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Acetylene adsorption on the Si„001… surface
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Using a first-principles pseudopotential technique, we have investigated the adsorption of C2H2 on the
Si~001! surface. We have found that, at low temperatures, the di-s-bond configuration is the most stable
structure from the energetic point of view. According to our calculations C2H2 adsorbs 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. The di-s adsorbed 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 transfer, thep bridge and the tetra-s model are also
possible. Available high-resolution electron-energy-loss spectroscopy experimental data are reinterpreted to
support the existence of the tetra-s model.

DOI: 10.1103/PhysRevB.65.075401 PACS number~s!: 68.43.Mn, 71.15.Dx, 68.03.Fg
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I. INTRODUCTION

In the past few years a great deal of effort has been
voted to the study of the adsorption and surface reac
mechanism of organic molecules on the silicon surface
particular, hydrocarbon molecules have attracted a great
of interest due to their potential technological use in the h
eroepitaxy of SiC and diamond film on the silicon surfac1

In order to elucidate the elementary mechanisms of sili
carbide films production, the interaction of acetylene w
the silicon surface has been the focus of many experime
works, involving different techniques. To our best know
edge, one of the first studies was carried out by Nishiji
and co-workers,2,3 using high-resolution electron-energy-lo
spectroscopy~HREELS! and low-energy electron diffraction
~LEED!. Their LEED results clearly indicated the presen
of a (231) structure, while their HREELS data suggest t
absence of Si dangling bonds and the existence of a do
carbon bond with a rehybridization very similar to thesp3

configuration. Based on their combined experimental d
Nishijima and co-workers proposed that, between 80 and
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K, the acetylene molecule predominantly chemisorbs non
sociatively to both atoms of a Si–Si dimer on the Si~001!
surface, saturating the dangling bonds. This adsorption c
figuration is known as di-s configuration@see Fig. 1~a!#.

Auger electron spectroscopy~AES! and changes in the
partial pressure of acetylene measured by a quadrupole m
spectrometer~QMS! were employed in the quantitative stud
of the adsorption of C2H2 on the silicon surface by Chen
et al.4 In this work, the authors verified a saturation covera
corresponding to one hydrocarbon molecule per Si dimer
when the role of surface defects present on the Si~001! sur-
face is considered, i.e., when the surface defect sites of
clean silicon surface are not counted as possible reac
sites for the adsorption of acetylene. The same group,5 using
AES, temperature-programmed desorption~TPD!, low-
energy electron diffraction/electron-stimulated desorpti
and QMS, found, at low temperatures, a coverage of 0
monolayer~ML ! for the adsorption of acetylene on the si
con ~001! surface. As the remaining 17% of the surface s
con atom sites were thought to be defective, they conclu
that one C2H2 molecule is adsorbed per Si–Si dimer,
FIG. 1. Schematic views of the
adsorption models of C2H2 on the
Si~001!–(232) surface:~a! di-s
~0.5-ML coverage!, ~b! di-s
~1-ML coverage!, ~c! 1,2-
hydrogen transfer,~d! tetra-s, ~e!
r bridge, ~f! end bridge~0.5-ML
coverage!, and ~g! end bridge
~1-ML coverage!. All drawings

are on the@110#-@11̂0# plane, un-
less otherwise indicated.
©2002 The American Physical Society01-1
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agreement with the earlier findings by Nishijima a
co-workers.2 However, Tayloret al.5 proposed that the di-s
bonding will only occur with the breaking of the Si–S
dimer. The authors also estimated a molecular desorp
energy of 2.0060.09 eV.

The existence of the double C–C bond was lately c
firmed by Huanget al.6 who combined HREELS, LEED
AES, and thermal-desorption spectroscopy. In their wo
Huang et al. assigned the 1050-cm21 loss vibration to a
C–H asymmetric out-of-plane bending mode~which was
earlier assigned as a C–C stretch mode by Nishijima
co-workers2!, and assigned a 1450-cm21 peak not observed
by Nishijima’s group to the C–C stretch mode. This ne
interpretation of the vibrational spectra was seen as str
evidence of the breaking of the Si–Si dimer bond. Widd
et al.,7 based on studies using HREELS, LEED, AES, a
TPD spectroscopy, favored the di-s-bonding structure. Their
experiments showed that atomic hydrogen could be co
sorbed onto the silicon surface already saturated with C2H2,
thus reestablishing the Si–H bonds. This again was in
preted as a clear indication of the breaking of the Si–
dimer bonds. Despite some common evidence for the bre
ing of the Si–Si dimer, the assignment of the vibration
modes remained a question of debate. Although Widdraet al.
observed a C–C stretch mode around 1450 cm21 as in the
work by Huanget al.,6 the loss peak at 1050 cm21 was as-
signed to an in-plane C–H bending mode, and not to a s
metric out-of-plane bending mode as proposed earlier
Huanget al.

Following the pioneering works by Mayne an
co-workers,8 Li and co-workers9 performed scanning tunne
ing microscopy~STM! studies of C2H2 adsorption on the
silicon surface. The authors observed a saturation cove
of 0.5 monolayer, in contrast to the previous observation
0.83 ML by Taylor et al. The authors also claim that the
STM images are consistent with the di-s adsorption model
where the C2H2 molecule bonds across the silicon dim
with the Si–Si dimer bond, remaining intact. Matsuiet al.10

used near-edge x-ray-adsorption fine structure~NEXAFS!
and ultraviolet photoemission spectroscopy~UPS! and con-
cluded that the Si dimers beneath adsorbates are prese
The authors also suggested that the di-s model is the most
appropriate model for the adsorption process. The di-s con-
figuration is also supported by the x-ray photoelectron sp
troscopy studies by Liu and Hamers.11 Their results, how-
ever, indicate that some C atoms are probably not bon
directly to the Si surface. These authors therefore propo
an alternative bonding configuration: the 1,2-hydrogen tra
fer model, shown in Fig. 1~c!. In this geometry the C atom
nearest the Si surface is in a bonding configuration simila
that adopted by a CH2 ~methylene! group on Si~001!.

