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Ethylene adsorption on S{1002X1: A high-resolution photoemission study
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The adsorption of ethylene on Si(100¥2 has been investigated at room temperature by high-resolution
synchrotron radiation photoemission in the exposure range: 1-1000 L. A consistent picture in favor of mo-
lecularly di-o bonded ethylene is obtained from the analysis of the photoemission spectral features, which
shows the progressive decreasing of the surface states in the valence band andtfea&irs related to the
surface dimers upon adsorption. By careful fitting of the $i @mplex envelope, the appearance of a
component in the Si R core-level spectrum is evidenced already raftd exposure to ethylene. This com-
ponent, which grows with exposure, is assigned to the formation of two Si-C bonds per dimer as a result of
ethylene adsorption. The line-shape analysis by model functions permits us to follow the symmetrization of
Si-Si dimers, which are known to be asymmetric on the clean surface, and the growth of a Si-C related spectral
component upon adsorption. Relative quantitative analysis of the various peak components suggests that the
intensity increase of the new component almost completely parallels the progressive decrease of the surface
dimer components. No evidence for carbide formation has been found from tises@ettrum.

I. INTRODUCTION the surface in the temperature range 77—-600 K. A nearly
complete rehybridization of both carbon atoms frepf to

The interaction between hydrocarbons and silicon sursp® occurs upon adsorption, as suggested by the absence of
faces is a topic of current interest both in basic and appliethe C=C bond in the adsorbed species. In the proposed ad-
research fields. Different technological applications can bensorption structure, ethylene is dibonded to two adjacent Si
efit from unravelling the fundamental aspects of the adsorpatoms of the dimer, saturating the dangling bonds. Further-
tion mechanism. For example, new synthetic routes to thenore, when the clean surface is exposed to ethylene, only a
growth of silicon carbidgSiC) thin films can be very useful small change and no additional spots are observed in the
for microelectronical devices. With the development of dia-LEED patterns, confirming the ¢(21) reconstruction at RT.
mond thin-film technology, the importance of understandingAlthough exposure to ethylene does not cause large-scale
the Si/C interface has increased particularly as it applies teearrangement of the original Si surface atoms, changes in
nucleation and adhesion of the diamond fithizurthermore,  the local structure have been observed at 300 K by scanning
a major advance is the discovery that ordered chemisorbeitinneling microscop§.At low coverage, ethylene molecules
monolayers from multiple functionality hydrocarbons can beprefer to adsorb on top of alternate dimer sites, creating
formed on a clean §1002x 1 surface’ The extremely fa- small domains of local (X2) or c(2X4) structure. The
vorable opportunity to attach bifunctional organic moleculesindividual domains are so smak<50 A) that the change in
to Si(1002X 1 can be achieved by using=€C groups for the reconstruction cannot be detected by any diffraction tech-
bonding to the surface, while preserving the second chemicalique. The most likely adsorption site suggested by angle-
functionality for further surface reactiofpolymerization or ~ resolved photoemissidrand photoelectron diffractidnis a
conversion to other functional groups, such as alcohols anbridging site where the ethylene molecule is adsorbed on top
aming. The monolayer functionalization of semiconductor of a Si-Si dimer of the reconstructed surface. The equilib-
surfaces is of great interest in gas and biochemical sensgium molecular bond distance (1.62.08 A) indicated by
development, in molecular electronics, and in the semiconphotoelectron diffraction hints at a single-<C bond in the
ductor industry as passivation layers where an oxide filnintact molecule. Therefore, the saturation of the dimer dan-
cannot be used. gling bonds has been hypothesized. At the same time, the

In the framework of a systematic investigation carried outSi-Si distance (2.360.21A) provided by the same tech-
in our group on the chemical reactivity of silicon surfacesnique shows that the Si dimers stay intact and therefore no
towards organic moleculd$or ethylene see Refs. 3 and,4 Si-Si bond rupture occurs upon ethylene adsorption.
we have performed a high-resolution photoemission study of The adsorption of ethylene on($002X 1 is found to be
ethylene adsorption on @002X 1 as a function of the ex- stereospecific and almost totally stereoselective, as shown in
posure. the report of a stereochemically selective reaction occurring

The adsorption of ethylene on($002x 1 has been in- on a solid surface with no intrinsic chiralify. In this paper
tensively investigated by several surface scienceve report, to our knowledge, the first high-resolution syn-
techniques™° High-resolution electron energy-loss spec- chrotron radiation photoemission study of ethylene adsorp-
troscopy and low-energy electron diffractioLEED)  tion on S{1002X 1 at room temperature. Only one previous
studies show that ethylene is molecularly chemisorbed onSi 2p core-level photoemission study was performed at low
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resolution® High-resolution Si » spectra in the exposure R LN
range 1-1000 L have been investigated by a careful line- Si2p

shape analysis to unravel the structural and electronic hv=135¢eV

changes of the Si dimers upon adsorption.

