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Initial adsorption configurations of acetylene molecules on the $001) surface
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Initial adsorption configurations of acetylene molecules on tl@03) surface are investigated by scanning
tunneling microscopySTM) andab initio pseudopotential calculations. Three distinctive features are observed
in the STM images at low coverage. The comparison of the atomic resolution STM images with the simulation
reveals that there are basicatlyo kinds of di-o bonding configurationgi) on-top over a single dimer and)
end-bridge between two successive dimers in the same dimer row. The third feature is identified to be a pair of
end-bridge die- configurations occupying the same two dimers. The tettaanding configurations are not
found. The existence of the two kinds of dibonding configurations can resolve the apparently conflicting
results of the existing studies.

DOI: 10.1103/PhysRevB.64.193313 PACS nuniber68.35.Bs, 68.37.Ef, 68.43.Bc, 68.43.Fg

The hydrocarbon molecules on theg®l1) surface attract Theoretical calculations have provided interesting
increasing attention to grow carbon related materials like Si(perspectives>~” While the most stable of the considered
(Ref. 1) and to fabricate strain-controlled nanostructifres. configurations was on-top di; a different adsorption
They are also important to understand the interface structureonfiguration—the so-called end-bridge configuration—was
between organic and inorganic materials for the future moshown to be comparably stable. In this configuration, an
lecular electronic devicesAmong various hydrocarbons, acetylene molecule bridges two adjacent dimers in the same
acetylene is a prototype to achieve these purposes. It is tfimer row by attaching to one atom of each dimer, and forms
simplest molecule which can be effectively dissociated orfnother type of dir configuration. The tetra- geometries
the surface by heating. with t_he Cc-Cc axis of the acetyle_ne mo!ecule being parallel

For the last decade the adsorption of acetylene moleculd®-Pridge or at right angle ( bridge) with respect to the
on the S{001) surface has been studied intensively by man |mer.d|rect|0n, was shown tq have much smaller a(_jsorptlon
experimental techniques and theoretical calculatforéThe ~ EM€'91€s. In one of the studies, the most energetically un-

early studies on this system focused on the issue of Wheth(l,"}(ely p-bridge tetras geometry has been suggested 1o exist

the Si dimer which is bonded with a molecule is retained ora;r:iz(r)lrg temperature by the kinetic effect and energy

cleaved. A g_eneral con_senSléls has been _reached, 'Fhat s, t ®n this paper, we report a combined study of atomic reso-
rea_cte_d Si dimers are intatt: A far more |mportant ISSUE,  |ution STM experiment andb initio calculation on the ini-
which is under heavy debate, is the adsorption geometry angh aqsorption configurations of acetylene molecules on
the consequent carbon orbital configurations. Two local adSi(OOl) surface at room temperature. We made an experi-
sorption geometries of an acetylene molecule on th@08i  mental STM observation of &1, molecules in the theoreti-
surface are competing: di- versus tetraz configurations  cajly proposed end-bridge di- geometry which exist as
(see Fig. 1 They differ in the number of substrate Si atoms single and paired configurations, in addition to the previ-
with which an acetylene molecule makes bonds: two iordi- ously reported on-top di= configuration. We have not ob-
and four in tetras configurations. Their intramolecular con- served any feature which can be related to the teton-
figurations thus contrast, possessing a double boretQF  figurations. This leads us to conclude thagiagle acetylene
with sp? and a single bond (€-C) with sp® rehybridized molecule is adsorbed on the(®1) surface by forming two
orbitals, respectively. o bonds with either one or two Si dimers.