Very recently, Xu and co-workers,12,13 using high-
resolution photoemission spectroscopy and photoelec
diffraction ~PhD!, proposed a tetra-s-bonded model for the
C2H2 adsorption on the silicon surface. In this model, each
atom bonds back to two Si atoms of two adjacent dimers
shown in Fig. 1~d!, and thus each C atom is naturally in i
sp3 hybridization state. This model proposed by Xu and c
workers is also in agreement with the 0.5-ML coverage p
07540
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posed earlier by Li and co-workers.9 On the other hand, an
other recent work based on the same PhD technique
Terborg and co-workers14 favors the di-s-bond model and
not the tetra-s-bond model, although the authors pointed o
the poor value of theirR factor for their best-fit structure
directly influencing their experimental error bars. Matsui a
co-workers15 have analyzed the di-s- and tetra-s-bond mod-
els using NEXAFS and UPS experiments. The authors c
cluded that the tetra-s-bond model, with the C–C bond
lying parallel to the surface dimers, is irreconcilable wi
their experimental electronic spectra, and supported the
s-bonding model with a coverage around 0.5 ML.

From the theoretical point of view, Craig and Smith16

used the intermediate neglect differential overlap semiem
ical procedure to study a large number of different adsorpt
sites. Their calculations favored the di-s adsorption model
with the breaking of the Si–Si dimer and with no distin
preference between the (231) andc(232) phases. Cramer
Weiner, and Frenklach17 combined quantum-mechanical an
empirical potential-energy functions in molecular-dynam
calculations. In their work, Cramer, Weiner, and Frenkla
found that the direct reaction of C2H2 with dimer sites on the
Si~001! surface is dependent on the initial orientation and
kinetic energy of the incident molecule. They verified th
molecules not aligned parallel to the dimer bond direct
were scattered from the surface without reaction. The auth
suggested that the di-s-bond structure with the breaking o
the Si–Si dimer is the most stable configuration from t
energetic point of view. However, they have shown that i
tially the most likely scenario is for one of the carbon atom
to bond at a single dangling-bond site, giving rise to t
mono-s structure. Their empirical potential calculations su
gest that di-s adsorption with an intact Si–Si dimer is un
stable. They have also suggested that chemisorption to f
bridging structures between dimers in adjacent rows is
likely. The atom-superposition and electron-delocalizat
molecular-orbital theory was employed by Zhou, Cao, a
Lee18 to study the adsorbed states and vibrational proper
of acetylene on Si~001!–(231). Their total-energy calcula
tions and vibrational data indicate that the di-s-bond struc-
ture is the preferred adsorption site for the acetylene m
ecule. However, Zhou, Cao, and Lee provided
information about the Si–Si dimers beneath the adsor
molecule, as no relaxation of the substrate is considere
their work.

Investigations by Imamura and co-workers,19 using first-
principles pseudopotentials and a generalized gradient
proximation, found that the dimerized structure propos
originally by Nishijima and co-workers2 is more stable than
the dimer-cleaved structure proposed by Tayloret al.5 Their
vibrational mode analyses also favored the di-s model with
the dimerized structure. Feng, Liu, and Lin20 performed dis-
crete variationXa calculations and found that C2H2 is easily
adsorbed at bridge sites with a binding energy of 3.45
Liu and Hoffmann21 used a variety of theoretical procedure
including extended Hu¨ckel, restricted Hartree-Fock, and un
restricted Hartree-Fock models, as well as pseudopote
calculations within the local-density approximation~LDA !.
Their results favor an acetylene adduct with an unbrok
1-2
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ACETYLENE ADSORPTION ON THE Si~001! SURFACE PHYSICAL REVIEW B65 075401
symmetric Si–Si dimer bond. More recently, Fisher, Blo¨chl,
and Briggs22 have used a projector-augmented wave met
within the LDA to examine the coadsorption of C2H2 and
hydrogen on the silicon surface. Their calculations supp
the intact-dimer structure and show that the dimer bond
broken only in the process of hydrogen coadsorption and
hydrogen does not attach to preexisting dangling bonds.

Dyson and Smith23 combined the extended Brenner em
pirical potential and Hartree-Fock techniques in order
identify possible chemisorption sites for acetylene on
Si~001! dimerized surface. These authors considered a se
of structures, including the adjacent cross-dimer site~the
C2H2 molecule adsorbed between two adjacent dimer ro
and oriented parallel to the dimer rows!, dimer-bridge site
@the standard di-s model, as in Fig. 1~a!#, the p-bridge site
@the standard tetra-s model, as in Fig. 1~d!#, the r-bridge
dimer site@the C2H2 molecule adsorbed in a tetracoordinat
structure binding to the four Si atoms of two adjacent surf
dimers in a dimer row at right angles to the dimers, as in F
1~e!#, and the end-bridge site@C2H2 bonded to the silicon
atoms from two adjacent dimers in the dimer row directi
and oriented perpendicular to the dimer row, as in Fig. 1~f!#.
According to their empirical calculations, the end-bridg
dimer-bridge, cross-dimer, andr-bridge chemisorption site
are characterized by an increasing order of binding ene
Two points are worthy of note regarding their work. Fir
while their empirical calculation suggests that the di-s struc-
ture with a broken Si–Si dimer is metastable, from th
cluster Hartree-Fock calculation the broken dimer struct
is found to be unstable. Second, while their empirical cal
lations reveal that the end-bridge site has the highest bin
energy, their Hartree-Fock calculations find that the bind
energy of the dimer-bridge site is almost 1.3 eV higher th
that of the bridge site. It should be stressed that Dyson
Smith supposed that theirab initio calculations were likely to
underestimate the binding energies for the end-bridge st
ture due to the small cluster used in their simulations.

