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Acetylene adsorption on the Si001) surface
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Using a first-principles pseudopotential technique, we have investigated the adsorptighl,0DIC the
Si(001) surface. We have found that, at low temperatures, the-dénd configuration is the most stable
structure from the energetic point of view. According to our calculatiopid,Gadsorbs preferentially on the
alternate dimer sites, corresponding to a coverage of 0.5 monolayer. Our calculated surface band structure
suggests that the end-bridge configuration, recently pointed out as a more favorable configuration by first-
principles calculations, presents a metallic character and thus is Peierls unstable ¢Tadsdirbed system is
characterized by symmetric and slightly elongated Si—Si dimers, and by a symmetric C—C bond with length
close to the double carbon bond length of the ethylene molecule. Our total-energy calculations suggest that
other metastable configurations, like the 1,2-hydrogen transfeip thréddge and the tetra= model are also
possible. Available high-resolution electron-energy-loss spectroscopy experimental data are reinterpreted to
support the existence of the tesamodel.
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[. INTRODUCTION K, the acetylene molecule predominantly chemisorbs nondis-
sociatively to both atoms of a Si—Si dimer on the€0Bil)

In the past few years a great deal of effort has been desurface, saturating the dangling bonds. This adsorption con-
voted to the study of the adsorption and surface reactiofiguration is known as dir configuration[see Fig. 1a)].
mechanism of organic molecules on the silicon surface. In  Auger electron spectroscofAES) and changes in the
particular, hydrocarbon molecules have attracted a great dephrtial pressure of acetylene measured by a quadrupole mass
of interest due to their potential technological use in the hetspectromete(QMS) were employed in the quantitative study
eroepitaxy of SiC and diamond film on the silicon surface. of the adsorption of ¢H, on the silicon surface by Cheng
In order to elucidate the elementary mechanisms of silicoret al* In this work, the authors verified a saturation coverage
carbide films production, the interaction of acetylene withcorresponding to one hydrocarbon molecule per Si dimer site
the silicon surface has been the focus of many experimentalhen the role of surface defects present on tHe®) sur-
works, involving different techniques. To our best knowl- face is considered, i.e., when the surface defect sites of the
edge, one of the first studies was carried out by Nishijimeclean silicon surface are not counted as possible reaction
and co-worker$;® using high-resolution electron-energy-loss sites for the adsorption of acetylene. The same gPauging
spectroscopyHREELS and low-energy electron diffraction AES, temperature-programmed desorptigiiPD), low-
(LEED). Their LEED results clearly indicated the presenceenergy electron diffraction/electron-stimulated desorption,
of a (2x 1) structure, while their HREELS data suggest theand QMS, found, at low temperatures, a coverage of 0.83
absence of Si dangling bonds and the existence of a doublaonolayer(ML) for the adsorption of acetylene on the sili-
carbon bond with a rehybridization very similar to thg? con (001) surface. As the remaining 17% of the surface sili-
configuration. Based on their combined experimental datagon atom sites were thought to be defective, they concluded
Nishijima and co-workers proposed that, between 80 and 30that one GH, molecule is adsorbed per Si—Si dimer, in
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agreement with the earlier findings by Nishijima and posed earlier by Li and co-worket€On the other hand, an-
co-workers’ However, Tayloret al® proposed that the d-  other recent work based on the same PhD technique by
bonding will only occur with the breaking of the Si—Si Terborg and co-worket$ favors the die-bond model and
dimer. The authors also estimated a molecular desorptionot the tetras-bond model, although the authors pointed out
energy of 2.06:0.09 eV. the poor value of theiR factor for their best-fit structure,
The existence of the double C—-C bond was lately condirectly influencing their experimental error bars. Matsui and
firmed by Huanget al® who combined HREELS, LEED, co-workerd® have analyzed the di- and tetras-bond mod-
AES, and thermal-desorption spectroscopy. In their workgels using NEXAFS and UPS experiments. The authors con-
Huang et al. assigned the 1050-cm loss vibration to a cluded that the tetra—bond model, with the C—C bonds
C—H asymmetric out-of-plane bending modehich was lying parallel to the surface dimers, is irreconcilable with
earlier assigned as a C—C stretch mode by Nishijima antheir experimental electronic spectra, and supported the di-
co-worker$), and assigned a 1450-crh peak not observed o-bonding model with a coverage around 0.5 ML.
by Nishijima’s group to the C—C stretch mode. This new From the theoretical point of view, Craig and Smfh
interpretation of the vibrational spectra was seen as strongsed the intermediate neglect differential overlap semiempir-
evidence of the breaking of the Si—Si dimer bond. Widdraical procedure to study a large number of different adsorption
etal,” based on studies using HREELS, LEED, AES, andsites. Their calculations favored the @iadsorption model
TPD spectroscopy, favored the @ibonding structure. Their with the breaking of the Si—Si dimer and with no distinct
experiments showed that atomic hydrogen could be coadsreference between the ¥2L) andc(2X% 2) phases. Cramer,
sorbed onto the silicon surface already saturated with,C  Weiner, and Frenklacth combined quantum-mechanical and
thus reestablishing the Si—H bonds. This again was interempirical potential-energy functions in molecular-dynamics
preted as a clear indication of the breaking of the Si—Skalculations. In their work, Cramer, Weiner, and Frenklach
dimer bonds. Despite some common evidence for the breaeund that the direct reaction of,8, with dimer sites on the
ing of the Si—Si dimer, the assignment of the vibrationalSi(001) surface is dependent on the initial orientation and the
modes remained a question of debate. Although Wietla.  kinetic energy of the incident molecule. They verified that
observed a C—C stretch mode around 1450 tras in the  molecules not aligned parallel to the dimer bond direction
work by Huanget al.® the loss peak at 1050 c¢rh was as-  were scattered from the surface without reaction. The authors
signed to an in-plane C—H bending mode, and not to a symsuggested that the @di-bond structure with the breaking of
