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The adsorption of a nonconjugated diene, 1,5-cyclooctadiene, on Si(001)i& studied using valence-
band and core-level soft-x-ray photoemission, near-edge x-ray absorption fine structure astbdge land
autoionization spectroscopy. Core-level spectroscopies validate the bonding model for room-temperature ad-
sorption proposed by Hovis and Haméds Phys. Chem. B01, 9581(1997 |—based essentially on scanning
tunneling microscopySTM) and infrared spectroscopy experiments—where the diene attaches to the silicon
surface via only one £-C 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
Sidimers, as the STM observation of locallx2 orc(2x4) ordered adsorption domains would suggest. The
orientation of the freer orbital is deduced from the angular dependence of the &lkorption spectra. This
orientational order is lost after thermal annealings of the molecular [{@&0—-680 K rangg before the
molecule decomposéat ~820 K). Valence-band spectra are taken at various photon enébgitgeen 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 shrel@elshow that an
electron promoted to the lowest unoccupied molecular orlgitdl) of the chemisorbed molecule remains
localized to the core-hole site, as both participator and spectator decay channels are observed.
[S0163-18299)12027-7

[. INTRODUCTION However, the SIC, ring is strained, as a consequence of
the difference between SiSi (~2.35 A) and G—C (~1.5
A fruitful association between organic chemistry andA) bond lengths.
semiconductor surface science can be envisaged seriously 1,5-cyclooctadienél,5-COD) is anonconjugatediiene’?
since the recent discovery that ordered chemisorbed mondts bonding to the silicon surface occurs necessarily via the
layers from multiple functionality hydrocarbons can be [2+2] cycloaddition of one E&<C double bond with one Si
formed on a clean reconstructed Si(001%-2 surface®?>  dimer, or of both G=C bonds with two adjacent Si dimers of
The experimental effort has been concentrated so far on the given dimer row. As a matter of fact, the distance between
fundamental aspects of the reactivity of the silicon surfacealkenelike bonds of gas phassisted-boat1,5-COD is in-
with molecules having two or more-€C double bond$?®  deed ~3.2 A**® a distance which nearly matches that of
As a matter of fact, alkene groups, not involved in the bond-neighboring silicon dimers along a dimer r@¢&.8 A). Using
ing with the substrate, could be subsequently converted tecanning tunneling microscog$TM), Fourier-transform in-
other functional groupgalcohols, amingsor participate in  frared (FTIR) spectroscopy, and x-ray photoelectron spec-
polymerization reactions. troscopy (XPS (Al Ka monochromatized sourgeHovis
It is now well established that a simple alkene like ethyl-and HamergRef. 1) have investigated the interaction of 1,5-
ene(one G=C bond attaches to the 801 surface via the COD with the(001) surface. STM images show that for ex-
interaction of the hydrocarbom bond with thew bond of the  posures of a few langmuird.) (1 L=10°Torrs) the mol-
Si dimer, producing two new SiC bonds(the so-called ecules are aligned into rows, apparently in a unique bonding
di-o bonding.’ This reaction is facile, and the sticking coef- configuration. Molecules form ordered regions having local
ficient of the molecule at room temperature is close to unity2x2 or c(4x2) symmetry(the coverage would then be of
at least for coverages below one molecule per two Sbne molecule per two silicon dimersHovis and Hamers
dimers® In the formalism of organic chemistry, this reaction find support from FTIR and XPS spectroscopies for their
is termed g 2+ 2] cycloaddition, as a C, four-membered assumption of a molecule reacting only at one end, with the
ring is formed. While there is a lack of clearcut experimentalremaining alkene group exposed to the vacuthis bonding
evidence pointing to the silicon dimer remaining intact, den-configuration is depicted in Fig.)1The (quas) absence of
sity functional theory calculations all point to an uncleavedinfrared absorption peaks in the 2000-2150 ¢nSi-H
silicon dimer®~1? stretching region points to an essentially nondissociative mo-
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state is then a one-hole I} final state similar to the one in
direct valence photoemission spectroscopy, and the two
channels interfere with one anothé&esonant photoemis-

chemisorbed sion). If instead the excited electron remains as a spectator
L 1,5-Cyclooctadiene during the decay process the final state will be a two-hole
/\ one-particle final state (£Le). On the other hand, the initial
di-c bonding state for the “normal” Auger decay is the ionic final state

(512G, ring) after a photoemission process. During the decay one electron

. is emitted and another one fills the core hole. Hence the final
state is a two-hole (i2) state. In a spectator decay the kinetic
energy of the ejected electron is close to that of an ordinary
CVV Auger electron, but is shifted to higher kinetic energy
because of the screening effect of the spectator ele¢then
so-called “spectator” shift

Our goals werdi) to examine the reaction of the silicon
dangling bonds upon exposure to increasing doses of 1,5-
COD at room temperature angi) to validate, using core-