Il. EXPERIMENTAL

The high-resolution photoemission experiments have
been carried out at the German storage ring BEG®fliner
Elektronenspeicherring-Gesellschafir f$ynchrotronstrahl-
ung m.b.H) on the PGM-3 beamline in the photon energy
range: 35-600 eV. The overall instrumental resolution
(monochromator plus analyzewas 4G+ 10 meV in the Si
2p region(130 eV photon energyand below the natural line
width in the C Is range. A UHV analysis chambedbase
pressure of~3x10 °mbap was equipped with a hemi-
spherical electrostatic Scienta SES 200 electron energy ana-
lyzer. Photoemission spectra were collected at normal emis- 1L
sion, with samples oriented at 30° with respect to the photon L
beam. The 100 crystals werep-type Virginia SC wafers 34 35 36
(2.5 Qcm resistivity. Clean reconstructed 002X 1 sur- Kinetic Energy (eV)
faces were prepared by direct resistive heating, followed by
30 s ﬂashes at 1373 K. EthylelﬁE Merck’ research graﬁe FIG. 1. Si m Spectra as a function of ethylene exposure atroom
was further purified by successive freeze-pump-thaw cyclelemperature. The photon energy is 135 eV. The Stadicates the
before introduction into the analysis chamber and its purityegion of the trough depth.
was checkedh situ by mass spectroscopy. The adsorption of
ethylene on the reconstructed surface has been performedsitetched and becomes intermediate between single and

room temperature in the exposure range: 1-1000 L (1 Idouble. Furthermore, upon adsorption o1t1$1)7X 7 both
=10 %torrs). adatoms and restatoms are simultaneously involved in bond-

ing ethylene in a bridge site geomefty.

100 L

Intensity (arb. units)

10L

Ill. RESULTS AND DISCUSSION

The photon energy range 35—600 eV permits us to inves- B. High-resolution Si 2p core-level photoemission

tigate the valence-band regiéviB) as well as the Si g and Si 2p core-level spectra collected as a function of ethyl-
C 1s core-level lines. In the following sections, the VB and ene exposure in the range 1-1000 L are shown in Fig. 1.
C 1s results will be briefly commented upon, focusing the Spectra have been recorded at 135 eV photon energy, which

attention mainly on the Sif2 line-shape analysis. corresponds to the highest surface sensititfith survey of
the high-resolution spectra shows qualitative changes upon
A. Valence-band photoemission ad.z,o)rptlon:
1) There is a remarkable and progressive intensity de-
The valence-band spectrum of the exposedE)2x1 rease of the spectral feature on the lower binding energy

surface shows the adsorption-related spectral features alrea ¥e for increasing exposures to ethylene. It is still present

after ex'posureal L ethylene. Five new features, growing as aeter an exposure to 100 L ethylene and eventually disap-
a function of ethylene exposure, have been assllgned t0 Mars after 1000 L exposure. This feature has been related to
boy, bog, @g, by, andb,, ethylene molecular orbitals. The the buckled-up atoms in the Si dinr.

a_lssignment has been made by Comparison ,With the adsorp- (2) The overall shape of the Sip2core line does not
tlc_)n_of ethylene on dlff_erently o_nented silicon Surfaces'change significantly upon adsorption. This is particularly
Similarly to the adsorption on Gi1)2x1 (Ref. 3 and  gigent in the region of the trough depth, marked with a star
Si(111)7x 7 (Ref. 4 we find a one-to-one correspondence (*) in Fig. 1, where a Si-C bond would become visibg*
between gas-phase and adsorbed-related spectral featurgs.o, photoemission spectra recorded at different photon
The adsorption of ethylene is molecular also 01802  ohergies in the same exposure range confirm these qualita-
X1, leading to die bonded species on the surface. VB spec+;, o findings.

