectivelyL and H, both have a full width of half
maximum ~FWHM! of 0.94 eV. For the 0.5 L exposure,L
andH have binding energies at 284.3 and 284.9 eV, resp
tively, and intensitywise their ratio is 1:2. The overall sha
of the peak does not change much with coverage. Howe
there is a measurable shift of the peak centroid towa
higher binding energy~by ;0.25 eV! for the high coverages
maybe in relation to an increased stacking of the molecu
We have noted that, upon exposure to the gas, the en
position of the Si 2p bulk component does not shift by mor
than 0.05 eV, a value corresponding to the MAC2 spec
meter calibration uncertainty.

By decreasing the kinetic energy of the photoelectro
from ;45 eV (hn5330 eV) to;12 eV (hn5297.5 eV) the
escape depth is increased by a factor of about 3 or mo22

Assuming that the bonding model given in Fig. 1 is valid,
hn5297.5 eV (hn5330 eV) the measurement should
more sensitive to the innermost~outermost! carbon layer,
which according to Hovis and Hamers~Ref. 1! should have
the lowest~highest! binding energy. The plot~Fig. 5! of the
C 1s spectra obtained athn5297.5 and 330 eV shows the
are identical. So, in contrast to the opinion of Hovis a
Hamers~Ref. 1!, we do not think that the asymmetric sha
of the C 1s peak is simply due to the sum of componen
related to different chemical environments. Instead mu
electron effects or a vibrational fine structure@see also the
C 1s spectrum of ethylene adsorbed on Si~001! which is also
strongly asymmetric8# must be taken into account. In an

FIG. 3. C 1s photoemission intensity (hv5330 eV) versus 1,5-
COD dose~L! to which the surface is exposed.
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case C 1s XPS spectra do not evidence, nor exclude,
presence of alkenelike carbons.

On the other hand, NEXAFS spectroscopy gives dir
evidence for the presence of alkene CvC bonds. We report
the absorption spectra of solid 1,5-COD~the multilayer is
formed at 80 K! and of the silicon surface exposed to 4 L of
1,5-COD at 300 K in Fig. 6. For the chemisorbed layer t
ionization potential is at;290 eV, taking the work function
~4.8 eV! ~Ref. 23! of the clean Si~001! surface. The transi-

FIG. 4. C 1s photoelectron spectra~dots! of the Si~001! surface
after exposures to 0.4 and 40 L of 1,5-COD at 300 K. Fits by a s
of two components~H and L! are also given~solid line!. In each
case, the Gaussian and Lorentzian FWHM are 0.9 and 0.1 eV
spectively. While the binding energy of the C 1s centroid shifts by
;0.25 eV at saturation, the energy distance betweenH andL and
the intensity ratioH/L changes very little.

FIG. 5. C1s photoelectron spectra taken athn5330 and 297.5
eV ~the secondary electron background is subtracted! of Si~001!
exposed to 4 L of 1,5-COD at 300 K.
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tions to bound states~i.e., below the ionization potential! are
presented in more detail in Fig. 7. Let us first examine
NEXAFS spectrum of the molecular solid. Because the m
ecule is notp conjugated~i.e., the two CvC double bonds
are far apart!, we expect that thep system is not split into
two p* antibonding orbitals, as in butadiene, for example24

Indeed we observe a strong uniquep* resonance at 286 eV
The resonance at 288–289 eV is attributed to a C-H* tran-
sition. Two broads* resonances at 293 and;301 eV ~de-
noteds1* , s2* ! are also observed. The energy position of t
first one is compatible with a single C—C bond; the second
one at higher energy could be attributed to the shorter CvC
bond, in the framework of the so-called ‘‘bond-length-wit
a-ruler model.’’25 Alternately, as in the case of saturate
rings or chains, the interaction betweens* bonds may not be
negligible and it may cause the splitting of the C-Cs* reso-
nance into two components.26 The NEXAFS spectra of the
solid compound remain unchanged when the angleu be-
tween the radiation polarization vectorE and the normal to
the substrate surface is varied~the molecules are randoml
oriented!.