Meng, Maroudas, and Weinberg24 used first-principles
pseudopotentials and LDA to study the chemisorption
acetylene with and without the coadsorption of hydrog
Based on their total-energy calculations, the authors fo
that the cleaved-dimer structure is unstable and that hy
gen coadsorption onto the Si–Si dimer breaks the bond le
ing to a separation of the two silicon atoms. Konecny´ and
Doren25 used density-functional theory~DFT! with the
B3LY P functional to study reactions of a series of unsat
ated hydrocarbons on the silicon surface. Their results
vored the di-s-bonded adsorbate complex within the unbr
ken dimer model. The calculated adsorption energy for
model is 2.87 eV, far from the experimental value of 2.00
reported by Tayloret al.5 Tanida and Tsukada26 employed
ultrasoft pseudopotentials within the generalized gradient
proximation~GGA! to study the coverage dependence of
Si~001!-C2H2 chemisorbed surface. According to their firs
principles calculations, this system prefers to form the str
ture at the saturation coverage of 1.0 ML, i.e., one acetyl
molecule per Si–Si dimer.

Sorescu and Jordan27 based their non-norm-conservin
pseudopotential calculations within the GGA framework
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experimental data obtained from an unpublished article
Mezhennyet al.28 Sorescu and Jordan revisited, among o
ers, the dimer-bridge,p-bridge,r-bridge, and end-bridge site
investigated earlier by Dyson and Smith.23 Their ab initio
calculations suggested that at low coverages the dim
bridge site is the most stable configuration, with an adso
tion energy of 2.74 eV~at 0.125 ML!, while for high cover-
ages the end-bridge configuration is the most probable o
with an adsorption energy of 2.93 eV~at 1.0 ML!. The same
structures were the subject of the study by Lu and Lin29 who
made DFT calculations using theB3LY P functional in com-
bination with cluster surface models. Their studies also in
cated that the end-bridge site is slightly more favorable th
the dimer-bridge site~2.89 against 2.73 eV! for 0.5-ML cov-
erage. However, their calculated vibrational frequencies
the di-s configuration fit better with the experimenta
HREELS data. This suggests that the adsorbed species
perimentally detected by HREELS indeed represents the
s-bonded dimer-bridge configuration. More recent
Morikawa,30 using non-norm-conserving pseudopotentials
the GGA framework, has found that the dimer-bridge s
corresponds to the most stable configuration at low cov
ages, while the end-bridge configuration becomes the m
stable configuration at 1.0 ML, in agreement with the wo
of Sorescu and Jordan. According to Morikawa, a comp
son of his theoretical vibrational modes with experimen
data clearly indicates that both the end-bridge and di-s con-
figurations can coexist. However, it must be pointed out t
this analysis is entirely based on the assignment of vib
tional modes around 600 cm21, which is in the tail of the
elastic peak region (600–900 cm21), making an accurate
experimental determination of the peak position rath
difficult.6 In addition to sitting on the tail of the strong elast
peak, several peaks in this region, such as hydrogen bend
the surface Si–C stretch, and the amorphous SiC peak, o
lap each other considerably.6

A detailed investigation of the acetylene adsorption
coverages of 0.5 and 1.0 ML was done by Cho a
co-workers31 using non-norm-conserving pseudopotentials
the GGA framework. In this work, only the di-s and the
tetra-s configurations are studied with the former being
more stable configuration by 1.6 eV. Both coverages~0.5 and
1.0 ML! are found to have similar adsorption energies: 2
and 2.74 eV, respectively. Hofer, Fisher, and Wolkow32 have
also used non-norm-conserving pseudopotentials in the G
framework to compare the dimer-bridge, end-bridg
p-bridge, andr-bridge sites using theoretical STM image
The calculated adsorption energies for the four studied m
els are 2.97, 2.87, 2.00, and 1.20 eV, respectively. Their
sults are consistent with previous calculations, as the dim
bridge configuration is found to be the most stable struct
at 0.5-ML coverage. A comparison of their calculated ST
images with experimental observations shows a prefere
for the tetra-s structure while energy considerations sugg
that the di-s configuration is the most stable one for 0.5-M
coverage. They suggest that kinetic effects might play a
cisive role in the local minimum tetra-s structure to be sta-
bilized.

It is interesting to note that despite numerous theoret
1-3
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and experimental efforts in the study of the adsorption
acetylene on the Si~001! surface, to our best knowledge
there is no general consensus. While many theoretical stu
point to the end-bridge structure, all experimental resu
with the exception of an indirect report from the unpublish
work by Mezhennyet al.,28 point to the di-s structure. Ac-
cording to Hamerset al.,33 adsorption of organic substituen
to the Si~001! surface can take place at room temperat
with the formation of strong covalent bonds, as the reacti
do not involve the cleavage of any C–H or C–C bon
Thus, in general most simple organic species, like acety
and ethylene, bind irreversibly to the surface.33 This would
allow the formation of a series of metastable configuratio
as predicted by first-principles calculations. What is surp
ing in this context is the nonexperimental observation, e
considering the range of techniques employed, of the e
bridge structure, predicted to be the most stable configura
from the theoretical point of view. In this work we attempt
provide an explanation for the discrepancy between the
perimental and theoretical studies available so far. In orde
achieve this goal, we employ the first-principles pseudo
tential method in the GGA framework to accurately descr
the structural and electronic structures of a series of ads
tion sites for acetylene on the Si~001! surface. In addition, in
the light of the findings provided by our structural and ele
tronic analyses, we calculate vibrational modes and comp
with the available experimental results.