tra confirm that the adsorption occurs through an electron g already shown by several studies of structural and
donor-acceptor mechanism on silicon surfaces. The peak cofjecironic changes of surface atoms upon adsorption of dif-
responding to ther orbital of the molecule is still presentin ¢orant moleculed!*5further information on ethylene adsorp-
the adsorbate phase but undergoes an upward shift with reg ' mechanism on §1002x 1 can be achieved by a line-

spect to the gas phase, thus suffering a destabilization Up%ape analysis of Sif2core-level spectrum.
adsorptior?. In contrast to metal substrates, where a shift in

the opposite direction has been found, the silicon surface acts
as am donor with respect to the ethylene lowest unoccupied

molecular orbitalLUMO), which has ar symmetry as well. A Si 2p line-shape analysis of the ethylene exposed-
Consequently, the GC bond in the ethylene molecule is Si(1002X 1 needs to consider the clean surface as its start-

1. Curve-fitting of the clean surface
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FIG. 2. Line-shape analysis of the Sp 2pectrum for the clean
Si(100)2x 1 surface at room temperature. The photon energy

135 eV. The scattered curve refers to the raw data, while the sol

line to the fitting resultsB, S, ,S,,S;,S, dotted curves denote emis-

sion from bulk, up and down atoms in a dimer, second layer an
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TABLE I. Curve-fitting parameters for the clean(8002x1
surface. The surface core-level sHiBCLS of each component is
reported in relative binding enerdiRBE).

SCLS FWHM Branching  Spin-orbit
Component (eV) (eV) (eV) (eV)
B 0 0.2410 0.50 0.602
S -0.523 0.2876 0.50 0.602
S, +0.087 0.2876 0.50 0.602
S; +0.231 0.2876 0.50 0.602
S, —-0.227 0.2876 0.50 0.602

eV for all the surface components and 0.2410 eV for the bulk
component. A Shirley background subtraction has been per-
formed on the raw data. The curve-fitting parameters of the
clean S{1002x 1 surface are summarized in Table I.

2. Curve-fitting of the exposed surface

Upon ethylene adsorption, the Sp2Zsurface atoms in-

.volved in the adsorption process should give rise to new
%eatures. While the buckled-up and buckled-down features

Intensity decreases upon molecular adsorption of ethylene, a

Jqiew component in the Si2spectrum should appear, result-

subsurface, respectively. The bottom line refers to the residual of’d from the interaction of carbon atoms with the surface

the fitting procedure.

dimers. The intensity decrease and eventual quenching at
high exposures of the Si dimer atoms can be interpreted in

ing point. In Fig. 2 the curve fitting of the clean surface terms of dimer symmetrization upon bonding with the bridg-
spectrum by a model function is shown. The solid lineing ethylene molecules.

through the scattered data points is the result of the fitting The bond formation between the Si dimers and the ethyl-
procedure, while the dotted curves refer to the single comene molecules does not induce a relevant charge redistribu-
ponents. The residual plot underneath the spectrum is detetion between the adsorbate and the Si substrate, as indicated
mined by the difference between raw and fitted curves. by the overall appearance of the spectra, which does not
In the high-resolution spectrum the Sp#, and Si 2., change significantly upon adsorption, except for the low
components are well resolved and contributions from Si atbinding-energy region. A new Sif2component is then ex-
oms in different chemical environments are evident. The Spected to grow with exposure at an energy position close to
2p spectrum has been decomposed by a curve-fitting procehat of the buckled-down atoms and compensating for their
dure into one bulklike and four surface-related componentsntensity decrease.
consisting of spin-orbit-splitted Voigt functions, using a non-  The curve-fitting of the Si @ spectra as a function of
linear least-squares analysis. The curve fitting of the cleaethylene exposure is reported in Fig. 3.(m, (b), (c), and
Si(1002x 1 surface closely reproduces in peak number andd) spectra after 1, 10, 100, and 1000 L ethylene are shown.
energy position the results previously obtained for ethanolrhe solid line through the scattered experimental points re-
adsorption on the same surfaCelhe assignment of all com- fers to the result of the fitting procedure. While the dotted
ponents follows the one reported by Landemark ancturves represent the peak components, the filled area ac-
co-workerst?*®In particular, peal8 is assigned to the bulk- counts for the component arising from adsorption. The re-
like atoms. PealS;, on the low binding-energy side of the sidual is plotted at the bottom of each spectrum.
bulk component, is assigned to the buckled-up atoms and In the line-shape analysis of the exposed surface, the main