The dio adsorption configuration has been proposed in Experiments were performed using a homemade STM in
early experimental and theoretical studigéand reaffirmed an ultrahigh vacuum chamber with a base pressure below 2
by a recent scanning tunneling microscof§TM) study? %10 1% Torr. The S{001) surface was cleaned by repeated
The feature in the STM images was interpreted as acetyleng

molecules sitting parallel on top of the Si diméos-top di- M b_({ 3 3 O Carbon

o). It has been further supported by several experimental { p, d

studies using high-resolution electron-energy-loss spectros { O Hydrogen

copy (HREELS,® photoelectron diffractiof’ near-edge Osurface Si

X-ray absorption fine structuréNEXAFS), and valence- ;}CS _
band photoemission spectroscdpyOn the other hand, b ¢ d ® subsurface Si
Wolkow has raised the possibility of the teaadsorption'? e

Subsequently, the existence of the tetraadsorption was FIG. 1. Schematic view of proposed adsorption geometries: di-
claimed in recent photoelectron diffraction imagit@nd & (on-top and end-bridgeand tetras (p-bridge andr-bridge
core-level photoemissidfexperiments. configurations from left to right.
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FIG. 3. The magnified image of each feature found in Fig. 2 and
the height profiles along two orthogonal paths passing through the

) . . ) local maximum(a) Type A, (b) type B, and(c) type C features. The
FIG. 2. Afilled state STM image of £1,/5i(001) with three vertical and horizontal axes are in the unit of A and the surface

dominant features labeled A, B, and C. The sample bias voltage 'Pattice constant 3.84 A. respectivel
—2.5 V and the tunneling current is 0.3 nA. The inset shows the '  Tesp y-
typical clean Si001)-2X 1 surface with defect density of 4%.

which does not have such a local maximum, on the clean
flashes up to 1450 K& and confirmed by STM. Acetylene Si(001) surface'® We interpret the weak protrusion as an
gas was dosed onto the sample at room temperature by bagkeetylene molecule adsorbed in the end-bridge donfigu-
filling the chamber. The structure of the&,/Si(001) was ration and the two bright spots as the Si dangling bonds. This
investigated by STM at room temperature. feature was missing in the previously published STM images
Figure 2 shows a typical STM image 0§8,/Si(001) at  but the existence of the end-bridge configuration has been
low coverage. In the image, there are three dominant featurégeoretically predicted based on its considerably large ad-
labeled A, B, and C(The numbers of A, B, and C in the sorption energy> '
image are 19, 22, and 20, respectivelfype A occupies a Type C[Fig. 3(c)]. Like the on-top die, it appears sym-
single dimer site, and appears slightly depressed compargdetric in both dimer and dimer row directions. The main
with the clean Si dimers. Type B spans two dimers in a dimedifference from the on-top di feature is that the height
row and makes an asymmetric appearance. Type C also oprofile in the dimer directioncc’) consists of two local
cupies two dimer sites along the dimer row but with a sym-maxima, which are aligned with the node between two
metric appearance. Sontabout 17 features which cannot dimers of the neighboring dimer row. We interpret this fea-
be identified as either of those three features are also ofiure as a pair of acetylene molecules adsorbed on both edges
served in the image. They are of diverse characters and dibf the two successive dimers in the same dimer row—a
ficult to categorize into another type of adsorption configu-paired end-bridge. The double maxima of this feature can be
ration. We consider that they are related to the defects whickeasonably reproduced by simple superposition of two end-
appear with a similar density on the(®01) surface. bridge div configurations. In some of these features, the two
The enlarged images and the height profiles of the threécal maxima are less distinct. This is supposed to be related
features are shown in Fig. 3 to provide detailed informationwith slightly different local environment around each feature
of atomic structure. such as the geometry of underlying Si dimers. As a matter of
Type A[Fig. 3(@)]. It appears narrower in the dimer direc- fact, this feature was observed and assigned to the on-top di-
tion. Its height profile contains only a single maximum in o configuration in a previous STM stuiyput reinterpreted
both directions along and across the dimer row. We interprelater as the tetra configuration by Wolkow? A similar in-
this as the on-top dir configuration. It appears similar to the terpretation was also made in a recent STM wrk.
STM image of an ethylene molecule adsorbed on tt@0g8) To test our assignment of the features observed in the
surfacet? STM image, we have performed tlad initio pseudopoten-
Type B[Fig. 3(b)]. Two bright spots are located at one tial calculations within the local-density approximation
side and a single weak protrusion at the other side of théLDA),?! using the ViennaAb initio Simulation Packag&
dimer row. In addition, the Si dimer buckling appears to beWe used a plane-wave cutoff of 300 eV, the theoretical lattice
pinned in the neighborhood of this feature. The height proconstant of 5.39 AI'-point sampling for Brillouin-zone in-
files crossing the weak protrusion show that a local maxitegration, and ultra soft pseudopotenti@d.he S{001) sur-
mum is located midway between two dimers along the dimeface was modeled by a six layer slab separated by 19 A
row but displaced towards one edge of the dimer row. Wevacuum with (4<6) surface supercell. Acetylene molecules
note that this feature is distinct from the so-called C-defectyere adsorbed oa(4X2) reconstructed surface and the op-
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TABLE I. Adsorption energiesE,q9 of single and double mo-  either by single molecular adsorption in two kinds ofcdi-