II. THEORETICAL CONSIDERATIONS

The surface was modeled in a supercell geometry, with
atomic slab of six Si layers and a vacuum region equiva
to eight atomic layers. The unit cell for the (232) surface
structure is spanned by vectorsa15a(1,1,0) and a25a
(21,1,0). The theoretical value of the bulk Si lattice co
stanta was used in the surface calculations. On the top s
of the slab we placed the C2H2 molecule in different con-
figurations, and the back surface was passivated by H at
arranged in a dihydride structure. Additionally, we made c
culations for a single C2H2 molecule placed in a cubic box o
22 atomic units~a.u.! per side. The pseudopotentials for S
C, and H were derived by using the scheme of Troullier a
Martins34 and the electron-electron exchange-correlation
teractions were considered by using a GGA~Refs. 35 and 36!
of the density-functional theory. As for the surface calcu
tions, the single-particle orbitals were expressed in a pla
wave basis up to the kinetic energy of 35 Ry. For t
Brillouin-zone summation, four specialk points were used
for surface calculations while for the isolated molecule
considered eight specialk points. Increasing the energy cu
off to 50 Ry or the number of specialk points to 16 did not
result in total-energy differences by more than 0.1%. T
electronic and ionic degrees of freedom were relaxed
adopting the scheme described by Bockstedteet al.37 The
atoms were assumed to be in their fully relaxed positio
when the forces acting on the ions were smaller th
0.005 eV/Å. The relaxed adsorption geometries were u
to calculate the zone-center vibrational modes within
frozen-phonon scheme.38 For setting up the dynamical prob
07540
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lem we considered the adsorbed system (C2H2) and the Si
dimer atoms.

III. RESULTS

A. Preliminary results

For bulk silicon our first-principles calculations produce
5.50 Å for the equilibrium lattice constant (ao), 0.86 GPa
for the bulk modulus, and 4.39 eV for the cohesive ener
all in good agreement with the experimental values presen
in Ref. 39. The calculated theoretical lattice constant
tained for the bulk silicon is used in surface calculations. T
clean Si~001!–(231) surface is characterized by a tilte
Si–Si dimer, i.e., one dimer component is at a higher po
tion than the other. The tilting of the dimer allows char
transfer from the ‘‘down’’ atom~which becomes more plana
or sp2 bonded! to the ‘‘up’’ atom ~which becomes nearly
pyramidal ors2p3 bonded!. Thus, the ‘‘down’’ Si atom dimer
is electron deficient, while the ‘‘up’’ Si atom is electron rich
Our calculations support this model: the Si–Si dimer
found to have a bond length of 2.30 Å and a vertical buc
ling of 0.73 Å, indicating a tilt angle of 17.8°. To test th
reliability of the carbon and hydrogen pseudopotentials,
performed additional calculations. For cubic diamond we o
tained 3.60 (3.57) Å, 4.53~4.42! GPa, and 7.28~7.37! eV
for the cubic lattice constant, bulk modulus, and cohes
energy, respectively, in good agreement with t
experimental39 values given in the parentheses. Furthermo
our calculated bond lengths for the C2H2 molecule are
C–C51.24 Å and C–H51.06 Å, in good agreement with
available experimental data.39 For the free C2H2 molecule,
our calculated vibrational frequencies are 3289~symmetric
C–H stretch!, 3259 ~asymmetric C–H stretch!, 2090 ~C–C
stretch!, 748~asymmetric CH bend!, and 621~symmetric CH
bend! cm21, in good agreement with the corresponding e
perimental values40 of 3374, 3289, 1974, 730, and 612 cm21.

B. C2H2 ÕSi„2Ã2…–„001… surface

Our total-energy calculations performed for the sev
possible models for the C2H2 adsorption on the Si~001!–(2
32) surface~presented in Fig. 1! agree with all recent first-
principles theoretical calculations, i.e., for low coverages~in
the present study, 0.5 ML! the di-s model corresponds to th
minimum-energy structure, while for high coverages~in the
present study, 1 ML! the end-bridge configuration corre
sponds to the minimum-energy structure. In Table I,
present the key structural parameters and the adsorption
ergies comparing our first-principles results with previo
theoretical and experimental works. From the energetic p
of view, for 0.5-ML coverage, we have found that the di-s
model is approximately 0.16, 0.79, 0.85, and 1.56 eV
(232) unit cell more favorable than the end-bridge, 1
hydrogen transfer,r-bridge, and tetra-s models, respectively
However it should be emphasized that all the conside
structures correspond to local minimum-energy configu
tions, i.e., they are energetically favorable when compare
the system composed of the free Si~001!–(232) surface and
the C2H2 molecule. From Table I it is clear that the adsor
tion energies calculated using our first-principles pseudo
1-4
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TABLE I. Comparison of the key structural parameters for ethylene adsorption on the Si~001!–(232)
surface. The models are schematically shown in Fig. 1. All bond lengths~d! are in angstrom, bond angles i
degrees, and the adsorption energy in electron volts.dSi2Si represents the Si–Si dimer length for the adso
tion site when the other dimer is unreacted.