metric out-of-plane bending mode as proposed earlier byhe Si—Si dimer is the most stable configuration from the
Huanget al. energetic point of view. However, they have shown that ini-
Following the pioneering works by Mayne and tially the most likely scenario is for one of the carbon atoms
co-workers’ Li and co-workerS performed scanning tunnel- to bond at a single dangling-bond site, giving rise to the
ing microscopy(STM) studies of GH, adsorption on the mono structure. Their empirical potential calculations sug-
silicon surface. The authors observed a saturation coveraggest that die adsorption with an intact Si—Si dimer is un-
of 0.5 monolayer, in contrast to the previous observation oktable. They have also suggested that chemisorption to form
0.83 ML by Tayloret al. The authors also claim that their bridging structures between dimers in adjacent rows is un-
STM images are consistent with the @iadsorption model likely. The atom-superposition and electron-delocalization
where the GH, molecule bonds across the silicon dimer molecular-orbital theory was employed by Zhou, Cao, and
with the Si—Si dimer bond, remaining intact. Matstial’®  Lee' to study the adsorbed states and vibrational properties
used near-edge x-ray-adsorption fine struct(MEXAFS)  of acetylene on $001)—(2% 1). Their total-energy calcula-
and ultraviolet photoemission spectroscdp}PS and con-  tions and vibrational data indicate that theogbond struc-
cluded that the Si dimers beneath adsorbates are preservedre is the preferred adsorption site for the acetylene mol-
The authors also suggested that therdinodel is the most ecule. However, Zhou, Cao, and Lee provided no
appropriate model for the adsorption process. The dbn-  information about the Si—Si dimers beneath the adsorbed
figuration is also supported by the x-ray photoelectron specmolecule, as no relaxation of the substrate is considered in
troscopy studies by Liu and HameéfsTheir results, how- their work.
ever, indicate that some C atoms are probably not bonded Investigations by Imamura and co-workéfgysing first-
directly to the Si surface. These authors therefore proposegtinciples pseudopotentials and a generalized gradient ap-
an alternative bonding configuration: the 1,2-hydrogen transproximation, found that the dimerized structure proposed
fer model, shown in Fig. (). In this geometry the C atom originally by Nishijima and co-workefss more stable than
nearest the Si surface is in a bonding configuration similar tahe dimer-cleaved structure proposed by Tagbal® Their
that adopted by a CH(methyleng¢ group on Si001). vibrational mode analyses also favored therdinodel with
Very recently, Xu and co-worker$*® using high- the dimerized structure. Feng, Liu, and fdmperformed dis-
resolution photoemission spectroscopy and photoelectroerete variationX, calculations and found that,8, is easily
diffraction (PhD), proposed a tetra-bonded model for the adsorbed at bridge sites with a binding energy of 3.45 eV.
C,H, adsorption on the silicon surface. In this model, each QLiu and HoffmanA! used a variety of theoretical procedures,
atom bonds back to two Si atoms of two adjacent dimers, amcluding extended Hakel, restricted Hartree-Fock, and un-
shown in Fig. 1d), and thus each C atom is naturally in its restricted Hartree-Fock models, as well as pseudopotential
sp® hybridization state. This model proposed by Xu and co-calculations within the local-density approximatitioDA ).
workers is also in agreement with the 0.5-ML coverage pro-Their results favor an acetylene adduct with an unbroken
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symmetric Si—Si dimer bond. More recently, Fisher,®llp  experimental data obtained from an unpublished article by
and Briggé? have used a projector-augmented wave methodlezhennyet al?® Sorescu and Jordan revisited, among oth-
within the LDA to examine the coadsorption ohld, and ers, the dimer-bridge-bridge,r-bridge, and end-bridge sites
hydrogen on the silicon surface. Their calculations supporinvestigated earlier by Dyson and SmithTheir ab initio
the intact-dimer structure and show that the dimer bond igalculations suggested that at low coverages the dimer-
broken only in the process of hydrogen coadsorption and thdiridge site is the most stable configuration, with an adsorp-
hydrogen does not attach to preexisting dangling bonds. tion energy of 2.74 e\(at 0.125 ML), while for high cover-
Dyson and Smitf? combined the extended Brenner em- ages the end-bridge configuration is the most probable one,
pirical potential and Hartree-Fock techniques in order towith an adsorption energy of 2.93 €¥t 1.0 ML). The same
identify possible chemisorption sites for acetylene on thestructures were the subject of the study by Lu and{iwho
Si(00)) dimerized surface. These authors considered a seriesade DFT calculations using tlSLY P functional in com-
of structures, including the adjacent cross-dimer ¢itee  bination with cluster surface models. Their studies also indi-
C,H, molecule adsorbed between two adjacent dimer rowsated that the end-bridge site is slightly more favorable than
and oriented parallel to the dimer roslimer-bridge site the dimer-bridge sit¢2.89 against 2.73 eMor 0.5-ML cov-
[the standard dir model, as in Fig. @)], the p-bridge site  erage. However, their calculated vibrational frequencies for
[the standard tetra- model, as in Fig. )], ther-bridge the dio configuration fit better with the experimental
dimer site[the GH, molecule adsorbed in a tetracoordinated HREELS data. This suggests that the adsorbed species ex-
structure binding to the four Si atoms of two adjacent surfaceperimentally detected by HREELS indeed represents the di-
dimers in a dimer row at right angles to the dimers, as in Figo-bonded dimer-bridge configuration. More recently,
1(e)], and the end-bridge siteC,H, bonded to the silicon Morikawa?® using non-norm-conserving pseudopotentials in
atoms from two adjacent dimers in the dimer row directionthe GGA framework, has found that the dimer-bridge site
and oriented perpendicular to the dimer row, as in Fif)]1 corresponds to the most stable configuration at low cover-
According to their empirical calculations, the end-bridge,ages, while the end-bridge configuration becomes the most
dimer-bridge, cross-dimer, andbridge chemisorption sites stable configuration at 1.0 ML, in agreement with the work
are characterized by an increasing order of binding energyf Sorescu and Jordan. According to Morikawa, a compatri-
Two points are worthy of note regarding their work. First, son of his theoretical vibrational modes with experimental
while their empirical calculation suggests that thesditruc-  data clearly indicates that both the end-bridge and din-