peak$S, to the buckled-down atoms in the dimers. P&k
accounts for emission from the second layer and pgak
originates from subsurface layefsnost likely, emission
from half the third layexr The surface core-level shifts
(SCLS obtained for thes;, S,, S;, andS, components are,
respectively,—0.523, +0.087, +0.231, —0.227 eV as ex-
pressed in relative binding energiRBE). They are in good
agreement with the values0.500,+0.062,+0.230,—0.225
eV reported in the literatur®. The fitting parameters are

observations are the partial disappearance of the peaks re-
lated to the Si dimer atoms and the growth of only one com-
ponent that accounts for ethylene adsorption. In order to fit
the Si 2p spectrum after exposure to ethylene, a 1:1 ratio
intensity decrease for the dimer buckled-up and buckled-
down components has been hypothesized. In all the exposed-
surface spectra a spin-orbit split of 0.602 eV and a branching
ratio of 0.5 have been imposed. TBg component suffers a
small energy shif{0.073 eV} upon adsorption, while ths,,

very similar for all the components, which consist of aS;, and S, peaks exhibit the same SCLS as in the clean
2ps— 2Py doublet with 0.602 eV spin-orbit split separa- surface. From the curve-fitting procedure, the component

tion and a branching ratio equal to the statistical vdig).
The resulting full width at half maximurtFWHM) is 0.2876

arising upon adsorption is localized #0.128 eV RBE and
this SCLS remains constant in all the exposure range. The
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FIG. 3. Line-shape analysis of the Sp 3pectra as a function of ethylene exposure at room temperature. The photon energy is 135 eV.
Spectra in(a), (b), (c), and(d) refer to 1, 10, 100, and 1000 L ethylene exposures, respectively. The scattered curve refers to the raw data,
while the solid line to the fitting results. The single components are plotted as dotted curves and the filled areas show the new Si-C

component. The bottom curve represents the residual of the fitting procedure.

full width at half maximum(FWHM) values are: 0.3231 eV high-resolution photoemission evidence of Si-C bonds aris-
for the surface components; 0.2562 and 0.2537 eV for théng from ethylene adsorption on (002X 1. The presence
bulk and the Si-C components, respectively. The optimizeaf such a component in the SpXpectrum already after 1 L
parameters for the ethylene exposett80)2x 1 surfaces exposure to ethylengFig. 3(@] is also confirmed in the
are listed in Table II. valence-band region, showing the typical spectral features
A major result of the line-shape analysis is the energyrelated to the adsorbate. In a previous photoemission study
location of the component at0.128 eV SCLS, which can of ethylene adsorption on @i002X 1 performed at lower
be assigned to the formation of Si-C bonds. This is the firstesolution'® any visible structure related to the formation of
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TABLE Il. Curve-fitting parameters for the ethylene-exposed TABLE Ill. Intensity ratio of all the surface components relative
Si(1002x1 surface. The surface core-level sHi8CLS of each  to the bulk as a function of ethylene exposuks, + A S, denotes

component is reported in relative binding enef@BE). the total intensity decrease of the Si dimer atoms upon adsorption.
SCLS FWHM  Branching  Spin-orbit S, S, S; Sy Si-C  AS;+AS,
Component (eV) (eV) ratio (eV)
Clean 030 042 053 0.17