Most of the NEXAFS spectral features of the molecu
solid are retained in the case of the chemisorbed layer~4 L!.
By gently heating the substrate we have verified that a s
ond layer of weakly bonded molecules is not adsorbed
room temperature after a 4 L exposure. Three resonances a
observed, continuing the parent features~p* , C-H* , and
s1* ! of the molecular solid spectrum. In the case of a die
di-s bonded to silicon via only one of the two CvC bonds,
the other one remaining free, one expects in thep* region
the contribution of two components, one due to the freep*
orbital and one due to the secondp* orbital strongly hybrid-

FIG. 6. C 1s NEXAFS spectra of solid 1,5-COD~80 K, beam
line SA22! and of chemisorbed 1,5-COD on Si~001! ~4 L, 300 K,
beam line SU7!. For the sake of peak position comparison the m
lecular solid spectrum is shifted down in energy by 0.4 eV. For
chemisorbed layer, the absorption curves are recorded atu590° ~E
parallel to the surface plane!, u555° ~magic angle!, andu520° ~E
close to the normal to the surface plane!. The latter curves are
normalized to an equal jump before the adsorption edge~275 eV!
and ;80 eV after. For the chemisorbed molecule, the position
the ionization potential~IP! is given.
e
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FIG. 7. ~a! NEXAFS curve fits of the below IP region~molecu-
lar solid and chemisorbed layer!. The figure illustrates the necessit
for placing a ‘‘substrate’’ step~dotted! at ;286 eV in the case of
the chemisorbed molecule and its absence in the case of the
lecular solid. The vacuum level step~solid line! is placed at 289.7
eV. Both of them are simulated by step function convoluted b
Gaussian of FWHM 0.8 eV. All spectra are normalized so that
vacuum level height is equal. Thep* and C-H* resonances are
simulated by sums of Gaussians~widths are given between brack
ets!. The ‘‘free’’ p* component is shaded in gray. With the no
malization procedure used here, the ratio of the grayed a
~chemisorbed layer at magic angle!/~molecular solid!, which is
about;0.44, gives an estimate of the proportion of unreacted CvC
double bond per molecule after adsorption, and hence confirms
model of Hovis and Hamers.~b! Determination of the freep*
orbital polar anglea from a fit of its intensity versusu.
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ized with silicon (C-Si* ). In the case of ethylene~one CvC
bond! the C-Si* state shows up in the NEXAFS spectrum
a weak shoulder before the C-H* peak,27 and not as an in-
tense white line. For chemisorbed 1,5-COD, the presenc
a C-Si* line at higher photon energy@see Fig. 7~a!# than that
of free p* may account for the asymmetric shape of t
resonance at 286 eV, but its precise intensity measureme
difficult, due to the presence of a step, corresponding to t
sitions to the densely spaced unfilled electronic states of
substrate havingp-like symmetry.„Note the absence of suc
a step between thep* and C-H* resonance in the molecula
solid @Fig. 7~a!#.…

In contrast with the case of the molecular solid, t
NEXAFS spectrum of the chemisorbed molecule is modifi
when the incidence angle of the radiation is varied.
shown in Figs. 6 and 7~a!, p* intensity ~and also C-H*
intensity to a lesser extent! increases when the light ap
proaches grazing incidences~u520°, i.e.,E close to the nor-
mal to the sample plane!. On the other hand,s* intensity
shows no dependence withu. The symmetry of the silicon
surface establishes several equivalent in-plane chemisorp
geometries which lead to the formation of adsorbate
mains. The actual clean Si~001! surface consists of terrace
separated by monoatomic steps: the direction of the di
rows ~always aligned along a$110% direction! is rotated by
90° from one terrace to the adjacent one. For an x-ray be
diameter~;1 mm! much larger than terrace dimensions, t
technique samples many domains and the two-dom
Si~001! surface has fourfold rotational symmetry about t
surface normal. For threefold or higher symmetries, thep*
transition intensityI p is