ture with a broken Si—Si dimer is metastable, from theirfigurations can coexist. However, it must be pointed out that
cluster Hartree-Fock calculation the broken dimer structurghis analysis is entirely based on the assignment of vibra-
is found to be unstable. Second, while their empirical calcutional modes around 600 cm, which is in the tail of the
lations reveal that the end-bridge site has the highest bindinglastic peak region (600-900 ¢i), making an accurate
energy, their Hartree-Fock calculations find that the bindingexperimental determination of the peak position rather
energy of the dimer-bridge site is almost 1.3 eV higher thardifficult.® In addition to sitting on the tail of the strong elastic
that of the bridge site. It should be stressed that Dyson angeak, several peaks in this region, such as hydrogen bending,
Smith supposed that theab initio calculations were likely to  the surface Si—C stretch, and the amorphous SiC peak, over-
underestimate the binding energies for the end-bridge strudap each other considerafly.
ture due to the small cluster used in their simulations. A detailed investigation of the acetylene adsorption for
Meng, Maroudas, and Weinbéfgused first-principles coverages of 0.5 and 1.0 ML was done by Cho and
pseudopotentials and LDA to study the chemisorption ofco-workers! using non-norm-conserving pseudopotentials in
acetylene with and without the coadsorption of hydrogenthe GGA framework. In this work, only the di-and the
Based on their total-energy calculations, the authors fountktra-o configurations are studied with the former being a
that the cleaved-dimer structure is unstable and that hydranore stable configuration by 1.6 eV. Both covera@5 and
gen coadsorption onto the Si—Si dimer breaks the bond lead-.0 ML) are found to have similar adsorption energies: 2.72
ing to a separation of the two silicon atoms. Koneand and 2.74 eV, respectively. Hofer, Fisher, and WolRbhave
Dorer?® used density-functional theoryDFT) with the  also used non-norm-conserving pseudopotentials in the GGA
B3LY P functional to study reactions of a series of unsatur-framework to compare the dimer-bridge, end-bridge,
ated hydrocarbons on the silicon surface. Their results fap-bridge, andr-bridge sites using theoretical STM images.
vored the die-bonded adsorbate complex within the unbro-The calculated adsorption energies for the four studied mod-
ken dimer model. The calculated adsorption energy for thils are 2.97, 2.87, 2.00, and 1.20 eV, respectively. Their re-
model is 2.87 eV, far from the experimental value of 2.00 eVsults are consistent with previous calculations, as the dimer-
reported by Tayloret al® Tanida and Tsukad& employed bridge configuration is found to be the most stable structure
ultrasoft pseudopotentials within the generalized gradient apat 0.5-ML coverage. A comparison of their calculated STM
proximation(GGA) to study the coverage dependence of theimages with experimental observations shows a preference
Si(00D)-C,H, chemisorbed surface. According to their first- for the tetrae structure while energy considerations suggest
principles calculations, this system prefers to form the structhat the die- configuration is the most stable one for 0.5-ML
ture at the saturation coverage of 1.0 ML, i.e., one acetyleneoverage. They suggest that kinetic effects might play a de-
molecule per Si—Si dimer. cisive role in the local minimum tetra-structure to be sta-
Sorescu and Jordahbased their non-norm-conserving bilized.
pseudopotential calculations within the GGA framework on It is interesting to note that despite numerous theoretical
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and experimental efforts in the study of the adsorption ofem we considered the adsorbed systergH{ and the Si
acetylene on the 8)01) surface, to our best knowledge, dimer atoms.
there is no general consensus. While many theoretical studies
point to the end-bridge structure, all experimental results, . RESULTS
with the exception of an indirect report from the unpublished
work by Mezhennyet al,?® point to the die structure. Ac-
cording to Hamerst al,*® adsorption of organic substituents ~ For bulk silicon our first-principles calculations produced
to the S{001) surface can take place at room temperatureb.50 A for the equilibrium lattice constanty), 0.86 GPa
with the formation of strong covalent bonds, as the reaction$or the bulk modulus, and 4.39 eV for the cohesive energy,
do not involve the cleavage of any C—H or C—C bonds.all in good agreement with the experimental values presented
Thus, in general most simple organic species, like acetylen&® Ref. 39. The calculated theoretical lattice constant ob-
and ethylene, bind irreversibly to the surfaéelhis would  tained for the bulk silicon is used in surface calculations. The
allow the formation of a series of metastable configurations¢lean S{001)—(2x1) surface is characterized by a tilted
as predicted by first-principles calculations. What is surpris-Si—Si dimer, i.e., one dimer component is at a higher posi-
ing in this context is the nonexperimental observation, everiion than the other. The tilting of the dimer allows charge
considering the range of techniques employed, of the endransfer from the “down” atom(which becomes more planar
bridge structure, predicted to be the most stable configuratiodr sp*> bonded to the “up” atom (which becomes nearly
from the theoretical point of view. In this work we attempt to pyramidal ors’p* bonded. Thus, the “down” Si atom dimer
provide an explanation for the discrepancy between the exs electron deficient, while the “up” Si atom is electron rich.
perimental and theoretical studies available so far. In order t®ur calculations support this model: the Si-Si dimer is
achieve this goal, we employ the first-principles pseudopofound to have a bond length of 2.30 A and a vertical buck-
tential method in the GGA framework to accurately describding of 0.73 A, indicating a tilt angle of 17.8°. To test the
the structural and electronic structures of a series of adsorpeliability of the carbon and hydrogen pseudopotentials, we
tion sites for acetylene on the(801) surface. In addition, in  performed additional calculations. For cubic diamond we ob-
the light of the findings provided by our structural and elec-tained 3.60 (3.57) A, 4584.42 GPa, and 7.287.37 eV
tronic analyses, we calculate vibrational modes and comparer the cubic lattice constant, bulk modulus, and cohesive
with the available experimental results. energy, respectively, in good agreement with the
experimental’ values given in the parentheses. Furthermore,
our calculated bond lengths for the,K, molecule are
Il. THEORETICAL CONSIDERATIONS C-C=1.24 A and C-H-1.06 A, in good agreement with