lecular adsorption configurations. configurations or by forming their complexes if the single
i : molecular adsorbates interact attractively. The last two rows
Number of GH, Configuration Eaas (VICH,) in Table | shows the adsorption energies of the di-molecular
on-top div 3.20 complexes. Two acetylene molecules adsorbed in two adja-

) end-bridge die 3.00 cent on-top die sites have almost the same adsorption en-
Single r-bridge tetrae 255 ergy per molecule compared with the single molecular ad-
p-bridge tetras 1.80 sorption. This implies that acetylenes adsorbed in on-top di-

o configuration hardly interact with each other. On the other
double on-top dir 3.19 hand, when adsorbed in end-bridge configuration, two adsor-

Double paired end-bridge dir 3.35 bates turn out to interact strongly attractively. The interaction

energy, the energy gain by forming the paired end-bridge
configuration, is around 0.7 eV. The attractive interaction is

posing surface was passivated by hydrogens. All adsorbaiginated from the full compensation of the dangling bonds
atoms and the top four Si layers were allowed to relax untiin the single end-bridge configuration by the additionally ad-
their rms forces were smaller than 0.01 eV/A. The constantsorbed GH,.?° As a result, the paired end-bridge configura-
current STM images were simulated within Tersoff-Hamanntion has larger adsorption energy per molecule than the
approximatioA* under the applied external electric figldf  single molecular on-top di configuration (3.35 versus
—0.4 V/A. In order to simulate the symmetric dimer in the 3.20 eV/GH,).
experimental STM image at room temperature, the LDA im- The STM images were simulated using the fully relaxed
ages from the oppositely buckled dimers were averaged. geometries with the applied bias voltage -©0.75 V. Five
Educated from the experimental observations and thef them are illustrated in Fig. 4. The simulated STM images
available theoretical results, we have calculatedathénitio  for the on-top die [Fig. 4(@)] and the end-bridge di-[Fig.
total energies foli) four single molecular adsorption con- 4(b)] are in good accordance with the experimental data in
figurations(on-top div, end-bridge die, p-bridge tetras, Figs. 3a) and (b). The simulated image for the paired end-
andr-bridge tetrag) and (ii) two paired molecular adsorp- bridge div configuration in Fig. 4) matches well with the
tion geometriegpaired end-bridge and double on-topadi- experimental image of the type C in FigcR In contrast, the
configurations The calculated adsorption energies aresimulated images of thp-bridge andr-bridge tetras= con-
shown in Table I. Among four single molecular adsorptionfigurations[Figs. 4d) and (e)] show quite different charac-
geometries, the on-top @i-configuration has the largest ad- teristics from the experimental features in Fig. 3. From both
sorption energy, 3.20 eV. While the tetwaconfigurations the energetics and the simulated STM images, it is evident
have significantly smaller adsorption energies compared tthat the three features observed in the experiment(iare
the on-top configuration1.80 for p-bridge and 2.55 eV for on-top,(ii) end-bridge, andiii) paired end-bridge dir con-
r-bridge), the end-bridge di# configuration has comparably figurations and the tetra-configurations are not observed at
large adsorption energy of 3.00 eV. AdsorbingHs at one  all.
end of the two Si dimers involved in the end-bridge configu- Based on our findings, we propose a scenario on the
ration, two dangling bonds are created at the opposite endcetylene adsorption on(®D1) extendable to high coverage.
This accounts for the adsorption energy reduction of the endAcetylene molecules are adsorbedoimly two kinds of dio