I p}11 1
2 ~3 cos2 u21!~3 cos2a21!, ~1!

whereu is the polar angle ofE anda is the polar angle of the
vector final-state orbital.28 The intensity of the ‘‘free’’p*
orbital transition is measured following the procedure d
picted in Fig. 7~a! ~the area shaded in gray! and plotted
againstu in Fig. 7~b!. The best fit to relationship~1! is ob-
tained for ap* vector orbital making an angle of;44° with
respect to the sample normal.~Unfortunately the atomic po
sitions resulting from the theoretical calculations of Ref
are not given.!

We can now estimate, from an analysis of the NEXA
spectra of the molecular solid and of the chemisorbed la
how many CvC double bonds per molecule have, on t
average, reacted with the Si dimers. First, we compare
molecular solid spectrum~the molecules are randomly or
ented! to the chemisorbed molecule spectrum taken at
magic angle (u554.7°) for which the intensity distribution
is indistinguishable from that of a random molecular orie
tation. Second, we have to find a good normalization pro
dure for which the same number of carbon atoms is ta
into consideration. We note there are two steps~the substrate
step athn;286 eV, and the vacuum level step at;290 eV!
for the chemisorbed molecule and only one step~the vacuum
level step! for the molecular solid. As a consequence, the t
experimental curves cannot be directly normalized to eq
intensity jumps before the edge and well after the edge
we have done for the angular series of spectra of the che
sorbed molecule. Instead the right normalization consist
of
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equating the vacuum steps of the molecular solid and of
chemisorbed molecule~at magic angle!, determined by a fit-
ting procedure@see Fig. 7~a!#. Then the ratio of the gray
areas ~chemisorbed molecule!/~molecular solid! is about
0.44. This measurement validates the model proposed
Hovis and Hamers in Ref. 1: one of the two initial CvC
bonds does remain free after chemisorption of the molec
Consequently, the complete quenching of the silicon surf
states at saturation points to a maximum coverage of
molecule peroneSi dimer, in contrast with the STM image
of Ref. 1 which are indicative of a saturation coverage of o
molecule pertwo Si dimers.29 As a matter of fact, local
p(232) or c(234) adsorbate superstructures have alrea
been observed after alkene adsorption, more especially in
initial adsorption regime of ethylene~see Ref. 21!. For eth-
ylene, the strong reduction of the adsorption rate at a co
age of one molecule for two Si dimers implies that the m
ecule avoids dimer sites which are first neighbors of
already reacted site. Indeed a strong interadsorbate inte
tion at a coverage of one molecule per dimer has rece
been evidenced by ultraviolet photoemission combined w
theoretical calculations.11 In the 1,5-COD case, although th
molecule is bigger than ethylene, interadsorbate interact
at close-neighbor sites do not provoke a decrease of the
sorption rate.

2. Thermal stability

The thermal stability of the organic layer on Si(001)-
31 is studied by performing successive isochronal~1 min!
annealings of a surface previously exposed to 4 L of 1,5-
COD at room temperature. The SRXPS~C 1s and Si 2p! and
NEXAFS spectra are recorded at room temperature a
each annealing step. Heating at temperaturesT<680 K does
not induce any change in the C 1s photoelectron spectra
shape, apart from a downward binding energy shift of ab
0.3 eV~Fig. 8!. We note also a decrease in the peak intens
~225%!. No evidence for a desorption comes from the Sip
or valence-band spectra~not shown! which do not exhibit the
reformation of dimer surface states. The change in C 1s pho-
toelectron intensity may come from a rearrangement of
molecules on the surface. This is suggested by the m
more informative NEXAFS spectra~Fig. 9! which show that
the p* orbital broadens and loses its orientational order
680 K. We note that the C-H* peak persists after the 610
and 680 K annealings, and is clearly visible. After the 820
annealings, the C 1s photoelectron spectrum indicates th
the molecule is certainly decomposed~two components at
284.7 and 283.4 eV show up!. In contrast with the
ethylene/Si system~Ref. 8! no incorporation of carbon in the
silicon layers is observed at this temperature: the forma
of the Si12xCx compound~with x,1! would lead to the
appearance of a component at a binding energy of 282.8
Accordingly, the corresponding NEXAFS spectrum exhib
strong modifications. A product resulting from the decomp
sition of the molecule exhibits a~broad! p* resonance which
is strong atu520° and almost killed atu590°, suggesting
that thep* orbital is oriented perpendicularly to the su
strate.
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B. Photon energy dependence of valence-band photoemission
and autoionization spectroscopy