dC2C dSi2Si dC2Si dC2H /Si–C–Si /C–C–H /Si–C–C Eads

di-s ~0.5 ML!

present 1.37 2.34 1.89 1.10 124 106 3.4
14 1.3660.19 2.4460.58 1.8360.09 10769
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
31 1.37 2.37 1.91 2.72

di-s ~1 ML!

present 1.37 2.34 1.90 1.10 124 105 3.2
27 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
31 1.37 2.37 1.91 2.74

1,2-hydrogen transfer
present 1.43 2.35 1.56 1.12 98 2.6

tetra-s
present 1.62 2.34 2.07 1.11 97 113 1.8
27 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
31 1.55 2.37 2.06 1.12

r bridge
present 1.60 2.28 1.99 1.10 110 110 2.6
27 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 3.2
citeLu-00 1.36 2.40 1.90 1.09 62 120 2.8

end bridge~1 ML!

present 1.62 2.34 1.97 1.10 55 120 3.3
citeSorescu-00 1.36 2.44 1.92 1.10 57 120 2.
citeLu-00 1.36 2.41 1.91 1.09 69 119 3.2
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tential calculations within a GGA framework are consisten
higher than the values obtained by Sorescu and Jordan27 and
Lu and Lin.29 The differences between our work and that
Lu and Lin, who have used a hybrid density-function
B3LY P method, are probably related to the size of the cl
ter used in their work. With regards to the work by Sores
and Jordan, on the other hand, one possible explanation
such differences is that all their calculations are done con
ering only theG point for thek-point sampling, while in our
work we have used four specialk points. The correct choice
of k-point sampling is known to be crucial in the determin
tion of the accuracy of the numerical integration formu
~see, for example, Ref. 41!. It is now well stablished42 that
any weighted sampling considering the high-symme
pointsG, X, andL is inadequate in averaging over the Br
louin zone, specially when total energies of different syste
07540
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are compared. Therefore we believe that the discrepan
between our work and the findings of Sorescu and Jordan
mainly due to a less accuratek-point sampling scheme use
in their work. Besides the differences in the adsorption en
gies, in all the studies the di-s model corresponds to th
minimum-energy structure for low coverages, while for hi
coverages the end-bridge configuration corresponds to
minimum-energy structure. It is worth pointing out that th
first-principles results for the adsorption energies presen
in Table I for the most stable configuration both at 0.5-
1-ML coverages are much higher than the 2 eV measured
Taylor et al.5 Based only on energetic considerations,
first-principles theoretical works27,29,30,32conclude that, de-
pending on growth conditions, all the models conside
here might be observed in experiments carried out at
temperatures, explaining why apparently conflicting obser
1-5
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tions have been reported by different experimental grou
However, as we are going to see later, this is not true w
the electronic structure, a key issue when the stability
different adsorbate reconstructions are studied, is also
sidered. It is also interesting to note that the above remar
consistent with the predicted formation of bridge adsorpt
sites between dimers within the same dimer row from
empirical molecular-dynamics simulations by Cramer a
co-workers,17 as none of the metastable configurations o
tained here are found to occur between adjacent dimer ro

While adjacent dimers in the same dimer row are arou
3.8-Å apart for the free surface and for the di-s ~for both 0.5
and 1 ML! and 1,2-hydrogen transfer models, this value
much smaller for the tetra-s (3.1 Å), r-bridge (3.4 Å), and
end bridge (3.5 Å for 1-ML coverage, an asymmetric var
tion ranging from 3.4 Å, at the site of the C2H2 adsorption,
to 3.9 Å at the other end of the Si–Si dimers for 0.5-M
coverage!. The resultant stress is mainly responsible for
higher-energy state of the tetra-s structure, when compare
to the other studied models. In addition, according to
calculations the adsorption of the first acetylene molec
~corresponding to 0.5-ML coverage! is 0.19 eV per (232)
unit cell more favorable than the adsorption of the seco
molecule ~corresponding to 1-ML coverage! for the di-s
structure, but only 0.03 eV for the end-bridge configuratio
This indicates that, at low temperatures when the dynam
of the system is less affected by details of the potent
energy surface such as precursor formation and lifeti
C2H2 adsorbs preferentially on the alternate dimer sites
the di-s structure, in agreement with recent experimen
observations.15 Our work suggests that there is most ce
tainly a critical coverage around 0.5 ML after which the a
sorption rate decreases, but nothing forbids the completio
1 ML of adsorbed acetylene if the silicon surface is expo
to a rich C2H2 environment or if the exposure occurs for
long period of time. This is consistent with the experimen
observations by Chenget al.4 and by Tayloret al.5 that the
adsorption kinetics of C2H2 on Si~001! at 105 K is physically
divided into two regions: one with a constant sticking co
ficient which corresponds to a horizontal plateau of the ini
uptake, followed by a region of decreasing sticking coe
cient ~see, for example, Fig. 3 in Ref. 4!. Furthermore, our
findings are also in agreement with the recent first-princip
theoretical calculation by Cho and co-workers,31 where cov-
erage of 0.5 ML was found to correspond to the most sta
configuration, but without the exclusion of a possible 1.0-M
coverage, but are in contrast with the theoretical estima
of 1-ML coverage by Tanida and Tsukada.26 However, for
the end-bridge configuration, the small difference betwe
the adsorption energies for the 0.5- and 1-ML covera
@0.03 eV per (232) unit cell# indicates that both coverage
can coexist, which is inconsistent with the experimental
servations, as in this case the sticking coefficient should
decrease smoothly, as observed by Chenget al.4

