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First-principles study of the adsorption of C2H2 and C2H4 on Si„100…
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The adsorption of acetylene and ethylene on the Si~100! surface is studied by first-principles density-
functional calculations within the generalized gradient approximation. Both molecules are found to adsorb
identically on the top of Si dimers, forming twos bonds between C and Si atoms. This result does not support
a recent photoelectron imaging observation where the adsorption sites of the two molecules differ from each
other. Controversial issues, such as the intactness of the Si dimer bond and the saturation coverages of both
adsorbed molecules, are discussed.
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The adsorption of acetylene and ethylene on the Si~100!
surface has attracted much attention because of the tec
logical importance of the formation of silicon carbide film
as well as for fundamental aspects of the interaction of
saturated hydrocarbon molecules with the dangling-b
states of semiconductor surfaces.1,2 Despite a wealth of
experimental3–8 and theoretical9–11 studies on both adsorbe
molecules, several basic issues on the adsorption site, b
ing characteristics, and saturation coverage are still con
versial.

For the adsorption site of C2H2 and C2H4 on Si~100!,
various experimental studies using high-resolution electr
energy-loss spectroscopy,3 scanning tunneling microscop
~STM!,4 near-edge x-ray-absorption fine structu
~NEXAFS!,5 and photoelectron diffraction~PhD!6 found that
both molecules are adsorbed on the top of Si dimers, wh
the C-C bond is parallel to the Si dimer bond, by formi
two s bonds between C and Si atoms@see Fig. 1~a!#. How-
ever, a recent photoelectron imaging experiment carried
by Xu et al.7 observed an adsorption site for C2H2 @termed
the tetra-s model, Fig. 2~a!#, where the carbon atoms s
between two Si dimers in the same dimer row, bonded
four Si surface atoms. Thus, Xuet al. argued that adsorbe
C2H2 has the same bonding character ofsp3 with a single
C-C bond as the case of adsorbed C2H4. There was also a
debate about the atomic structures for adsorbed C2H2 and
C2H4, i.e., whether upon their adsorption the Si dimer bo
remains intact@termed the dimerized model, Fig. 1~a!# or is
cleaved12,13@termed the dimer-cleaved model, Fig. 1~b!#. The
saturation coverages of C2H2 and C2H4 on Si~100! are still
controversial. STM studies4,8 observed the adsorption of th
C2H2 and C2H4 molecules on alternate Si dimer sites, a
therefore an overlayer withp(232) or c(432) order was
locally formed, leading to the saturation coverage ofu50.5
ML. However, an ultraviolet photoemission spectrosco
study with the kinetic uptake method determined the satu
tion coverage to beu51 ML.14–16
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In this work we study the adsorption of both C2H2 and
C2H4 molecules on Si~100! for coverages ofu50.5 and 1
ML, using the same first-principles calculation scheme.17,18

Here the equilibrium geometries and energetics of the th
existing models, i.e., dimerized, dimer-cleaved, and tetras
models, are considered. For both adsorbed molecules
dimerized model is found to be more stable than the dim
cleaved model as well as the tetra-s model, showing that the
carbon atoms of adsorbed C2H2 and C2H4 form sp2 andsp3

bonding, respectively. This result supports the majority
the experimental data3–8 except that of a recent photoelctro
imaging experiment,7 where the tetra-s model was proposed
for adsorbed C2H2. Moreover, C2H4 molecules favor adsorp
tion on alternate Si dimers rather than on neighboring dim
along a dimer row, because of the repulsive hydrog
hydrogen interaction between adsorbed C2H4. In contrast, in
adsorbed C2H2 such H-H repulsion is not dominant. Base
on the calculated adsorption energies foru50.5 and 1 ML,
we will discuss the controversy on the saturation cover

FIG. 1. Top and side views of the optimized geometry of a
sorbed C2H2 on Si~100! with u51 ML: ~a! the dimerized model,
and ~b! the dimer-cleaved model. The large, medium, and sm
circles represent Si, C, and H atoms, respectively.
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for adsorbed C2H2 and C2H4 on Si~100!.
Our first-principles calculations are performed using

plane-wave-basis pseudopotential method within the ge
alized gradient approximation~GGA!.19,20 We use the
exchange-correlation functional of Perdew, Burke, a
Ernzerhof20 for the GGA. The Si and H atoms are describ
by the norm-conserving pseudopotentials of Troullier a
Martins,21 and the C atom is described by the ultras
pseudopotential of Vanderbilt.22 The Si surface is modele
by a periodic slab geometry consisting of 12 atomic lay
and a vacuum region of seven such layers. The C2H2 and
C2H4 molecules are adsorbed on both sides of the slab.
electron wave functions are expanded in a plane-wave b
set with a kinetic-energy cutoff of 25 Ry. Thek-space inte-
gration is done with eight and four points in the surfa
Brillouin zone of the 231 and 232 unit cells,
respectively.23 The positions of all atoms, except that th
innermost two Si layers hold at their bulk positions, are
lowed to relax along the calculated Hellmann-Feynm
forces until all the residual force components are less t
0.03 eV/Å.