Figure 10 shows the valence-band photoemission spe
of the Si~001! surface, saturated by 1,5-COD~at 300 K!,
which are recorded at photon energies 22 and 39.5 eV
beam line SU3, with an angle-resolved analyzer~the emis-
sion polar angle is 45°! and at 170 eV on beam line SU7
with a partially integrated analyzer. By comparing the sp
trum of the dosed surface with that of the clean one, we n
that the adsorbate-derived contribution to the valence ban
made up of seven distinct features~from A to G!. The adsor-
bate state density dominates over the silicon substrate
tribution at low photon energy (hn522 eV) for two reasons
~i! the photoelectron escape depth in silicon is close t
minimum, and thus the sensitivity to the adsorbate overla
is high, and~ii ! the ratio of the calculated photoionizatio
cross sections~Ref. 18! for carbon 2p and silicon 3p,
s(C 2p)/s(Si 3p), is around 35~see Table II!. Conse-
quently the broad structureA ~3–4 eV belowEF! and peaks
B ~at 6.8 eV! andC ~at 8.9 eV! are adsorbate-related feature
StructuresA andB are essentially derived from C 2p orbit-
als, as they become undetectable athn5170 eV @then the
ratio s(C 2p)/s(Si 3p) is only ;0.6#. PeaksD ~13.1 eV!, E
~13.4 eV!, F ~15.8 eV!, andG ~18.3 eV!, seen at the inter-
mediate photon energy (hn539.5 eV), with an intensity
comparable toA and B, are the only carbon-derived state
that can be observed athn5170 eV. At this energys(C 2s)
is indeed an order of magnitude larger thans(C 2p). So we
think that structuresD –G are derived from C 2s orbitals.

FIG. 8. C 1s photoelectron spectra of a 1,5-COD saturated s
face ~4 L at 300 K! and submitted to isochronal annealings~of 1
min each!. The various spectra are multiplied by coefficients su
that their areas, after background subtraction, are equal.
tra

n

-
te
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n-

a
er

.

StructureC ~9 eV! may be a mixed C 2s/2p component, as it
is intense athn522 eV, and still present athv5170 eV.

Table II shows that at still higher photon energy~in the
270–300-eV range! the contribution of carbon-derived state
to the valence band should be extremely weak. This is ind
the case for spectra taken just before the C 1s edge~the p*
resonance stands at 286 eV!, which are hardly distinguish-
able from those of the clean surface~apart from a C 1s pho-
toemission peak excited by second-order light that may
in the recorded energy range!. The valence-band spectrum o
a 4 L layer deposited at 300 K~recorded on beam line SU7!,
that is dominated so far by Si 3s and 3p emission, changes
greatly for photon energies equal to or higher than thep*
resonance energy, i.e., when an electron is promoted f
the C 1s core level into unoccupied adsorbate-derived orb
als ~Fig. 6!. In Fig. 11 we report valence-band spectra, n
malized to the incident flux, obtained at photon energ
bracketing thep* resonance energy and at photon energ
equal to or higher than the ionization potential~;290 eV!,
corresponding to transitions to continuum states. Then