The surface was modeled in a supercell geometry, with agvailable experimental dafa.For the free GH, molecule,
atomic slab of six Si layers and a vacuum region equivalen@Ur calculated vibrational frequencies are 3289mmetric
to eight atomic layers. The unit cell for the ¥2) surface C—H stretch, 3259 (asymmetric C—H stretgh2090(C-C
structure is spanned by vectoss=a(1,1,0) anda,—a stretch, 7f1153(gsymmetr|c CH ber‘)dgnd 62](symmetr|c_CH
(—1,1,0). The theoretical value of the bulk Si lattice con-Pe€nd cm =, in good agreement with the corresponding ex-
stanta was used in the surface calculations. On the top sid@erimental value® of 3374, 3289, 1974, 730, and 612 thn
of the slab we placed the,8, molecule in different con-
figurations, and the back surface was passivated by H atoms
arranged in a dihydride structure. Additionally, we made cal- Our total-energy calculations performed for the seven
culations for a single §H, molecule placed in a cubic box of possible models for the 41, adsorption on the 8101)—(2
22 atomic units(a.u) per side. The pseudopotentials for Si, X 2) surface(presented in Fig.)lagree with all recent first-
C, and H were derived by using the scheme of Troullier andorinciples theoretical calculations, i.e., for low coveragas
Martins** and the electron-electron exchange-correlation inthe present study, 0.5 Mithe di- model corresponds to the
teractions were considered by using a G®&fs. 35and 36 minimum-energy structure, while for high coveragasthe
of the density-functional theory. As for the surface calcula-present study, 1 ML the end-bridge configuration corre-
tions, the single-particle orbitals were expressed in a planesponds to the minimum-energy structure. In Table |, we
wave basis up to the kinetic energy of 35 Ry. For thepresent the key structural parameters and the adsorption en-
Brillouin-zone summation, four speci&l points were used ergies comparing our first-principles results with previous
for surface calculations while for the isolated molecule wetheoretical and experimental works. From the energetic point
considered eight specilil points. Increasing the energy cut- of view, for 0.5-ML coverage, we have found that theodi-
off to 50 Ry or the number of specillpoints to 16 did not model is approximately 0.16, 0.79, 0.85, and 1.56 eV per
result in total-energy differences by more than 0.1%. Thg2Xx2) unit cell more favorable than the end-bridge, 1,2-
electronic and ionic degrees of freedom were relaxed byydrogen transfer:-bridge, and tetrar models, respectively.
adopting the scheme described by Bocksteettal®” The  However it should be emphasized that all the considered
atoms were assumed to be in their fully relaxed positionstructures correspond to local minimum-energy configura-
when the forces acting on the ions were smaller thartions, i.e., they are energetically favorable when compared to
0.005 eV/A. The relaxed adsorption geometries were usethe system composed of the fre¢@®i1l)—(2x 2) surface and
to calculate the zone-center vibrational modes within thehe GH, molecule. From Table | it is clear that the adsorp-
frozen-phonon scheni&.For setting up the dynamical prob- tion energies calculated using our first-principles pseudopo-