FIG. 1. Bonding geometry of 1,5-COD on the(@1) surface  |eyel spectroscopies, the bonding model proposed by Hovis
according to Hovis and Hame(®&ef. 1. and Hamers, i.e., the diene bonds to Si dimers via only one

lecular adsorption. The peaks observed in the 3020—3085=—C bondi(iii) to study the stability of the organic layer as
cm  region are attributed by the latter authors to CH alkene? function of increasing annealing temperatures; @wrto
stretches: “at least some of the moleculeg have bonded determine by autoionization spectroscopy the spatial local-
to the surface through only one double bond.” The ization of the unfilled#* orbital of the adsorbate. Poinis )

XPS C 1s spectrum of a 1,5-COD-saturated surfdegpo- and (iv) are relevant to the functionalization issue of the
sures are carried out at a substrate temperature of 50;_urface, via thermal and photochemical processes, respec-
100°Q is reconstructed with a sum of three Gaussians atVe!Y- , . o
binding energies 283.7, 284.4, and 284.8 eV, assigned This study is a part of our XPS/NEXAFS investigation
carbon bonded to silicorftwo atoms, alkanelike carbon S€ries on the unsaturated hydrocarbon-Si interactions
(four atomg, and alkenelike carboritwo atoms, respec- [Si(11D-acetylene?’ Si(001-ethylene, and $111)-ethylene

tively, with intensities in the right proportion 1:2:1. (Ref. 8].
Synchrotron radiation core- and valence-electron spec-
troscopies, used in this study, shed light on many aspects of Il. EXPERIMENT
the adsorbate plus substrate system that are not attainable by _
vibrational spectroscopy or STM. First, the quenching of sili- ~ A- €lean surface preparation and exposure to 1,5-COD
con surface statgdoth in valence-band and SpZore-level Si samples are prepared in an ultrahigh-vaculuiV)

spectra as a function of the exposure to the gas can behamber whose base pressure-i$0*° Torr. The samples
readily followed by synchrotron radiation x-ray photoemis- (phosphorus-doped silicon wafers, of resistivity 0.002—0.005
sion (SRXPS, because of its high surface sensitivity. Sec-() cm) are heated by Joule effegemperature measurements
ond, near-edge x-ray absorption fine structUEXAFS)  are made by infrared pyromeiryThe silicon wafers are
spectroscopy at the Gsledge, which probes the carbon un- cleaned of their silica protective layer by heating-at520

filled states having symmetry, is able to detect the presencek, in order to minimize SiC contaminatidri. The surface

of specific bonds in the moleculdg.g., carbon-carbonr  cleanliness is checked by the intensity of the Sidre-level
bonds via the observation of s+ 7* resonance More-  surface state, by a survey of the €fegion(when energeti-
over, the resonance intensity associated with a specific meally availablg, and by the sharpness of the low-energy elec-
lecular orbital(MO) final state is largest if the polarization tron diffraction (LEED) patterns characteristic of a two-
vectorE of the radiation points in the direction of that MO, domain 2<1 pattern.

and the intensity vanishes i is perpendicular to the direc-  Then the silicon surface is exposed to 1,5-COD—purified
tion of that orbital. Consequently, it is possible to derive '[heby several freeze-pump-thaw cycles—under pressures in the
spatial orientation of the MO final state Third, autoioniza- range 108-8x 108 Torr, measured with an ionization
tion and Auger spectra, taken at photon energies near thfauge whose reading is not corrected. Exposures to the gas
C 1s absorption edge, give information about the spatial lo-are given in langmuir unitésee Table)l

calization of the unfilled adsorbate-derived orbitals. In the
autoionization and Auger spectra we analyze electrons which
are emitted due to the decay of the excited final-state x-ray
absorption or x-ray photoemission processes, respectively. In Photoelectron energy distribution curves are measured for
the autoionization process we use a photon energy correralence bandgat hv= 145, 170, and around 285 &\Si 2p
sponding to the excitation of an electron to an initially unoc-(at hvr=145¢e\), and C & (at hv=297.5 and 330 e)/core
cupied level. In single-particle terms, the excited state decayevels with monochromatic synchrotron radiation delivered
in two ways, denoted participator or spectator decay, produddy the linear undulator of beam line SU7 of the SuperACO
ing different types of final states. In the participator decaystorage line. The undulator radiation is monochromatized by
the excited electron takes part in the decay process. The final10-m TGM monochromator covering the 130—-800 eV pho-

B. X-ray photoemission
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ton energy range. A partially angle-integrating electrostatic i A R R i
electron energy analyz¢RIBER MAC?2) is used. The linear =L S “"; 3 ikl 2L ]
polarization of the synchrotron radiatidh is at 40° to the 2k o~ A Y '-._ =
axis of the cylindrical electron analyzer, defining a horizontal E - N k) \\.,‘\ - i
scattering plane. The sample surface is put in the common °F Yol W Sarvzanes
focus of the light beam and of the analyzer entrance lens and o [ 2 ]
be oriented about the vertical axis through the photo- Sl L0 LS

can b . [ 1,5-COD/Si(001)-2x1 "1 band®, “=>wame-]
emission spot. The sample surface normal is always parallel - at 300 K . -
to the analyzer axis and the light polarization vector is con- C Lol la il lal %, 041:'?:
tained in the (10) plane of the §D01) surface. - ' 6 ' 5 ' 4 ' 3 ' 5 ' 1 ' 0 1 '_2