-

FIG. 9. C 1s NEXAFS spectra of a surface previously expos
to 4 L of 1,5-COD and submitted to isochronal annealings. T
spectra are measured at three different polar anglesu, 90° ~normal
incidence!, 55° ~magic angle!, and 20°~grazing incidence!.
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hn>286 eV, each of the spectra shows a steplike fea
which looks like an Auger decay. As recalled in the Intr
duction, at or near a resonance, the photoemission spec
has three components: direct~normal! photoemission, par-
ticipator ~resonant channel! decay, and spectator deca
~Auger-like!. To remove the contribution of direct photo
emission~silicon substrate plus adsorbate contributions!, the
nonresonant contribution~the dark solid curve in Fig. 11!
obtained below the resonant energy~at 268 eV! is subtracted
from the resonance spectrum~the second-order C 1s is also
eliminated prior to subtraction!. This operation makes sens
because, in the photon energy range of interest~270–300
eV!, the ratios(Si 3p)/s(Si 3s) varies smoothly~see Table
II !. The difference spectra corresponding to the resonant
tribution are given in Fig. 12, plotted against a bindi
energy scale to better evidence the participator contribu
@Fig. 12~a!#, and against a kinetic energy to emphasize
spectator contribution@Fig. 12~b!#. A significant participator
channel decay is only observed for photon energies nea
p* transition. It shows up in the 1–5 eV binding ener
range: of the seven valence-band features (A–G) ~see Fig.
10!, only peakA ~which has a C 2p character! is particularly
enhanced: the corresponding orbital must have a similar

FIG. 10. Valence-band spectra of the Si~001! surface saturated
by 1,5-COD at 300 K~solid line! and of the clean Si surface~dots!.
Measurements are made at various energies:hn522, 39.5~on beam
line SU3!, and 170 eV~on beam line SU7!.
re
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tial extent to thep* state, and comparable overlaps with t
core hole to create an interference.

We have verified that fromhn5290.7 eV ~an energy
close to the ionization threshold! to hn5347 eV the kinetic
energy position of the Auger step does not vary. The do
nance of ‘‘normal Auger’’ is indeed expected for continuu
excitations.30 In Fig. 12~b!, the ‘‘normal Auger’’ spectrum of
the adsorbate~denoted 2h! is obtained by subtracting a va
lence spectrum measured at a photon energy below thes
˜p* resonance to the valence spectrum measured at
energy of 297.8 eV~Fig. 11!. In the following, the shape o
the spectator contribution to the valence band is taken to
that of the ‘‘normal Auger.’’ The ‘‘normal Auger’’ spectrum
is multiplied by a scaling factor and shifted to higher kine
energy to fit properly the step@the gray curve in Fig. 12~b!
simulates the 2h1e step#. This ‘‘spectator shift’’ corresponds
to the amount of screening due to the presence of the s
tator electron in an orbital localized around the C 1s core-
hold site. It amounts to about 3.8 eV at the energy of
C 1s˜p* transition, for which the participator contributio
is maximum@see Fig. 12~a!#. It decreases already to;2 eV
at a photon energy of 286.8 eV, for which the participa
contribution is negligibly small@see Fig. 12~a!#. As indicated
before, the spectator shift is already zero near the ioniza

FIG. 11. Valence-band spectra~dots! of the Si surface~after
exposure to 4 L of 1,5-COD at 300 K!, obtained at photon energie
around resonance C 1s˜p* , at photon energies close to the ion
ization threshold and above. The solid curve, superimposed to
286.2-eV photon energy curve, corresponds to the direct photoe
sion contribution. Vertical scales are normalized with incident flu
The peaks marked with an asterisk~* ! are carbon 1s core-level
photoelectrons excited by second-order light.
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FIG. 12. Adsorbate autoionization spectra obtained after s
traction of the direct photoemission contribution, emphasizing~a!
the participator channel~binding energy scale! and~b! the spectator
channel. In~b!, the normal 2h Auger is represented by a dark sol
line. It is shifted to higher kinetic energy~gray line! by the spectator
shift ~SS! to simulate the 2h1e spectator contribution. In~a! and~b!
the peaks marked with an asterisk~* ! are carbon 1s core-level
photoelectrons excited by second-order light.
threshold. The spectator shift results from the difference
tween the screening energy of the ‘‘normal’’ 2h Auger de-
cay and that of the 2h1e spectator decay: in a simple ele
trostatic model, the screening energy of the former is th
times as large as that of the latter~see Ref. 30!. The spectator
shift we find at the C 1s˜p* transition~3.8 eV! is compa-
rable to that found in the case of a condensed benzene
layer ~i.e., 3–4 eV, Ref. 30! or of a polystyrene film~2.9 eV,
Ref. 31!.