A. Preliminary results

B. C,H,/Si(2X2)—(001) surface
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TABLE I. Comparison of the key structural parameters for ethylene adsorption on (@@)Si(2X 2)
surface. The models are schematically shown in Fig. 1. All bond lerigitere in angstrom, bond angles in
degrees, and the adsorption energy in electron vidlis.s; represents the Si—Si dimer length for the adsorp-
tion site when the other dimer is unreacted.

de_c dsi_s;i de-si dc_y £Si—-C-Si £C—C-H £Si—-C—-C Eggs
di-o (0.5 ML)
present 1.37 2.34 1.89 1.10 124 106 3.45
14 1.36+0.19 2.44-0.58 1.83-0.09 1079
18 1.49 2.23 1.98 1.13 123 101
24 1.40 2.40 1.94 1.11 123 105
29 1.36 2.35 1.91 1.09 124 105 2.73
st 1.37 2.37 1.91 2.72
di-o (1 ML)
present 1.37 2.34 1.90 1.10 124 105 3.26
2 1.36 2.37 1.90 1.10 124 105 2.49
29 1.36 2.36 1.91 1.09 124 105 2.70
st 1.37 2.37 1.91 2.74
1,2-hydrogen transfer
present 1.43 2.35 1.56 1.12 98 2.66
tetrao
present 1.62 2.34 2.07 1.11 97 113 1.89
2 1.56 2.36 2.06 1.10 101 115 1.23
29 1.60 2.34 2.00 1.09 100 115 1.97
81 1.55 2.37 2.06 1.12
r bridge
present 1.60 2.28 1.99 1.10 110 110 2.60
2 1.51 2.29 2.00 1.09 119 112 2.10
29 1.57 2.36 1.97 1.09 116 111 1.88
end bridge(0.5 ML)
present 1.37 2.37 1.91 1.10 57 118 3.29
citeLu-00 1.36 2.40 1.90 1.09 62 120 2.89
end bridge(1 ML)
present 1.62 2.34 1.97 1.10 55 120 3.32
citeSorescu-00 1.36 2.44 1.92 1.10 57 120 2.94
citeLu-00 1.36 2.41 1.91 1.09 69 119 3.21

tential calculations within a GGA framework are consistentlyare compared. Therefore we believe that the discrepancies
higher than the values obtained by Sorescu and J6fdaml  between our work and the findings of Sorescu and Jordan are
Lu and Lin?° The differences between our work and that by mainly due to a less accurakepoint sampling scheme used
Lu and Lin, who have used a hybrid density-functionalin their work. Besides the differences in the adsorption ener-
B3LY P method, are probably related to the size of the clusgies, in all the studies the di- model corresponds to the
ter used in their work. With regards to the work by Sorescuminimum-energy structure for low coverages, while for high
and Jordan, on the other hand, one possible explanation faoverages the end-bridge configuration corresponds to the
such differences is that all their calculations are done considninimum-energy structure. It is worth pointing out that the
ering only thel” point for thek-point sampling, while in our first-principles results for the adsorption energies presented
work we have used four specilpoints. The correct choice in Table | for the most stable configuration both at 0.5- or
of k-point sampling is known to be crucial in the determina-1-ML coverages are much higher than the 2 eV measured by
tion of the accuracy of the numerical integration formulaTaylor et al® Based only on energetic considerations, all
(see, for example, Ref. 41lt is now well stablishe®f that first-principles theoretical work§?°*°32conclude that, de-
any weighted sampling considering the high-symmetrypending on growth conditions, all the models considered
pointsT’, X, andL is inadequate in averaging over the Bril- here might be observed in experiments carried out at low
louin zone, specially when total energies of different systemsemperatures, explaining why apparently conflicting observa-
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tions have been reported by different experimental groupsagreement with an estimated value 6f1450 K in the
However, as we are going to see later, this is not true wheremperature-programmed desorption experiments by Taylor
the electronic structure, a key issue when the stability okt al,> and the experimental observations of a small acety-
different adsorbate reconstructions are studied, is also corene desorption around 750 K followed by the decomposition
sidered. It is also interesting to note that the above remark isf the molecule on SiH and CH species and the subsequent
consistent with the predicted formation of bridge adsorptiorformation of SiC around 900 K®*5The predicted energetics
sites between dimers within the same dimer row from thefor the transition from the dir structure to the 1,2-hydrogen
empirical molecular-dynamics simulations by Cramer andransfer structure suggest that the coexistence of these mod-
co-workers}’ as none of the metastable configurations ob-els is possible, as the transition between these models will
tained here are found to occur between adjacent dimer rowsccur after an energy activation corresponding+t800 K,
While adjacent dimers in the same dimer row are aroundn agreement with the experimental observations of Liu and
3.8-A apart for the free surface and for theadifor both 0.5  Hamers'! This is consistent with the NEXAFS observations
and 1 ML and 1,2-hydrogen transfer models, this value isby Matsuiet al® of the coexistence of physisorbatelike spe-
much smaller for the tetra-(3.1 A), r-bridge (3.4 A),and cies with the chemisorbates at 0.5-ML coverage. However,
end bridge (3.5 A for 1-ML coverage, an asymmetric varia-the transition between the di-and the tetrar, end-bridge,
tion ranging from 3.4 A, at the site of the,B, adsorption, or r-bridge structures is very unlikely to be observed, as our
to 3.9 A at the other end of the Si—Si dimers for 0.5-ML calculations suggest that the energy necessary for these pro-
coverage The resultant stress is mainly responsible for thecesses corresponds to a thermal activation of the order of
higher-energy state of the teteastructure, when compared 3000 K, which is much higher than the temperature neces-
to the other studied models. In addition, according to ousary for the decomposition of the;8, molecule. This is in
calculations the adsorption of the first acetylene moleculegreement with the lack of experimental observation of a
(corresponding to 0.5-ML coverages 0.19 eV per (X 2) mixed domain containing the di- and the tetrar, end-
unit cell more favorable than the adsorption of the secondbridge, orr-bridge structures, but is in disagreement with the
molecule (corresponding to 1-ML coveragdor the dio  theoretical findings of Sorescu and Jordamn their work,
structure, but only 0.03 eV for the end-bridge configuration.Sorescu and Jordan estimated an energy barrier correspond-
This indicates that, at low temperatures when the dynamicig to ~800 K for the translation of a £, molecule be-
of the system is less affected by details of the potentialtween the die- and the tetrar models. If this was the case, a
energy surface such as precursor formation and lifetimemixed domain containing both structures should be ob-
C,H, adsorbs preferentially on the alternate dimer sites irserved. Therefore we believe that the energy barrier height
the dio structure, in agreement with recent experimentalobtained by Sorescu and Jordan for this translation is some-
observations® Our work suggests that there is most cer-how underestimated.
tainly a critical coverage around 0.5 ML after which the ad- Table | contains the structural parameters for the acety-
sorption rate decreases, but nothing forbids the completion déne adsorption geometries within the dli-1,2-hydrogen
1 ML of adsorbed acetylene if the silicon surface is exposedransfer, tetras, r-bridge, and end-bridge structures. Struc-
to a rich GH, environment or if the exposure occurs for a tural data for the Si—Si dimers that do not correspond to an
long period of time. This is consistent with the experimentaladsorption site are not presented, as they are very similar to
observations by Chenet al* and by Tayloret al® that the  the values found for the free surface, i.e., Si—Si dimer bond
adsorption kinetics of §H, on Si001) at 105 K is physically  length is 2.31 A while the tilt angle is 17.9°, indicating that
divided into two regions: one with a constant sticking coef-the interaction between the adsorbate and the neighboring
ficient which corresponds to a horizontal plateau of the initialfree dimer is not very strong. Upon the adsorption of acety-
uptake, followed by a region of decreasing sticking coeffi-lene, the Si—Si dimer gets elongated by approximately 2%,
cient (see, for example, Fig. 3 in Ref).4Furthermore, our for all the considered modelgxcept for ther-bridge struc-
findings are also in agreement with the recent first-principlesure, where a small contraction is verifliedand becomes
theoretical calculation by Cho and co-workétsyhere cov-  symmetric. This finding is in agreement with the experimen-
erage of 0.5 ML was found to correspond to the most stabl¢al value of 2.44+0.58 A and with the theoretical estima-
configuration, but without the exclusion of a possible 1.0-MLtions by Meng and co-workefé,Sorescu and Jord&h,and
coverage, but are in contrast with the theoretical estimatiotlofer and co-workergZ but is slightly bigger than the value
of 1-ML coverage by Tanida and TsukatfaHowever, for  of 2.23 A calculated by Zhoet al® The calculated C—H
the end-bridge configuration, the small difference betweerond length of~1.11 A for all the considered models is
the adsorption energies for the 0.5- and 1-ML coverageslso in good agreement with early theoretical estimates. Our
[0.03 eV per (X 2) unit cell] indicates that both coverages calculations also indicate that the C—Si bond length is ap-
can coexist, which is inconsistent with the experimental obproximatelly 1.90 A for all considered models, except for
servations, as in this case the sticking coefficient should nathe 1,2-hydrogen transfer structure for which it is 1.56 A.
decrease smoothly, as observed by Chenal®* Therefore we believe that the nature of the Si—Si and C-H
Considering the phenomenological approach in the fornbonds is not decisively affected by the choice of the adsorp-
of the Arrhenius equation, with the choice for tAefactor  tion site for GH,, except maybe for the-bridge model.
between 18—10' s1,** we have estimated that complete  However, as expected, the C—C bond length is directly
desorption of the ¢gH, molecule is unlikely, as it will occur dependent on the choice of the adsorption site. Our calcu-
only at very high temperaturgaround 1600 K This is in  lated values ofd._. for the models dis (1.37 A), 1,2-
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(a) total (©) o,