Additional valence-band spectra have been obtained at Binding Energy (eV)
hy=22 and 39 eV. Then the light source is the undulator of & Energy

the hlgh-l’eSO|UtI0n beam I|ne SU3 The rad|at|0n |S mono- FIG. 2. Valence-band Spectra of a S|(001><_2 surface ex-
chromatized by a PGM monochromator, upgraded to spheriyosed to increasing doses of 1,5-COD at 300 K.
cal mirror optics, covering the 5-250 eV photon energy

range. The linear polarization of the synchrotron radiaton IIl. RESULTS AND DISCUSSION
is perpendicular to th€001] direction of the silicon crystal
and contained in the (1) plane. Photoelectrons are de- A. How does the molecule bond on $001)-2x1?

tected by an angle-resolved analyzéSW HAC150, angu-
lar acceptance-2°) at an angle of 45° from the normal to the
sample surface. The overall energy resolution is about 40 The valence band of the clean Si(001}2, measured at
meV. hv=145eV, exhibits an intense surface state attributed to
The zero binding energfthe Fermi levelEg) is always the occupied silicon dime# band(see Fig. 2, bottom curye
taken at the leading edge of a clean metal surfdeeor C)  [Although the surface sensitivity is not maximum at this pho-
in electrical contact with the silicon crystal. ton energy, the observation of the silicon surfackand—
when carbon is added to the surface—is easier thamvat
C. C1s near-edge x-ray absorption fine structure spectroscopy 40 €V (maximum surface sensitivitysimply because the

. calculated cross-sectithratio of C 2p to Si3p at hv
(gndbleam line §U7’ C% '\ijﬁAﬁ spetctra %;the ad- =145eV is one order of magnitude smaller than hat
the norma) o ihe sample surfase and the polarizaion vectgg /0. (56¢ Table L] The intensity of the surface siate
E. in the range of 207grazing incidenceto 90° (normal ecreases gradually under exposure to 1,5-COD: practically,

incidence. Th hrot larization factor of the radi above 4 L, the silicon surface state is quenched. The so-

Incidence. 'he synchrotron polarization tactor of In€ radia- .04 «outer dimer” state¥ of the Si 2 core level exhibit

tion is 100%, as the source is an undulator. The absorption is

determined by collecting the total electron yield from the

sample as a function of the photon energy. The detection TABLEII. Photon energy depend.ence of th.e Calcmat.ed photo-
. : Ionization cross-section ratios  o(Si 3p)/a(Si 3s),

consists of collecting electrons from the sample on an elec(-r(C 2p)/0(C2s), ando(C2p)/o(Si 3p) (Ref. 18

tron multiplier (dynodg. We follow the same normalization P ' P P T

procedure as in Ref. 16. We divide the spectrum of surface

plus adsorbate by the spectrum of the clean surface along,, eV)

The energy resolution of beam line SU7 is about 550 meV at

1. Chemisorption at room temperature

a(C 2p)/
o(Si 3p)/a(Si 3s)  o(C 2p)/a(C 25)  o(Si 3p)

285 eV. The absolute energy precision is estimated G2 22 1.00 7 35
ev. 39.5 0.75 2 6.6
The NEXAFS spectrum of the molecular solid 1,5- 145 0.87 0.2 0.5
COD multilayer deposited on a @f.1) substrate held at lig- 170 0.83 0.2 0.6
uid nitrogen temperatufehas been obtained on beam line 270 0.66 0.16 0.4
SA22, the energy resolution of which is about 100 meV at 300 0.63 0.12 0.3

285 eV.
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FIG. 3. C Is photoemission intensityh{y =330 eV) versus 1,5-
COD dose(L) to which the surface is exposed.

a similar quenching, while no feature related to the formation
of the Si—C bond grow&’ (spectra are not showrSo far as

the carbon uptake is concerned, it is monitored, by measur-
ing athv=330¢eV, the C % peak intensityFig. 3. We note —
that C 1s intensity does not change appreciably from an ex- |-
posure of 8 L. This saturation effect correlates well with the

Photoemission Intensity (Ar

290 288 286 284 282 280

complete disappearance of the silicon surface states. How -

ever, the latter observation fails to agree with the description Binding Energy (eV)

of the adsorbed layer at saturation given by Hovis and Ham-

ers (Ref. 1), where molecules form locally a2 or c(2 FIG. 4. C Is photoelectron spectr@ots of the S{001) surface

X 4) reconstructiononly half the surface dimers would then after exposures to 0.4 and 40 L of 1,5-COD at 300 K. Fits by a sum
be consumed at saturation Covera?ée of two componentgH andL) are also giver(solid line). In each