FIG. 2. Top and side views of the optimized geometry of a
sorbed C2H2 on Si~100! with u50.5 ML: ~a! the tetra-s model, and
~b! the dimerized model.
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First we determine the atomic structure of adsorbed C2H2

on Si~100!-(231) for the coverage ofu51 ML within the
dimerized and dimer-cleaved models. The optimized str
tures for both models are shown in Fig. 1. The calcula
adsorption energies (Eads) and bond lengths are compare
with previous theoretical data in Table I.24 We find that the
dimerized model@Fig. 1~a!# is more stable than the dimer
cleaved model@Fig. 1~b!# by DEads51.07 eV, in good agree
ment with a previous GGA calculation (DEads51.04 eV!.
Note that the local-density-approximation~LDA ! calcultion
carried out by Fisheret al.11 yielded a smaller adsorption
energy~2.38 eV! than the GGA results~2.81 eV, obtained by
Imamuraet al.9 and 2.74 eV in the present calculation!. This
seems to be off the general trend that the LDA overestima
the adsorption energy in adsorbed molecule systems c
pared to the GGA.25 However, all theoretical calculation
give similar bond lengths, in reasonable agreement with
experimental data~see Table I!.

In order to compare the energetics for adsorbed C2H2

between the dimerized model and the tetra-s model, we op-
timize both atomic structures with a coverage ofu50.5 ML,
based on the experimental coverage in the tetra-s model.7

The optimized structures for both models are shown in F
2. We find that the dimerized model@Fig. 2~b!# is energeti-
cally more stable than the tetra-s model @Fig. 2~a!# by
DEads51.60 eV ~see Table I!. Thus our total-energy calcu
lations do not support the recent photoelectron imaging
perimental observation of the tetra-s structure,7 in which
adsorbed C2H2 adopts ansp3 carbon hybridization by leav-
ing just a single bond between the carbon atoms. Moreo
the bond lengths and interplanar separations reported in
7 show a large discrepancy from our theory~see Table II!.
Note that the reported C-C bond length (dC-C) of 1.1 Å is
shorter than that of an isolated C2H2 molecule (dC-C'1.2
Å!, and is much too short to be consistent with thesp3

bonding character in the tetra-s model. On the other hand
our value ofdC-C ~1.55 Å! in the tetra-s model of adsorbed
C2H2 is very close to that~1.56 Å! in the dimerized model of
adsorbed C2H4, which hassp3 carbon hybridization.

-

TABLE I. Calculated adsorption energy~eV/molecule! and bond lengths (Å) for adsorbed C2H2 on
Si~100!, in comparison with previous theoretical and experimental results.

Model coverage Eads dC-C dC-Si dSi-Si

dimerized PW~GGA!a 1 ML 2.81 1.36 1.90 2.36
PAW ~LDA !b 0.25 ML 2.38 1.37 2.40
This ~GGA! 1 ML 2.74 1.37 1.91 2.37
This ~GGA! 0.5 ML 2.72 1.37 1.91 2.37
NEXAFSc 1.3660.04
PhDd 1.3660.19 1.8360.04 2.4460.58

cleaved PW~GGA!a 1 ML 1.77 1.37 1.93 4.13
This ~GGA! 1 ML 1.67 1.37 1.94 4.16

tetra-s This ~GGA! 0.5 ML 1.12 1.55 2.06 2.37

aReference 9.
bReference 11.
cReference 5.
dReference 6.
6-2
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Similarly, we performed the geometry optimization f
adsorbed C2H4 on Si~100! within the dimerized, dimer-
cleaved, and tetra-s models. The calculated adsorption ene
gies and bond lengths are compared with those of prev
calculations9–11 in Table III, together with the experimenta
data.5,6 For u51 ML, the dimerized model@Fig. 3~a!# is
found to be more stable than the dimer-cleaved model
DEads51.14 eV. This is comparable to the LDA resu
(DEads51.11 eV! obtained by Panet al.10 Their LDA values
for the adsorption energy are larger than our GGA on
while the LDA calculations carried out by Fisheret al.11

gave too small an adsorption energy, as mentioned abov
adsorbed C2H2 ~see Table III!. It is interesting to note that in
adsorbed C2H4 the tetra-s model is unstable compared to th
gas phase. As shown in Table III, the bond lengths of
theoretical calculations agree well with experiments.