Considering the phenomenological approach in the fo
of the Arrhenius equation, with the choice for theA factor
between 101321015 s21,43 we have estimated that comple
desorption of the C2H2 molecule is unlikely, as it will occur
only at very high temperatures~around 1600 K!. This is in
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agreement with an estimated value of;1450 K in the
temperature-programmed desorption experiments by Ta
et al.,5 and the experimental observations of a small ace
lene desorption around 750 K followed by the decomposit
of the molecule on SiH and CH species and the subseq
formation of SiC around 900 K.2,6,15The predicted energetic
for the transition from the di-s structure to the 1,2-hydroge
transfer structure suggest that the coexistence of these m
els is possible, as the transition between these models
occur after an energy activation corresponding to;300 K,
in agreement with the experimental observations of Liu a
Hamers.11 This is consistent with the NEXAFS observation
by Matsuiet al.15 of the coexistence of physisorbatelike sp
cies with the chemisorbates at 0.5-ML coverage. Howev
the transition between the di-s and the tetra-s, end-bridge,
or r-bridge structures is very unlikely to be observed, as
calculations suggest that the energy necessary for these
cesses corresponds to a thermal activation of the orde
3000 K, which is much higher than the temperature nec
sary for the decomposition of the C2H2 molecule. This is in
agreement with the lack of experimental observation o
mixed domain containing the di-s and the tetra-s, end-
bridge, orr-bridge structures, but is in disagreement with t
theoretical findings of Sorescu and Jordan.27 In their work,
Sorescu and Jordan estimated an energy barrier corresp
ing to ;800 K for the translation of a C2H2 molecule be-
tween the di-s and the tetra-s models. If this was the case,
mixed domain containing both structures should be
served. Therefore we believe that the energy barrier he
obtained by Sorescu and Jordan for this translation is so
how underestimated.

Table I contains the structural parameters for the ace
lene adsorption geometries within the di-s, 1,2-hydrogen
transfer, tetra-s, r-bridge, and end-bridge structures. Stru
tural data for the Si–Si dimers that do not correspond to
adsorption site are not presented, as they are very simila
the values found for the free surface, i.e., Si–Si dimer bo
length is 2.31 Å while the tilt angle is 17.9°, indicating th
the interaction between the adsorbate and the neighbo
free dimer is not very strong. Upon the adsorption of ace
lene, the Si–Si dimer gets elongated by approximately 2
for all the considered models~except for ther-bridge struc-
ture, where a small contraction is verified!, and becomes
symmetric. This finding is in agreement with the experime
tal value14 of 2.4460.58 Å and with the theoretical estima
tions by Meng and co-workers,24 Sorescu and Jordan,27 and
Hofer and co-workers,32 but is slightly bigger than the value
of 2.23 Å calculated by Zhouet al.18 The calculated C–H
bond length of;1.11 Å for all the considered models i
also in good agreement with early theoretical estimates.
calculations also indicate that the C–Si bond length is
proximatelly 1.90 Å for all considered models, except f
the 1,2-hydrogen transfer structure for which it is 1.56
Therefore we believe that the nature of the Si–Si and C
bonds is not decisively affected by the choice of the adso
tion site for C2H2, except maybe for ther-bridge model.

However, as expected, the C–C bond length is direc
dependent on the choice of the adsorption site. Our ca
lated values ofdC2C for the models di-s (1.37 Å), 1,2-
1-6
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hydrogen transfer (1.43 Å), and end-bridge 0.5 M
(1.37 Å) are close to the double bond length observed
perimentally for ethylene (1.34 Å),39 while for the tetra-s,
r-bridge, and end-bridge 1-ML structures our calculated v
ues~1.62, 1.60, and 1.62 Å, respectively! are comparable to
the single carbon-carbon bond in the ethane molec
(1.54 Å).39 In general our calculated values for the di-s,
tetra-s, r-bridge, and end-bridge~0.5-ML! models are in
very good agreement with the experimental values obtai
by Terborget al.14 and the various other theoretical valu
presented in Table I. However, for the end-bridge~1-ML!
structure, our first-principles pseudopotential calculations
sult in a different structure, with the carbon atoms forming
squared ring, as shown in Fig. 1. This is probably due to
fact that we have not considered any symmetry constrain
our calculations.

The surface band structure resulting from our calculat
for the di-s model considering a 0.5-ML coverage is show
in Fig. 2. We have identified four surface states within t
fundamental band gap of silicon: these are labeleds1 , s2 ,
p1, and p2. As seen in Fig. 3, thes1 and s2 states with
binding energies of approximately 0.1 eV and 1.0 eV
mainly localized on the Si–Si dimer underneath the ads
bate, and represent the interaction between Si–Sipps and
different CH orbital components of the C2H2 molecule. The
p1 andp2 states correspond to the occupied and unoccup
surface states of the free silicon surface and are localize
the ‘‘up’’ and ‘‘down’’ atoms, respectively, of the Si–S
dimer not bonded to the acetylene molecule. The main st
tural difference between the 1.0- and 0.5-ML acetylene c
erages of the di-s configuration is the absence of the ‘‘free
Si dimer atoms in the former. This will lead to a surface ba
structure very similar to that observed for 0.5-ML covera
where thep1 andp2 surface states are not observed, as th
are related to the ‘‘free’’ Si–Si dimer. In other words, for th
1.0-ML acetylene coverage, the binding energies and thes)
surface-states dispersion are very similar to that observed
the 0.5-ML coverage. In fact, the diferences in the bind

FIG. 2. Surface band structure for the di-s model for the ad-
sorption of C2H2 on the Si~001!–(232) surface. The shaded area
represent the projected bulk band structures.
07540
x-

l-

le

d

-
a
e
in

n

e
r-

d
at

c-
-

d
,
y

or
g

energies of these states for the two coverages are alw
smaller than 0.06 eV. These small changes in the sur
states observed upon the adsorption of a second acety
molecule indicate that adjacent dimer interactions are m
mal, which is consistent with the small energy differen
observed for both structures. As far as we are aware, the
other electronic band structure for the adsorption of ace
lene on the silicon surface was obtained by Tanida a
Tsukada26 for the dimer-cleaved geometry. Although the
have not calculated the same structure, it is interesting
note that their surface band structure resembles the re
obtained here, i.e., the number of surface states and
positions are similar. However, as expected, the origin of
surface states obtained in their work is very different th
presented here.