Two typical C Is spectra, corresponding to a 0.5 L expo- case, the Gaussian and Lorentzian FWHM are 0.9 and 0.1 eV, re-
sure and a 40 L exposure, respectively, are given in Fig. 4spectively. While the binding energy of the & tentroid shifts by
The spectra are reconstructed by the sum of only two Voigt~0-25 €V at saturation, the energy distance betwdeamdL and
curves. The low and high binding energy components, dethe intensity raticH/L changes very little.
noted respectively. and H, both have a full width of half _
maximum (FWHM) of 0.94 eV. For the 0.5 L exposure,  Case C3s XPS spec_:tra do not evidence, nor exclude, the
andH have binding energies at 284.3 and 284.9 eV, resped?resence of alkenelike carbons. _ _
tively, and intensitywise their ratio is 1:2. The overall shape On the other hand, NEXAFS spectroscopy gives direct
of the peak does not change much with coverage. Howevegvidence for the presence of alkene=C bonds. We report
there is a measurable shift of the peak centroid toward§1e absorption spectra of solid 1,5-CQihe multilayer is
higher binding energyby ~0.25 e\j} for the high coverages, formed at 80 K and_of the silicon surface e>_<pose:d4 L of
maybe in relation to an increased stacking of the moleculest,5-COD at 300 K in Fig. 6. For the chemisorbed layer the
We have noted that, upon exposure to the gas, the energ‘?nization potential is at~290 eV,. taklng the work fUnCtion
position of the Sid bulk component does not shift by more (4.8 €V) (Ref. 23 of the clean S001) surface. The transi-
than 0.05 eV, a value corresponding to the MAC2 spectro-
meter calibration uncertainty.

s o RARAaRAa N na e AR BARAS
r 1,5-COD/Si(001)-2x1

By decreasing the kinetic energy of the photoelectrons 4L 21300 K ’éPlss
from ~45eV (hr=330¢eV) to~12eV (hr=297.5eV) the & . v -
B v=330e

escape depth is increased by a factor of about 3 or Rfore.
Assuming that the bonding model given in Fig. 1 is valid, at
hy=297.5eV fir=330eV) the measurement should be
more sensitive to the innermogbutermosk carbon layer,
which according to Hovis and Hame{Ref. 1) should have
the lowest(highes} binding energy. The plotFig. 5 of the

C 1s spectra obtained dty=297.5 and 330 eV shows they
are identical. So, in contrast to the opinion of Hovis and
Hamers(Ref. 1), we do not think that the asymmetric shape
of the C1s peak is simply due to the sum of components
related to different chemical environments. Instead multi-
electron effects or a vibrational fine structysee also the FIG. 5. Cis photoelectron spectra taken fat=330 and 297.5
C 1s spectrum of ethylene adsorbed ori08il) which is also eV (the secondary electron background is subtractgdSi(001)
strongly asymmetrf must be taken into account. In any exposedd 4 L of 1,5-COD at 300 K.

** hv=2975eV

Photoemission Intensity (Arb. Units)

N PV VU PRV T FTUTTININ PP
288 287 286 285 284 283 282
Binding Energy (eV)
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FIG. 6. C1s NEXAFS spectra of solid 1,5-COIB0 K, beam
line SA22 and of chemisorbed 1,5-COD on(801) (4 L, 300 K, N
beam line SUY. For the sake of peak position comparison the mo-
lecular solid spectrum is shifted down in energy by 0.4 eV. For the 06
chemisorbed layer, the absorption curves are recordée-80° (E
parallel to the surface plaped=55° (magic anglg and 6= 20° (E
close to the normal to the surface plan&he latter curves are
normalized to an equal jump before the adsorption €@3& eV)
and ~80 eV after. For the chemisorbed molecule, the position of 02
the ionization potentiallP) is given.

Normalized Intensity (Arb. Units)

Chemisorbed molecule
6=20°

NI N

04

L e L I e e

tions to bound state@.e., below the ionization potentjaare Ty e S IR
presented in more detail in Fig. 7. Let us first examine the Photon Energy (eV)
NEXAFS spectrum of the molecular solid. Because the mol-
ecule is notsr conjugated(i.e., the two G=C double bonds 4
are far apajt we expect that ther system is not split into
two 7* antibonding orbitals, as in butadiene, for exanfile.
Indeed we observe a strong unigu® resonance at 286 eV.
The resonance at 288—-289 eV is attributed to a*Ctidn-
sition. Two broads™ resonances at 293 anrd301 eV (de-
notedo} , o) are also observed. The energy position of the
first one is compatible with a single-€C bond; the second
one at higher energy could be attributed to the shorteiCC
bond, in the framework of the so-called “bond-length-with-
a-ruler model.””® Alternately, as in the case of saturated 15 Do v 0w w1 v 1 @
rings or chains, the interaction betweeh bonds may not be
negligible and it may cause the splitting of the Go€ reso- 0 (°)
nance into two component8.The NEXAFS spectra of the
solid Compound remain unchanged when the ar@|be- FIG. 7. (a) NEXAFS curve fits of the below IP regiofmolecu-
tween the radiation polarization vectBrand the normal to lar solid and chemisorbed layeihe figure illustrates the necessity
the substrate surface is vari¢dhe molecules are randomly for placing a “substrate” stegidotted at ~286 eV in the case of
oriented. the chemlgorbed molecule and its ab_ser_lce in the case of the mo-
Most of the NEXAFS spectral features of the molecularlecmar solid. The vacuum level stépolid line) is placed at 289.7
solid are retained in the case of the chemisorbed l&y. ev. Bqth of them are simulated by step function c_onvoluted by a
By gently heating the substrate we have verified that a secGaussian of FWHM O..8 eV. All spe::tra are normalized so that the
ond layer of weakly bonded molecules is not adsorbed afacuum level height is equa_l. The and C.'H resonances are
room temperature afte 4 L exposure. Three resonances are5|mulated by sums of Gaussiafwidths are given between brack-