B 0 0.2562 0.50 0.602 1L 0.14 017 053 005 026 -041

S —0.450 0.3231 0.50 0.602 10 L 0.12 0.15 053 004 031 -045

S, +0.083 0.3231 0.50 0.602 100 L 0.06 0.07 053 002 043 -0.59

S; +0.231 0.3231 0.50 0.602 1000 L 0.53 0.52 -0.72

S, —0.227 0.3231 0.50 0.602
Si-C +0.128 0.2537 0.50 0.602

posures. In a simple approach, it is reasonable to expect that
. this intensity decrease can be recovered by the increase of
2 osrlaghgro ggpvggﬁrgégggef ;L;?:rsm;;%ct)ﬁwggfer&t \exirt]zlinethg Si-C component. The analysis of the relgtive _quantitative
+0.5 eV SCLS was introduced in the SpZpectrum. ratios of a_lll the componepts can address this .pomt. In Table
The SCLS value of the spectral feature related to the forlll the ratios of the mtepsﬂy of each peak relative to the bulk
mation of adsorbate-substrate bor{e0.128 eV} is unusu- '€ re_porte(_j as a function of ethylene exposure. The progres-
ally small for Si—C bonds. In the literature SCLS values in SIV€ intensity decrease &, and S, peaks, expressed as
the range:+0.21 to+0.5 eV have been reported for-SC ~ ASi1+AS;, is closely compensated for the increase in the
single bonds following the reaction of hydrocarbons onSi-C component, at least within the experimental error
Si(11)7x 723 Si 2p core-level spectra of saturated (£10%).
hydrocarbon-dosed @i11)7Xx7 surfaces show chemically
shifted components with 0.480.05, 1.06-0.05, and 1.50
+0.05eV SCLS for methane, neopentane, and adamantane C. C 1s core-level photoemission
adsorption, respectivelf’. This has been attributed to the for-  The ¢ 1s photoemission spectrum of the ethylene

mation of Si(CH)y (x=1-3)y=0-3) type surface Species. eyposed-§1L002x 1 show an asymmetric peak, which can
Since chemical shifts have been shown to be additive withyq fitted with two components, with FWHM0.657 eV and
the number of bonds on a particular Si at(erg., for oxygen
and fluoring,'"*8 SCLS betweent+0.4 and+0.5 eV are ex-
pected for Si-C bonds anét1.0 and+1.5 eV for a di- or
tricarbide species, respectively.

In a high-resolution core-level photoemission study of

a relative energy shift of 0.516 eV. The asymmetry towards
higher binding energy excludes the formation of silicon car-
bide (SiC), which is known to produce a chemical shift in the

opposite direction. The different electronegativity between C

alkyl-terminated Sil11)7X7 surfaces, a Si |2 component a_nd .Si atoms shquld give rise to a Si.C cqmponent at Ic_Jwer
shifted to higher binding energy has been attributed to th inding energ;a with rgspect o the ghphatlc C"?“b"”' shifted
presence of a SiC bond at the interfack¥. Chemical shifts y 1.2-1.4 eV*No ewc_ience for carbide fo_rmatlon has been
in the range+0.21 to +0.27 have been observed for alkyl found from the analysis of the Cslcore line. The asym-
chains with a different number of carbons atoms. metrical shape towards higher binding energy can be ac-
From our line-shape analysis performed on an ethylenecounted fg’r the unresolved ethylene vibrational
exposed 1002 1 surface, the presence of any Componemprogressmr}.
in the energy ranget0.21 to +0.5 eV can be readily ex-
cluded for all the investigated exposures. The fact that the
value of the energy shift resulting from the Sp Zurve IV. CONCLUSIONS
fitting is unexpectedly small for a SiC bond suggests a
complex adsorption process, with a charge redistributio
possibly involving not only dangling bond saturation, but
also a interaction between the ethylene emptyorbital
and substrate levels of suitable symmétrAn electron
donor-acceptor mechanism, with back donation from the sili
con surface to the ethylene LUMO and a consequent n
charge transfer from Si to C, can account for such a smal
SCLS.

The adsorption mechanism of ethylene ori1802x 1
"has been investigated by high-resolution synchrotron radia-
tion photoemission as a function of the exposure at RT.
Analysis of the photoemission spectral features confirms that
ethylene is molecularly di bonded to the surface and shows
the progressive decreasing of the surface states intensity and

e appearance of a component in the Bicbre spectrum.
Line-shape analysis by model functions allows following the
symmetrization of the Si-Si dimers and the progressive
growth of a new component as a function of ethylene adsorp-
tion. This component exhibits a very small SCLS and can be

On a qualitative basis, the Sip2line-shape analysis assigned to the formation of two-SiC bonds per dimer. The
clearly shows that the intensity of the new component indintensity increase of the Si-C related component closely par-
creases with the exposure, while that of the surface dimerallels the progressive decrease of the surface dimer compo-
correspondingly decreases and finally disappears at high exents, as shown by the relative quantitative analysis of the

3. Relative quantitative analysis
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