[001] O Si
°oC
[110]

FIG. 3. Charge-density plot for the di-model for the adsorp-
tion of C,H, on the S{001)—(2x2) surface. All charge-density
contour plots were obtained at tKepoint, except for the, surface
state that was obtained at thgooint. All drawings are in th001]-

[110] plane, unless indicated. Bonds in the drawing plane are shown

FIG. 2. Surface band structure for the dimodel for the ad- s solid lines. The contour values are in units of d@lectrons per
sorption of GH, on the S{001)—(2x 2) surface. The shaded areas Unit-cell volume.
represent the projected bulk band structures.

Energy (eV)

energies of these states for the two coverages are always

hydrogen transfer (1.43 A), and end-bridge 0.5 Iv”_smaller than 0.06 eV. These small changes in the surface

(1.37 A) are close to the double bond length observed eX§tates observed upon the adsorption of a second acetylene

perimentally for ethylene (1.34 A3 while for the tetrae, molecule indicate that adjacent dimer interactions are mini-

r-bridge, and end-bridge 1-ML structures our calculated val—mal’ which is consistent with the small energy difference
ues(1.62, 1.60, and 1.62 A, respectivehre comparable to observed for both structures. As far as we are aware, the only

the sinal bon-carbon bond in the eth | Iother electronic band structure for the adsorption of acety-

(165;&% 29 Icna;g:e?;r o?;; ca(I)(r:]uIatlgd v:IU(ees ?cr)]rethr:?.diecu fene on the silicon surface was obtained by Tanida and
. . - 6 . _

tetraw, r-bridge, and end-bridgé0.5-ML) models are in Tsukad&® for the dimer-cleaved geometry. Although they

d t with th . tal val btai Have not calculated the same structure, it is interesting to

‘t’)‘ﬂ g(l))o agt;relﬂnen q Vtvl’ll e expertlrrrentﬁ va tL.'eSIO lame ote that their surface band structure resembles the results
y erto(;gg ?I'.blanl H N varloufs other zotr)g |can|<_':1 U€S obtained here, i.e., the number of surface states and their

ptreset:n ed n f_a te y _olwever, ((j)r te et.n I- ”ldg’? i ) positions are similar. However, as expected, the origin of the
structure, our irst-principles pseudopotential calculations reg,, 4.6 states obtained in their work is very different than
sult in a different structure, with the carbon atoms forming

) 0 S resented here.
squared ring, as shown in Fig. 1. This is probably due to th

X - .~ In Fig. 4 we present the surface band structure resulting
fact that We.have not considered any symmetry constraint "om our calculation for the end-bridge model considering
our calculations.