- " ets. The “free” =* component is shaded in gray. With the nor-
observed, continuing the parent features’, C-H*, and malization procedure used here, the ratio of the grayed areas

o7) of the molecular solid spectrum. In the case of a d'e”Qchemisorbed layer at magic anglenolecular solid, which is
di-o bonded to silicon via only one of the two=€C bonds,  apout~0.44, gives an estimate of the proportion of unreacteC

the other one remaining free, one expects in ttferegion  double bond per molecule after adsorption, and hence confirms the
the contribution of two components, one due to the fi€e  model of Hovis and Hamergb) Determination of the freer*
orbital and one due to the second orbital strongly hybrid-  orbital polar anglex from a fit of its intensity versus.

—— fits with a=44°

free w* intensity (Arb. Units)
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ized with silicon (C-St). In the case of ethylen@ne G=C  equating the vacuum steps of the molecular solid and of the
bond the C-St state shows up in the NEXAFS spectrum aschemisorbed moleculeat magic anglg determined by a fit-
a weak shoulder before the C:tHpeak?’ and not as an in- ting procedure[see Fig. 7a)]. Then the ratio of the gray
tense white line. For chemisorbed 1,5-COD, the presence @freas (chemisorbed moleculémolecular solig is about
a C-St line at higher photon enerdgee Fig. fa)] than that  0.44. This measurement validates the model proposed by
of free #* may account for the asymmetric shape of theHovis and Hamers in Ref. 1: one of the two initial=€C
resonance at 286 eV, but its precise intensity measurementfimnds does remain free after chemisorption of the molecule.
difficult, due to the presence of a step, corresponding to tranconsequently, the complete quenching of the silicon surface
sitions to the densely spaced unfilled electronic states of thetates at saturation points to a maximum coverage of one
substrate having-like symmetry.(Note the absence of such molecule peoneSi dimer, in contrast with the STM images
a step between the* and C-H resonance in the molecular of Ref. 1 which are indicative of a saturation coverage of one
solid [Fig. 7@].) _ molecule pertwo Si dimers® As a matter of fact, local
In contrast with the case of the molecular solid, the, 52y or c(2x4) adsorbate superstructures have already
NEXAFS spectrum of the chemisorbed molecule is modified, ooy gpserved after alkene adsorption, more especially in the
when the 'F‘C'dence angle ?f _the “”_‘d'a“‘)” is varied. ASinitial adsorption regime of ethylen@ee Ref. 2L For eth-
_shown_ in Figs. 6 and @, =* intensity (and also_ C-H ylene, the strong reduction of the adsorption rate at a cover-
intensity to a lesser extenincreases when the light ap- oo L
LoTEE o age of one molecule for two Si dimers implies that the mol-
pmrgla f:?ﬁg:;:gl'enug;g%eﬁﬁg (’)tlr']i'r’igfdiit?nt{;;?r_ ecule avoids dimer sites which are first neighbors of an
ple p y already reacted site. Indeed a strong interadsorbate interac-

shows no dependence with The symmetry of the silicon h f lecul di h "
surface establishes several equivalent in-plane chemisorpti(ﬂ?n at a coverage of one molecule per dimer nas recently
een evidenced by ultraviolet photoemission combined with

geometries which lead to the formation of adsorbate do= _ : )
mains. The actual clean ®01) surface consists of terraces theoretical calculation¥’ In the 1,5-COD case, although this

separated by monoatomic steps: the direction of the dimenolecule is bigger than ethylene, interadsorbate interactions
rows (always aligned along &.10; direction is rotated by  at close-neighbor sites do not provoke a decrease of the ad-
90° from one terrace to the adjacent one. For an x-ray beargorption rate.

diameter(~1 mm) much larger than terrace dimensions, the

technique samples many domains and the two-domain 2. Thermal stability

Si(00)) surface has fourfold rotational symmetry about the

surface normal. For threefold or higher symmetries, 4tfe The thermal stability of the organic layer on Si(001)-2
transition intensityl ,, is X1 is studied by performing successive isochrofiamin)

annealings of a surface previously exposedtL of 1,5-
| _oc1+1(3co 6—1)(3 coda—1), (1) COD at room temperature. The SRXES1s and Si ) and