In Fig. 4 we present the surface band structure resul
from our calculation for the end-bridge model consideri
0.5-ML coverage of C2H2. For this model we obtain two
surface states along the dimer direction~along Ḡ –J̄) lying

FIG. 3. Charge-density plot for the di-s model for the adsorp-
tion of C2H2 on the Si~001!–(232) surface. All charge-density
contour plots were obtained at theK point, except for thep2 surface
state that was obtained at theJ point. All drawings are in the@001#-
@110# plane, unless indicated. Bonds in the drawing plane are sh
as solid lines. The contour values are in units of 1023 electrons per
unit-cell volume.

FIG. 4. Surface band structure for the end-bridge model for
adsorption of C2H2 on the Si~001!–(232) surface. The shaded
areas represent the projected bulk band structures.
1-7
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totally within the silicon band gap. The metallic character
this surface band structure is very clear: first, the high
occupied state crosses the Fermi level, and second the
tially occupied band around theK̄ point has an energy that i

higher than the first unoccupied state around theḠ point. The
surface band structure for 1-ML acetylene coverage is
presented here, as the main difference is the absence o
first fully unoccupied state, mainly due to the Si–Si dim
dangling bonds. However, it still presents a metallic char
ter, as the highest occupied state crosses the Fermi level.
metallic behavior, sometimes called Peierls instability, is
clear indication that this structure does not correspond
stable configuration. We have merely considered this mo
to compare its relative stability against the other models.
also believe that these findings are consistent with the lac
experimental observations of this structure, i.e., if the e
bridge configuration is the most stable structure, it should
observed experimentally as many different techniques h
been employed in the analysis of this system. It should a
be emphasized that even experimental STM image feat
were never interpreted as having signatures indicating
existence of the end-bridge model. The experimental S
images obtained by Liet al.,9 for example, strongly suppor
the di-s model. Hoferet al.,32 on the other hand, found tha
their STM theoretical simulations for the tetra-s model agree
better with the experimental STM images, and attribute t
difference to the absence of the unreacted dimers. Howe
the interpretation by Hoferet al. is inconsistent with the site
occupation probability experimentally obtained by Liet al.,
as the latter group has shown that only a very small num
of sites near adsorbates are occupied. Furthermore,
0.5-ML coverage, the tetra-s configuration corresponds to
stressed system where the distance between adjacent
dimers in the same dimer row is not constant, as discus
earlier in this section.

The surface band structures for the 1,2-hydrogen tran
r-bridge, and tetra-s models are presented in Figs. 5–7, r
spectively. An inspection of these clearly shows that th

FIG. 5. Surface band structure for the 1,2-hydrogen tran
model for the adsorption of C2H2 on the Si~001!–(232) surface.
The shaded areas represent the projected bulk band structures
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have a semiconducting nature, and therefore the struct
models considered indeed represent metastable config
tions for the adsorption of acetylene on the silicon surface
observed in our total-energy calculations. This is consist
with the experimental observations of these systems by
ferent groups under different exposure conditions, and c
firms the suggestions from Hamerset al.33 that the irrevers-
ible binding of simple organic molecules to the surface
characterized by the formation of strong covalent bonds
various metastable configurations. It is interesting to n
that all the models considered here present occupied sur
states, at least alongJ̄–K̄, in clear opposition to the absenc
of surface states indicated by the valence-band spectra b
et al.12 In their paper, Xuet al. observed a decrease of th
surface-state signal in the valence-band spectrum with
increase in the coverage of acetylene, with the complete
appearance after the saturation adsorption of 0.5 ML, sh
ing that the Si dangling bonds are quenched by the ads

r FIG. 6. Surface band structure for ther-bridge model for the
adsorption of C2H2 on the Si~001!–(232) surface. The shaded
areas represent the projected bulk band structures.

FIG. 7. Surface band structure for the tetra-s model for the
adsorption of C2H2 on the Si~001!–(232) surface. The shaded
areas represent the projected bulk band structures.
1-8
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TABLE II. Calculated vibrational modes for modelsA, C, and D for the adsorption of C2H2 on the
Si~001!–(232). All values are in cm21.

C–H C–C C–H C–H C–Si
~stretch! ~stretch! ~in-plane bend! ~out-of-plane bend! ~stretch!

di-s
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

tetra-s
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
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tion of acetylene.12 However, while our work indicates th
local saturation of the Si–Si dimer dangling bonds by
adsorbed molecules~i.e., only the adsorption sites danglin
bonds are saturated by the C2H4 molecule!, the existence of
occupied surface states is clearly seen in Figs. 2 and 5
Furthermore, it is interesting to point out that even for t
1,2-hydrogen transfer,r-bridge, and tetra-s models, the
wave function for the highest occupied surface state
mainly localized around the adsorbate. Furthermore, re
NEXAFS and UPS experiments by Matsuiet al.15 corrobo-
rate our theoretically predicted band structure, as they cle
show the presence of adsorbate surface states by identi
features in those states that are not related to any bul
surface states of the Si~001! substrate.