. . 0.5-ML coverage of . For this model we obtain two
The surface band structure resulting from our calculation 9 &H,

for the di- model considering a 0.5-ML coverage is shown SUrface states along the dimer directi@ong I'-J) lying
in Fig. 2. We have identified four surface states within the
fundamental band gap of silicon: these are labeted o, 29
p1, and p,. As seen in Fig. 3, ther; and o, states with
binding energies of approximately 0.1 eV and 1.0 eV are
mainly localized on the Si-Si dimer underneath the adsor-
bate, and represent the interaction between Sp{st and
different CH orbital components of the,B, molecule. The %
p, andp, states correspond to the occupied and unoccupiecs,
surface states of the free silicon surface and are localized &5 *9
the “up” and “down” atoms, respectively, of the Si-—Si =
dimer not bonded to the acetylene molecule. The main struc
tural difference between the 1.0- and 0.5-ML acetylene cov- _j ¢
erages of the dir configuration is the absence of the “free”

Si dimer atoms in the former. This will lead to a surface band
structure very similar to that observed for 0.5-ML coverage,
where thep,; andp, surface states are not observed, as they 202
are related to the “free” Si—Si dimer. In other words, for the
1.0-ML acetylene coverage, the binding energies andd)e ( FIG. 4. Surface band structure for the end-bridge model for the
surface-states dispersion are very similar to that observed feidsorption of GH, on the S{001)—(2%x2) surface. The shaded
the 0.5-ML coverage. In fact, the diferences in the bindingareas represent the projected bulk band structures.
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///

Energy (eV)
*

.0

j:j:

T J

T J K

FIG. 5. Surface band structure for the 1,2-hydrogen transfer FIG. 6. Surface band structure for thebridge model for the
model for the adsorption of &£, on the S{001)—(2x 2) surface.  adsorption of GH, on the S{001)—(2X2) surface. The shaded
The shaded areas represent the projected bulk band structures. areas represent the projected bulk band structures.

totally within the silicon band gap. The metallic character ofhave a semiconducting nature, and therefore the structural
this surface band structure is very clear: first, the highesfnodels considered indeed represent metastable configura-

occupied state crosses the Fermi level, and second the patons for the adsorption of acetylene on the silicon surface, as
observed in our total-energy calculations. This is consistent

tlé”y occupied bgnd around tHé point has angner_gy thatis with the experimental observations of these systems by dif-
higher than the first unoccupied state aroundittmoint. The  ferent groups under different exposure conditions, and con-
surface band structure for 1-ML acetylene coverage is Nofiyms the suggestions from Hamezsal® that the irrevers-

presented here, as the main difference is the absence of thfe phinding of simple organic molecules to the surface is
first fully unoccupied state, mainly due to the Si—Si dimercharacterized by the formation of strong covalent bonds in
dangling bonds. However, it still presents a metallic characyarious metastable configurations. It is interesting to note

ter, as the highest occupied state crosses the Fermi level. Thigyt all the models considered here present occupied surface

metallic behavior, sometimes called Peierls instability, is a - . -
clear indication that this structure does not correspond to gtates, at least alon-K, in clear opposition to the absence
. . : P f surface states indicated by the valence-band spectra by Xu
stable configuration. We have merely considered this mode 12 .

: ; i ) et al™< In their paper, Xuet al. observed a decrease of the
to compare its relative stability against the other models. We . ' ,
. L . . urface-state signal in the valence-band spectrum with an

also believe that these findings are consistent with the lack 0 . . .
: . . . . Increase in the coverage of acetylene, with the complete dis-
experimental observations of this structure, i.e., if the end- . .
appearance after the saturation adsorption of 0.5 ML, show-

bridge configuration is the most stable structure, it should b"?ng that the Si dangling bonds are quenched by the adsorp-

0 e mde ot a2 e ahr T 0

s e ater rup s soun i ony 2 vy il ninbe 14 / -
e St b s for 0 12 hogen e .. St o s o e v
spectively. An inspection of these clearly shows that theyareas represent the projected bulk band structures.

L

L
-

better with the experimental STM images, and attribute this g

\\\G

y'
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TABLE Il. Calculated vibrational modes for modefs C, and D for the adsorption of ¢H, on the
Si(001)—(2x 2). All values are in cm?.

C-H c-Cc C-H C-H C-Si

(stretch (stretch (in-plane beny (out-of-plane bend (stretch
di-o
present 3091 1376 1192 1037 690
18 2958 1383 1047 653
19 2990 1479 1193 939 688
29 3154 1523 1277 1001 732
1,2-hydrogen transfer
present 3048 1183 1069 1129 592
tetrao
present 3060 1102 975 985 553
29 3122 824 1195 916 610
r bridge
present 3090 1099 806 971
29 3150 894 1230 909 722
Experimental HREELS
2 3000 1090 1255 690
6 2980 1450 1240 1065 680
7 2980 1450 1240-1065 680

tion of acetylend? However, while our work indicates the ent in two of the experimental work&Refs. 2 and § While
local saturation of the Si—Si dimer dangling bonds by theNishijima et al? have assigned the peak appearing at
adsorbed molecule@.e., only the adsorption sites dangling 1090 cmi! to a C—Co-bond vibrational mode, Huang and
bonds are saturated by theH; moleculs, the existence of co-worker§ have assigned to a 1450 ctloss feature the
occupied surface states is clearly seen in Figs. 2 and 5—8ame vibrational mode, as listed in Table Il. When the ex-
Furthermore, it is interesting to point out that even for theperimental deuterated spectra ,(3) is considered(not
1,2-hydrogen transferr-bridge, and tetra= models, the shown in Table I), the same pattern is observed: Nishijima
wave function for the highest occupied surface state i®t al? assigned a peak at 1040 cto the C—Co bond in
mainly localized around the adsorbate. Furthermore, recemntrast to the 1420 cnt assigned by Huang and
NEXAFS and UPS experiments by Matsetial!® corrobo-  co-workers® As the frequency ratio for the hydrogenated
rate our theoretically predicted band structure, as they clearlgnolecule and the deuterated molecule is close to unity in
show the presence of adsorbate surface states by identifyigpth experiments, it is very difficult to rule out any one of
features in those states that are not related to any bulk dhe assignments. This apparent contradiction can be resolved
surface states of the ®01) substrate. if we consider different models for the adsorption of acety-