NEXAFS spectra are recorded at room temperature after
whered is the polar angle of anda is the polar angle of the each annealing step. Heating at temperatlire$80 K does
vector final-state orbita The intensity of the “free” =* not induce any change in the G Iphotoelectron spectral
orbital transition is measured following the procedure de-shape, apart from a downward binding energy shift of about
picted in Fig. Ta) (the area shaded in grayand plotted 0.3 eV(Fig. 8. We note also a decrease in the peak intensity
againsté in Fig. 7(b). The best fit to relationshifl) is ob-  (—25%). No evidence for a desorption comes from the ($i 2
tained for ar™ vector orbital making an angle ef44° with  or valence-band specttaot shown which do not exhibit the
respect to the sample normaUnfortunately the atomic po-  reformation of dimer surface states. The change irs @Ho-
sitions re_sulting from the theoretical calculations of Ref. ligelectron intensity may come from a rearrangement of the
are not given. molecules on the surface. This is suggested by the much

We can now estimate, from an analysis of the NEXAFSy e informative NEXAFS spectridig. 9) which show that
spectra of the molecular solid and of the chemisorbed layey, o —« orpital broadens and loses its orientational order at
how many G=C double bonds per molecule have, on the680 K. We note that the C-Hpeak persists after the 610-

average, reacted with the Si dimers. First, we compare thSnd 680 K annealings, and is clearly visible. After the 820 K

molecular solid spectrunithe molecules are randomly ori- . o
ented to the chemisorbed molecule spectrum taken at th hnen?:ICI:Ir:a%Sl‘jlethiz S{igi]r?l;oleggr?lrp])osspecgugr;r;)(:;ﬁzﬁz tahtat
magic angle ¢=54.7°) for which the intensity distribution ék .

g gle ¢ ) Y 284.7 and 283.4 eV show yplIn contrast with the

is indistinguishable from that of a random molecular orien- : . ; .
tation. Second, we have to find a good normalization proceethylene/8| systertRef. 8 no incorporation of carbon in the

dure for which the same number of carbon atoms is take§!icon layers is observed at this temperature: the formation
into consideration. We note there are two stéhe substrate Of the Si_,C, compound(with x<1) would lead to the
step athv~286 eV, and the vacuum level step-ap90 e\) ~ appearance of a component at a binding energy of 282.8 eV.
for the chemisorbed molecule and only one stée vacuum  Accordingly, the corresponding NEXAFS spectrum exhibits
level step for the molecular solid. As a consequence, the twostrong modifications. A product resulting from the decompo-
experimental curves cannot be directly normalized to equasition of the molecule exhibits @road 7* resonance which
intensity jumps before the edge and well after the edge, ais strong atd=20° and almost killed ab=90°, suggesting

we have done for the angular series of spectra of the chemthat the =* orbital is oriented perpendicularly to the sub-
sorbed molecule. Instead the right normalization consists istrate.
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FIG. 8. C 1Is photoelectron spectra of a 1,5-COD saturated sur-
face (4 L at 300 K and submitted to isochronal annealings 1
min each. The various spectra are multiplied by coefficients such
that their areas, after background subtraction, are equal.

B. Photon energy dependence of valence-band photoemission

and autoionization spectroscopy -. P RS B L

. L. 280 285 290 295 300
Figure 10 shows the valence-band photoemission spect Photon Energy (¢V)

of the S(001) surface, saturated by 1,5-CO@t 300 K),

which are recorded at photon energies 22 and 39.5 eV on FIG. 9. CIs NEXAFS spectra of a surface previously exposed
beam line SU3, with an angle-resolved analyétee emis- to 4 L of 1,5-COD and submlttgd to isochronal annoeallngs. The
sion polar angle is 45°and at 170 eV on beam line SU7, SPECtra are measured at three different polar ang|89° (normal
with a partially integrated analyzer. By comparing the spec—'nc'dence’ 557 (magic angle, and 20%(grazing incidence

trum of the dosed surface with that of the clean one, we note

that the adsorbate-derived contribution to the valence band StructureC (9 eV) may be a mixed C&2p component, as it
made up of seven distinct featurgsom Ato G). The adsor- is intense ahv=22eV, and still present dtv=170eV.

bate state density dominates over the silicon substrate con- Table Il shows that at still higher photon ener@y the
tribution at low photon energyh(v =22 eV) for two reasons: 270-300-eV rangethe contribution of carbon-derived states
(i) the photoelectron escape depth in silicon is close to ao the valence band should be extremely weak. This is indeed
minimum, and thus the sensitivity to the adsorbate overlayethe case for spectra taken just before thes@ilge(the 7*

is high, and(ii) the ratio of the calculated photoionization resonance stands at 286 }eWhich are hardly distinguish-
cross sectiongRef. 18 for carbon 2 and silicon 3, able from those of the clean surfa@part from a C & pho-
o(C2p)/a(Si3p), is around 35(see Table |l Conse- toemission peak excited by second-order light that may fall
quently the broad structurk (3—4 eV belowEg) and peaks in the recorded energy rangd he valence-band spectrum of