For calculating the zone-center optical-phonon modes
set up a 36336 eigenvalue problem, and identified select
modes that describe pronounced surface character. Th
sults of our calculations as well as available experimen
and other theoretical data, for stretch and bend modes fo
di-s, 1,2-hydrogen transfer, tetra-s, andr-bridge adsorption
models, are presented in Table II. The vibrational modes
the adsorbates obtained for the di-s structure when acetylen
coverage of 1 ML is considered are identical to the valu
calculated for the 0.5-ML coverage, following the same p
tern observed for the structural parameters determined
these two models. This is another clear indication that
interaction between neighboring dimers is not very stro
Therefore we will not explicitly discuss the results for 1-M
acetylene coverage and present only the results for
0.5-ML coverage.

It is interesting to note that the assignment of the k
carbon-carbon vibrational frequencies are somewhat dif
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ent in two of the experimental works~Refs. 2 and 6!. While
Nishijima et al.2 have assigned the peak appearing
1090 cm21 to a C–Cs-bond vibrational mode, Huang an
co-workers6 have assigned to a 1450 cm21 loss feature the
same vibrational mode, as listed in Table II. When the
perimental deuterated spectra (C2D2) is considered~not
shown in Table II!, the same pattern is observed: Nishijim
et al.2 assigned a peak at 1040 cm21 to the C–Cs bond in
contrast to the 1420 cm21 assigned by Huang an
co-workers.6 As the frequency ratio for the hydrogenate
molecule and the deuterated molecule is close to unity
both experiments, it is very difficult to rule out any one
the assignments. This apparent contradiction can be reso
if we consider different models for the adsorption of ace
lene on the silicon surface, as discussed below. Our ca
lated values of the various stretch and bend mode frequ
cies for the di-s model reliably reproduce the experiment
HREELS measurements by Huanget al.6 and are in very
good agreement with previous theoretical estimates.18,19,29

The similarity between our calculated values for the dis
model and the available experimental and previous theo
cal data gives us a clear indication that indeed the ds
model corresponds to the structure experimentally obser
by Huanget al. However, although in their paper Nishijim
et al.2 suggested a structural model similar to the di-s for the
adsorption of acetylene on the silicon surface, their exp
mental findings for the C–Hstretch and C–Cstretch modes are
much closer to our calculated values for the tetra-s model
than for the di-s one, except maybe for the C–H in-plan
bending mode.

Our calculations strongly suggest that the vibration
modes due to the C–C bonds are decisively affected by
1-9
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choice of the adsorption site in contrast to the Si–Si a
C–H bonds. This is directly reflected by the fact that t
largest differences in the computed frequencies~up to 28%!
are found for the C–C stretch mode. Therefore we sugg
that the characterization of the C–C bond is very import
in determining the adsorption site of the C2H2 molecule. As
HREELS is one of the most accurate surface science te
niques for the identification of bonding nature, we belie
that the observations of Nishijimaet al.2 and Huang and
co-workers6 are not in conflict with each other, as they cou
be the signature of two different systems. In light of t
evidence provided by the direct observation of the tet
s-bond structure by Xuet al.13 in a recent PhD experimen
and the vibrational modes obtained in our total-energy c
culations, we suggest that the results obtained in the exp
ments by Nishijimaet al.2 could be reinterpreted to reflec
the data for the metastable structure represented by the t
s model. The same kind of analysis can be extended to
r-bridge structure. In fact, both ther-bridge and the tetra-s
structures present a single C–C bond, and therefore all C
and C–H vibrational modes should be similar, as observe
our first-principles calculations. We do not rule out the po
sibility that the results obtained in the experiments by Nis
ijima et al.2 could be associated with ther-bridge structure,
as this structure is energetically more favorable than
tetra-s one. However, as ther-bridge structure was not ob
served experimentally, and both in the experiment of Ni
ijima et al. and Xu et al. a vicinal Si~001! surface (9° and
4°, respectively! is exposed to acetylene and then annea
we suggest that the tetra-s structure is more likely to be
responsible for the experimental data by Nishijimaet al.
n
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IV. SUMMARY

In conclusion, using a first-principles pseudopoten
technique, we have investigated seven possible struc
models for the adsorption of C2H2 on the Si~001! surface. At
low temperatures, the di-s-bond structure is found to be th
most stable structure. The relative stability of this mode
0.8, 0.85, and 1.6 eV per (232) unit cell when compared to
the 1,2-hydrogen transfer, ther-bridge, and the tetra-s-bond
structures, respectively. The end-bridge adsorption mo
first proposed by Dyson and Smith,23 and recently found by
Sorescu and Jordan27 to be the most stable configuration fo
the adsorption of C2H2 on the silicon surface, is found t
present a metallic surface band structure and thus to
Peierls unstable. According to our calculations C2H2 adsorbs
preferentially on the alternate dimer sites, corresponding
coverage of 0.5 ML, in agreement with recent experimen
observations.15 The di-s adsorbed system is locally~i.e., at
the adsorbed site! characterized by symmetric and slight
elongated Si–Si dimers, and by C–C bonds withdC2C
51.37 Å, close to the double carbon bond for the acetyl
molecule. Our total-energy calculations further suggest
other metastable configurations, like the tetra-s model re-
cently proposed by Xuet al.,13 are also possible. The
HREELS experimental data obtained by Nishijimaet al.2 are
reinterpreted to support the existence of the tetra-s model.
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