For calculating the zone-center optical-phonon modes wéene on the silicon surface, as discussed below. Our calcu-
set up a 3& 36 eigenvalue problem, and identified selectedlated values of the various stretch and bend mode frequen-
modes that describe pronounced surface character. The reies for the die model reliably reproduce the experimental
sults of our calculations as well as available experimentaHREELS measurements by Huaegal® and are in very
and other theoretical data, for stretch and bend modes for thgood agreement with previous theoretical estim&té$2°
di-o, 1,2-hydrogen transfer, tetia- andr-bridge adsorption The similarity between our calculated values for theodi-
models, are presented in Table Il. The vibrational modes omodel and the available experimental and previous theoreti-
the adsorbates obtained for thealstructure when acetylene cal data gives us a clear indication that indeed ther di-
coverage of 1 ML is considered are identical to the valuesnodel corresponds to the structure experimentally observed
calculated for the 0.5-ML coverage, following the same pat-by Huanget al. However, although in their paper Nishijima
tern observed for the structural parameters determined faet al2 suggested a structural model similar to thesdier the
these two models. This is another clear indication that thedsorption of acetylene on the silicon surface, their experi-
interaction between neighboring dimers is not very strongmental findings for the C—H ¢icpand C—Gyreicn modes are
Therefore we will not explicitly discuss the results for 1-ML much closer to our calculated values for the tetramodel
acetylene coverage and present only the results for ththan for the die one, except maybe for the C—H in-plane
0.5-ML coverage. bending mode.

It is interesting to note that the assignment of the key Our calculations strongly suggest that the vibrational
carbon-carbon vibrational frequencies are somewhat differmodes due to the C—C bonds are decisively affected by the
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choice of the adsorption site in contrast to the Si—Si and V. SUMMARY
C—H bonds. This is directly reflected by the fact that the
largest differences in the computed frequencigs to 28%
are found for the C—C stretch mode. Therefore we sugge
that the characterization of the C—C bond is very importan
in determining the adsorption site of theH;, molecule. As
HREELS is one of the most accurate surface science tech:
niques for the identification of bonding nature, we believe
that the observations of Nishijimat al? and Huang and
co-worker§ are not in conflict with each other, as they could
be the signature of two different systems. In light of the
evidence provided by the direct observation of the tetra
o-bond structure by Xwet al*®in a recent PhD experiment

In conclusion, using a first-principles pseudopotential
é?chnique, we have investigated seven possible structural
odels for the adsorption of,8, on the S{001) surface. At
ow temperatures, the di-bond structure is found to be the
ost stable structure. The relative stability of this model is
.8, 0.85, and 1.6 eV per ¢22) unit cell when compared to
the 1,2-hydrogen transfer, tlebridge, and the tetra-bond
structures, respectively. The end-bridge adsorption model,
first proposed by Dyson and Smithand recently found by
Sorescu and Jord&nto be the most stable configuration for
the adsorption of ¢H, on the silicon surface, is found to
and the vibrational modes obtained in our total-energy Calpre_sent a metallic surfgce band S”UCt“fe and thus to be
culations, we suggest that the results obtained in the exper‘:-)e'erls unstable. According to our caIchanrp—l@adsorps
ments by Nishijimaet al? could be reinterpreted to reflect preferentially on the altemate dimer .S'tes’ correspor]dlng to
the data for the metastable structure represented by the tetr Qverage °f§8'5 ML'. in agreement with re_cent experlmental
o model. The same kind of analysis can be extended to th%1 servations. T_he dio ads_orbed system is !ocal(y.e.,. at
r-bridge structure. In fact, both thebridge and the tetra- the adsorbeq sﬁ_echaracterlzed by symmetric and_shghtly
structures present a single C—C bond, and therefore all c—glongated Si-Si dimers, and by C-C bonds wilh_c

and C—H vibrational modes should be similar, as observed i -3/ A, close to the double carbon bond for the acetylene

our first-principles calculations. We do not rule out the pos—mOIeCUIe' Our total-en_ergy (_:alcula}tions further suggest that
sibility that the results obtained in the experiments by Nish—Othelr metastablc(ja Eonf;?uratlt)rl]?)s, _ ﬂl]e tetran(_)bdlel r_:_ah
ijima et al? could be associated with threbridge structure, ceé]l'tz)él_gropose_ y I duet a b .ar% t?sﬁ' E?.SS' |e2' €
as this structure is energetically more favorable than th experimental data obtained by Nishijielzal” are

tetrao one. However, as thebridge structure was not ob- reinterpreted to support the existence of the tetraodel.
served experimentally, and both in the experiment of Nish-
ijima et al. and Xuet al. a vicinal S{001) surface (9° and
4°, respectivelyis exposed to acetylene and then annealed, R. Miotto acknowledges financial support from Fupaac
we suggest that the tetea-structure is more likely to be de Amparo aPesquisa do Estado déRaulo(FAPESP,
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