B (at 6.8 ey andC (at 8.9 eV} are adsorbate-related features. a 4 L layer deposited at 300 ecorded on beam line SY7
StructuresA and B are essentially derived from Gp2orbit-  that is dominated so far by Sg3and 3 emission, changes
als, as they become undetectablehat=170eV [then the greatly for photon energies equal to or higher than #tfe
ratio o(C 2p)/o(Si3p) is only ~0.6]. Peakd (13.1 eV}, E  resonance energy, i.e., when an electron is promoted from
(13.4 eV}, F (15.8 eV}, andG (18.3 eV}, seen at the inter- the CIs core level into unoccupied adsorbate-derived orbit-
mediate photon energyh¢=39.5eV), with an intensity als(Fig. 6). In Fig. 11 we report valence-band spectra, nor-
comparable toA and B, are the only carbon-derived states malized to the incident flux, obtained at photon energies
that can be observed =170 eV. At this energyr(C 2s) bracketing ther* resonance energy and at photon energies
is indeed an order of magnitude larger thafC 2p). So we equal to or higher than the ionization potential290 eV),
think that structureD -G are derived from C& orbitals.  corresponding to transitions to continuum states. Then for

AT .
305 310
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hv=22 eV FIG. 11. Valence-band spectfdots of the Si surface(after
0. v v v 1wy exposureda 4 L of 1,5-COD at 300 K, obtained at photon energies
25 20

around resonance G4 7*, at photon energies close to the ion-

ization threshold and above. The solid curve, superimposed to the

286.2-eV photon energy curve, corresponds to the direct photoemis-
FIG. 10. Valence-band spectra of theG&i1) surface saturated sion contribution. Verti_cal scales are normalized with incident flux.

by 1,5-COD at 300 Ksolid line) and of the clean Si surfagdots. The peaks marked_ with an asterigk) are carbon & core-level

Measurements are made at various energjies: 22, 39.5(on beam phatoelectrons excited by second-order light.

line SU3, and 170 eV(on beam line SU)Z

Binding Energy (eV)

tial extent to ther™ state, and comparable overlaps with the
ore hole to create an interference.

We have verified that fromhv=290.7 eV (an energy
) 2 Abse to the ionization threshglto hvy=347 eV the kinetic
has three components: diregtorma) photoemission, par-  gnergy position of the Auger step does not vary. The domi-
ticipator (resonant channeldecay, and spectator decay pnance of “normal Auger” is indeed expected for continuum
(Auger-like). To remove the contribution of direct photo- aycitations® In Fig. 12b), the “normal Auger” spectrum of
emission(silicon substrate plus adsorbate contributiotise  tpe adsorbatédenoted ) is obtained by subtracting a va-
nonresonant contributiofthe dark solid curve in Fig. 31 |ence spectrum measured at a photon energy below she 1
obtained below the resonant enelgy 268 eV is subtracted _, 7* resonance to the valence spectrum measured at the
from the resonance spectruitihe second-order Cslis also  energy of 297.8 e\(Fig. 11). In the following, the shape of
eliminated prior to subtractionThis operation makes sense the spectator contribution to the valence band is taken to be
because, in the photon energy range of intef830-300 that of the “normal Auger.” The “normal Auger” spectrum
eV), the ratioo(Si 3p)/o(Si 3s) varies smoothly(see Table is multiplied by a scaling factor and shifted to higher kinetic
II). The difference spectra corresponding to the resonant corenergy to fit properly the stefithe gray curve in Fig. 1®)
tribution are given in Fig. 12, plotted against a binding simulates the Ble steg. This “spectator shift” corresponds
energy scale to better evidence the participator contributiono the amount of screening due to the presence of the spec-
[Fig. 12@)], and against a kinetic energy to emphasize theator electron in an orbital localized around the £dore-
spectator contributiofiFig. 12b)]. A significant participator  hold site. It amounts to about 3.8 eV at the energy of the
channel decay is only observed for photon energies near th@ 1s— «* transition, for which the participator contribution
7* transition. It shows up in the 1-5 eV binding energy is maximum[see Fig. 123)]. It decreases already te2 eV
range: of the seven valence-band featurks @) (see Fig. at a photon energy of 286.8 eV, for which the participator
10), only peakA (which has a C p characteris particularly  contribution is negligibly smallsee Fig. 123)]. As indicated
enhanced: the corresponding orbital must have a similar spdefore, the spectator shift is already zero near the ionization

hy=286 eV, each of the spectra shows a steplike featur
which looks like an Auger decay. As recalled in the Intro-
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(a) Participator contribution threshold. The spectator shift results from the difference be-
T 1T 171" tween the screening energy of the “normal’h 2Auger de-
- hv(eV) a cay and that of the R1e spectator decay: in a simple elec-
290.7 trostatic model, the screening energy of the former is three

6000 A N times as large as that of the lattesee Ref. 30 The spectator

shift we find at the C $— #* transition(3.8 eV) is compa-
rable to that found in the case of a condensed benzene ice
layer (i.e., 3—4 eV, Ref. 3Por of a polystyrene film2.9 eV,

Ref. 31.