Using core-level x-ray photoemission, Rochetet al.26

found that the adsorption of C2H4 on Si~100! occurs easily,
with a sticking coefficient of nearly unity up to a critica
coverageuc50.5 ML, after which the adsorption rate de
creases strongly, but the completion of 1 ML is allowed
the surface is exposed to large dose of;2330 ~1 L51026

Torr s!. This saturation coverage of 1 ML is consistent w
the kinetic uptake measurements of Chenget al.14 and
Clemenet al.15 At low coverage the STM measurement
Mayne et al.8 found that the C2H4 molecules ‘‘prefer’’
to adsorb on alternate dimer sites, creating either a lo
p(232) structure or ac(432) structure. Based on th
above experimental observations, it is expected that fou

TABLE II. Calculated bond lengths (Å) and interlayer spacin
(Å) for adsorbed C2H2 on Si~100! within the tetra-s model, in
comparison with those in Ref. 7. Si~1! and Si~2! denote the first-
and second-layer Si atoms, respectively.

dC-C dC-Si hC-Si(1) hC-Si(2)

This 1.55 2.06 1.30 2.90
Ref. 7 1.1 1.8 0.8 1.6
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,uc the adsorption of C2H4 on neighboring Si dimers is
avoided by some repulsive interaction between adsor
molecules.8 In order to estimate this repulsive interaction, w
consider a large unit cell ofp(232) in which the C2H4
molecules are well separated. The optimized atomic struc
of p(232) with u50.5 ML is given in Fig. 3~b!. We find
that the adsorption energy foru50.5 ML increases by 0.04
eV compared to that foru51 ML ~see Table III!. The lower
stability at u51 ML is possibly due to the repulsive H-H
interaction between the nearby C2H4 molecules: Note that
the intermolecular H-H distance in Fig. 3~a! is short ~2.10
Å!. Because the adsorption energy difference betweeu
50.5 and 1 ML is small (DEads50.04 eV!, we believe that
the large doses of C2H4 molecules may overcome the repu
sive H-H interaction to saturate all dangling bonds of the
dimers.

Unlike in adsorbed C2H4, we find that in adsorbed C2H2
the adsorption energy foru51 ML (Eads52.74 eV!
is slightly larger than that foru50.5 ML (Eads52.72 eV!.
This indicates that the H-H interaction between the ne
by C2H2 molecules atu51 ML does not prevent adsorptio

FIG. 3. Top and side views of the optimized geometry of a
sorbed C2H4 on Si~100!: ~a! u51 ML and ~b! u50.5 ML.
TABLE III. Calculated adsorption energy~eV/molecule! and bond lengths (Å) for adsorbed C2H4 on
Si~100!, in comparison with previous theoretical and experimental results.

Model coverage Eads dC-C dC-Si dSi-Si

dimerized PW~LDA !a 1 ML 2.63 1.52 1.93 2.33
PAW ~LDA !b 0.25 ML 1.57 1.53 2.39
This ~GGA! 1 ML 1.89 1.56 1.96 2.37
This ~GGA! 0.5 ML 1.93 1.56 1.95 2.37
NEXAFSc 1.5260.04
PhDd 1.6260.08 1.9060.01 2.3660.21

cleaved PW~LDA !a 1 ML 1.52 1.56 1.95 4.25
This ~GGA! 1 ML 0.75 1.60 1.97 4.24

tetra-s This ~GGA! 0.5 ML 20.56 1.35 3.85 2.40

aReference 10.
bReference 11.
cReference 5.
dReference 6.
6-3
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on the neighboring Si dimer. Thus we anticipate that
kinetical aspects of C2H2 adsorption differ from the case o
C2H4 adsorption. On the other hand, a STM study for a
sorbed C2H2 observed either a localp(232) structure or a
c(234) structure.4 Although this ordering in adsorbed C2H2
has not been explained by the present total-energy calc
tions, its origin may be explained by a dipole interacti
between the gas-phase C2H2 and adsorbed C2H2 molecules
via a mobile precursor mechanism,27 as suggested by L
et al.4

In conclusion, our first-principles calculations show
that both C2H2 and C2H4 molecules adsorb identically on to
of a Si dimer, forming twos bonds between C and Si atom
,
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This result supports the majority of the experimental da
except for a recent photoelctron imaging experiment. Mo
over, we found that adsorbed C2H4 molecules on neighbor
ing Si dimers have a repulsive H-H interaction, whereas
adsorbed C2H2 molecules such interaction disappears. O
calculated adsorption energies for coverages of 0.5 and 1
provide some information for the saturation coverages wh
is still controversial in experiments.
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