bridge configuration compared to the on-top configurationconfigurations: on-top and end-bridge. The larger population
despite the similar di nature of the Si—C bonds. Our re- of the end-bridge dir over the on-top dis configuration at
sults on a single molecular adsorption are in agreement witfow coverage, despite its smaller adsorption energy at low
the previous calculation$:*’ coverage, comes from the larger number of the available
With the significantly smaller adsorption energies of theadsorption site by a factor of 2. When the coverage increases
two tetrao geometries, it is natural to expect that the acety-the acetylene molecules would have more chances to meet
lene molecules would not be adsorbed in these configurasther molecules and form more stable complex such as the
tions. This implies that the acetylene adsorption will proceecpaired end-bridge dir configuration which has the lowest
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FIG. 4. The simulated STM images of differenfi;,/Si(001) configurations(a) On-top div, (b) end-bridge die, (c) paired end-bridge
di-o, (d) p-bridge tetras, and(e) r-bridge tetras configurations. The gray and the black balls are the dimerized Si atoms and the C atoms
of the acetylene molecule, respectively. The hydrogen atoms are not represented.
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energy. Thus the population of the paired end-briigpe C  only exception which cannot be accommodated within this
in Fig. 2 is expected to increase rapidly at higher picture is the photoelectron diffraction holography data by
coverages’ Xu et al,*® claiming the tetras configuration.

The above picture for the acetylene adsorption ¢0®) In conclusion, we have found that there exist only two
can account for most of the EXiSting eXperimental results in different dio Conﬁgurations at low coverage and room tem-
consistent way. The complete removal of the Si danglingyerature: on-top and end-bridge. The acetylene molecules in
bonds at saturation in photoemission sttfdg accountable  the end-bridge configuration interact attractively and easily
with paired end-bridge di= (or mixture of on-top and paired o the paired end-bridge, which is another feature ob-
end-bridge die) without having to assume tetraconfigu-  geneq in our STM image. The tetraconfiguration is not

rations. Thg saturation coverage can be as large as 1.0 MONGKserved and found to be unlikely from theoretical calcula-
layer (ML) in accordance with the conclusion from the ther- tions. These results comply well with most of existing ex-

mal desorption experimeff. It should be noted that the - : :
0.5-ML saturation coverage was drawn from the2Xx2) perimental and theoretical studies.
arrangement with the mis-assigned on-toprdtenfiguration The authors would like to thank Dr. Y. Morikawa and
at saturation in the previous STM stutiiflhe decrease but Professor Yates for providing their preprint prior to publica-
retainment of themg ¢ resonance peak of the adsorbedtion. This work was supported by the Ministry of Science
C,H, molecule in the NEXAFS is compatible with di-con-  and Technology of Korea through the Creative Research Ini-
figurations withsp? rehybridized orbitals, either the on-top tiative, and in part by the Korea Science and Engineering
or the end-bridgé! The symmetry reduction in the adsorp- Foundation through the ASSRC at Yonsei University. The
tion geometry fromC,, symmetry concluded from the calculations were performed through the strategic resource
HREELS result3is exclusively reconcilable by the existence allocation program of the KORDIC Supercomputing
of the low-symmetry end-bridge di-configuration:’?The  Division.
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