The observation of participator and spectator channels at
the #* resonance shows that an electron promoted into the
7* level remains localized around the & tore hole. Hop-
ping to the substrate would be possible only if both the fol-
lowing conditions were fulfilled: first, ther* orbital is
coupled with the substrate, second, unoccupied Si states are
energetically available. Undoubtedly the alkanelike carbons
of the adsorbate act as a “spacer layer” between the free
C=C double bond and the underlying substrate, reducing the
possibility of charge transfer. Work is under way to examine
the influence of the “alkane spacer” on the coupling with
the substrate by using nonconjugated diefogslic and lin-
eal of various sizes.

Intensity (Arb. Units)

6 4 2 0 2 4
Binding Energy (eV) IV. CONCLUDING REMARKS
(b) Spectator contribution The present paper discusses core-electron/valence-band

16000 T[T [TI T[T T[T TTTITTT

photoemission spectra, absorption edge spectra, and autoioni-
zation spectra of 1,5-cyclooctadiene chemisorbed on
Si(001)-2x 1. Such spectra contain a wealth of information
on this adsorbate/substrate system, which has been studied so
far essentially by vibrational spectroscopies and topographic
tunneling microscopy.

Upon adsorption at room temperature, the valence-band
spectra show that the bond of the Si dimers is destroyed,

12000

% which is expected in the case of ad@ibonding. At satura-
= tion we do not observe surviving surface states. The multi-
;% 8000 component C & photoelectron spectrum does not produce
T proof of the existence of a free=€C bond. On the other
"é hand, C 5 NEXAFS spectra, taken at various light incidence
Z angles, demonstrate the presence af arbital, tilted by a

polar angle of about 44 °. By comparing the NEXAFS spec-
tra of the molecular solid to those of a chemisorbed layer

L, 300 K), we estimate that, of the two initial=©C bonds,

only one is involved in the bonding with Si dimers. Thus
NEXAFS data fully validate the bonding model proposed by
Hovis and HamergRef. 1). As only one G=C bond per
molecule reacts, and as all Si dimers are reacted at saturation,

4000 [ _ pstaii

0 o X : -
ATARRTRE RRTRU ATAN RTRRA IRRRAINRRIRRRRINNATE we infer a maximum coverage ofqne molecule per Si dimer,
260 265 270 275 280 285 290 295 300 instead of one molecule per two Si dimers as shown by STM
Kinetic Energy (V, above Eg) images(Ref. 1. The stability of the molecule is studied by

performing thermal annealings of a chemisorbed layer. The
crystalline order of the organic layer is certainly affected by

FIG. 12. Adsorbate autoionization spectra obtained after sub@nn€alings at moderate temperatuiGE—680 K. At 820 K
traction of the direct photoemission contribution, emphasizmg "€ molecule decomposes, but carbidelike compounds appar-
the participator channébinding energy scajeand (b) the spectator ~ €Ntly do not f0r_m, In contrast with the case of small hydro-
channel. In(b), the normal & Auger is represented by a dark solid carbons deposited on silicdsee Ref. &
line. It is shifted to higher kinetic enerdgray line by the spectator A very striking experimental result is the observation of a
shift (S to simulate the Ble spectator contribution. 1ta) and(b) strong resonant enhancement to the valence band at tse C 1
the peaks marked with an asteri¢k) are carbon & core-level edge which recalls the resonances observed for a molecular
photoelectrons excited by second-order light. solid (benzeng or a polymer(polystyrene.3*3! we find a
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strong participator decay channel at the €47* transi-  position. Low-temperature chemical reactions, induced se-
tion: the intensity of an adsorbate-derived valence orbital, ofectively by photon irradiation at the Gledge, could cir-
C 2p character, is then resonantly enhanced. The spectateumvent this difficulty. Indeed, photochemical reactions
shift we measure compares with that found for solid benzenshould be favored during spectator Auger transition, since
and polystyrene. It decreases when the photon energy athe C=C chemical bond is weakened by the excited electron
proaches that of the ionization threshold and vanishes aboveemaining in the antibonding orbital.
Participator and spectator decays are observed at the C1
—a* transition because the electron excited to the lowest
unoccupied molecular orbital remains localized around the
core-hole site.

Finally, in relation to the functionalization issue, we note ~We warmly thank Dr. G. Panaccione, Dr. Ch. Grupp, Dr.
that thermal treatments above room temperature may affe@. Laffon, and Dr. Ph. Parent for their friendly help during
the order of the molecular layer, or even lead to its decomall the measurements we made at Lure-SuperACO.
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