The observation of participator and spectator channel
the p* resonance shows that an electron promoted into
p* level remains localized around the C 1s core hole. Hop-
ping to the substrate would be possible only if both the f
lowing conditions were fulfilled: first, thep* orbital is
coupled with the substrate, second, unoccupied Si states
energetically available. Undoubtedly the alkanelike carbo
of the adsorbate act as a ‘‘spacer layer’’ between the f
CvC double bond and the underlying substrate, reducing
possibility of charge transfer. Work is under way to exami
the influence of the ‘‘alkane spacer’’ on the coupling wi
the substrate by using nonconjugated dienes~cyclic and lin-
ear! of various sizes.

IV. CONCLUDING REMARKS

The present paper discusses core-electron/valence-
photoemission spectra, absorption edge spectra, and auto
zation spectra of 1,5-cyclooctadiene chemisorbed
Si(001)-231. Such spectra contain a wealth of informatio
on this adsorbate/substrate system, which has been studi
far essentially by vibrational spectroscopies and topograp
tunneling microscopy.

Upon adsorption at room temperature, the valence-b
spectra show that thep bond of the Si dimers is destroyed
which is expected in the case of a di-s bonding. At satura-
tion we do not observe surviving surface states. The mu
component C 1s photoelectron spectrum does not produ
proof of the existence of a free CvC bond. On the other
hand, C 1s NEXAFS spectra, taken at various light inciden
angles, demonstrate the presence of ap orbital, tilted by a
polar angle of about 44 °. By comparing the NEXAFS spe
tra of the molecular solid to those of a chemisorbed layer~4
L, 300 K!, we estimate that, of the two initial CvC bonds,
only one is involved in the bonding with Si dimers. Thu
NEXAFS data fully validate the bonding model proposed
Hovis and Hamers~Ref. 1!. As only one CvC bond per
molecule reacts, and as all Si dimers are reacted at satura
we infer a maximum coverage of one molecule per Si dim
instead of one molecule per two Si dimers as shown by S
images~Ref. 1!. The stability of the molecule is studied b
performing thermal annealings of a chemisorbed layer. T
crystalline order of the organic layer is certainly affected
annealings at moderate temperatures~610–680 K!. At 820 K
the molecule decomposes, but carbidelike compounds ap
ently do not form, in contrast with the case of small hydr
carbons deposited on silicon~see Ref. 8!.

A very striking experimental result is the observation o
strong resonant enhancement to the valence band at thes
edge which recalls the resonances observed for a molec
solid ~benzene! or a polymer~polystyrene!.30,31 We find a

b-
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strong participator decay channel at the C 1s˜p* transi-
tion: the intensity of an adsorbate-derived valence orbital
C 2p character, is then resonantly enhanced. The spec
shift we measure compares with that found for solid benz
and polystyrene. It decreases when the photon energy
proaches that of the ionization threshold and vanishes ab
Participator and spectator decays are observed at thes
˜p* transition because the electron excited to the low
unoccupied molecular orbital remains localized around
core-hole site.

Finally, in relation to the functionalization issue, we no
that thermal treatments above room temperature may a
the order of the molecular layer, or even lead to its deco
-
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position. Low-temperature chemical reactions, induced
lectively by photon irradiation at the C 1s edge, could cir-
cumvent this difficulty. Indeed, photochemical reactio
should be favored during spectator Auger transition, si
the CvC chemical bond is weakened by the excited elect
remaining in the antibonding orbital.
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