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First-principles study of acetylene adsorption on Si100): The end-bridge structure
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We present the results of a first-principles study of the adsorption of acetylen€l®®)Sin particular, we
focus on a recent controversial issue concerning the occurrence of the “end-bridge” configuration in which an
acetylene molecule bridges two adjacent surface Si dimers. At variance with recent theoretical calculations, we
find that the lowest-energy “end-bridge” structure is stable and nonmetallic both at 0.5 ML and at 1.0 ML
coverage. This leads to the conclusion that this configuration can be one of those observed in experiments. The
results of first-principles calculations of the optical properties of different configurations of acetylene on
Si(100) are also presented and discussed.
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[. INTRODUCTION the experimental studies, no clear evidence of observations
of acetylene molecules in thB’ configuration has been

The interaction of small unsaturated hydrocarbon mol+eportec®?® In contrast with these results, very recent scan-
ecules with semiconductor surfaces, particularly (60  ning tunneling microscopy(STM) experiment®>! have
surface of silicon, is a topic of great recent interest because heen interpreted as a confirmation of the existence of acety-
represents the first stage of technologically relevant prolene adsorbed in thB’ structure, also comparing the experi-
cesses such as the growth of silicon carbi8eC), a very  mental observations witab initio—simulated STM images:
promising semiconductor materialand the fabrication of B’ structures are claimed to be observed, at room tempera-
organic layers with controlled physical and chemicalture, both at low and high coverage, this latter case being
functionality? In particular, adsorption of acetylene {i§,)  characterized by paire®’ configurations bonded to the
on the S{100 surface has been the subject of several recemsame two Si dimersRB’).
experimental and theoretical studies? In order to shed some light on this controversial issue we

Acetylene, due to its reactive triple bond, has a high probhave performed a first-principles study of adsorption of
ability of interacting with the surface Si dangling bonds, un-acetylene on the §i00) surface. While in a previous papér
dergoing electronic rehybridization and sticking to the sur-we studied adsorption geometries, equilibrium coverages,
face. Despite the amount of experimental and theoreticaand thermal decomposition processes for different stable
work over the years, several aspects of the microscopic nastructures, in the present study we focus on structural, elec-
ture of this seemingly simple chemisorption system arefronic, and optical properties of thH&’ configuration. Basi-
however, still controversial. In particular, the favored adsorp-cally, in agreement with the interpretation of the experimen-
tion geometry of acetylene on(%D0) has been debated for tal observations of Kimet al>®3! and in contrast with the
many years. Nowadays, most of the authors appear to agreesults of Miottoet al.?® we find that theB’ structure is
that the most stable structures, at least from a thermody-
namic point of view, are those characterized by a 6di-
bonding in which the acetylene molecule is bonded to two
surface Si atoms; two of such structures are possible: the
molecule can either be placed irbedge (B) site, on top of
a single Si dimern(which is preserved and becomes essen-
tially symmetric upon adsorptionor in anend-bridgestruc- B
ture B'), in such a way to bridge two Si atoms of two
adjacent dimergsee Fig. 1L According to the most recent
first-principles calculatiorfS~3! the binding energy of th&
structure is larger than that of tli at low coverage while
the opposite is true at high coverage due to the substantial
interaction of acetylene molecules adsorbed inBhestruc-
ture on the same two Si dimers.

However, Miotto et al,?® on the basis of their band-
structure calculations, find that tl& structure(both at 0.5
ML and at 1.0 ML coveragepresents a metallic character
which makes it unstable .towards a Peierls distorsion, an lack, and gray balls indicate H, C, and Si atoms, respectively. For
thu§ they conclude that this structure should not be 'observe farity only the four Si atoms of two surface dimers and four be-
This result seems to be supported by the fact that, in most %nging to the second layer are shown.

q P

PB'

FIG. 1. Stable structures of acetylene adsorbed qA08):
§=“bridge," B’ ="“end bridge,” PB’ =“paired end bridge;” white,

0163-1829/2003/623)/2353065)/$20.00 68 235306-1 ©2003 The American Physical Society



PIER LUIGI SILVESTRELLI et al. PHYSICAL REVIEW B 68, 235306 (2003

TABLE I. Binding energy per adsorbed molecul,, and structural parameters for acetylene di@®j): the PB’ structure corresponds
to 1.0 ML coverage, while the other cases correspond to 0.5 ML coveragg1sasd Si-S(2) indicate the Si dimers to which the acetylene
molecule is bonded in thB’ andPB’ configurations; in the case of tiestructure the molecule is bonded only to the SitSdimer. The
buckling angles relative to these Si dimers are also given. Data have been computed using the gradient-corrected PW91 functional; values
obtained using the PBBBLYP) functional are instead reported (squared parentheses. See text for the definitions of the different structures
(B denotes the symmetri8’ configuration.

Ep(eVv)

Si-Si(1) (A)
Buckling (1) (deg
Si-Si2) (A)
Buckling (2) (deg
Si-C (A)

C-C(A)

C-H (A)

2.752.62[2.26]

2.332.37)[2.37]
0.50.1)[0.4]

2.292.34[2.33]

B B’ B, PB’
2.622.51[2.20] 2.542.40[2.12] 2.872.79[2.46]
2.422.45[2.47] 2.392.41)[2.43] 2.41(2.43[2.45]

5.2(6.4)[5.6] 2.51.6)[1.8] 0.0(0.0[0.0]
2.392.41)[2.41] 2.392.41)[2.43] 2.41(2.43[2.45]
10.0(11.2[9.7] 2.51.6)[1.8] 0.3(0.0[0.0]

17.419.2[16.4]
1.88(1.91[1.91]
1.341.36[1.36]
1.091.10[1.09]

1.901.92[1.92]
1.351.36[1.37]
1.091.10[1.09]

1.9011.92[1.92]
1.351.36[1.37]
1.091.10[1.10]

1.90(1.92[1.92]
1.351.35[1.37]
1.091.10[1.09]

stable and nonmetallic both at 0.5 ML and at 1.0 ML cover- The optical properties have been obtained consistently
age; in particular, at 0.5 ML coveraga single adsorbed with the atomic structure optimization, using the same
acetylene molecule per two surface Si dimgescompletely repeated-slab configurations. We used a modified version of
symmetric configuration would be metallior semimetal- the FHIMD98 code®® where we have introduced the calcula-
lic); however, a structural distortion spontaneously occurstion of the momentum matrix elements. Given the lack of
stabilizing the “end-bridge” configuration which becomes measured optical spectra, our calculations mainly aim at
semiconducting. We have also calculated, from first prindooking at the modifications in the optical spectrum of the
ciples, the optical propertigseflectance anisotropy spedtra clean Si surface induced by the adsorption of acetylene and
of different configurations of acetylene adsorbed o), at verifying whether optical spectroscopy is able to discrimi-
at different coverages. Our theoretical results suggest that theate among different adsorption configurations.

reflectance anisotropy spectroscq®AS) should be a prac-
tical experimental tool to discriminate among possible ad-
sorption structures and finally settle this long-standing con-
troversy. A. Structural and electronic properties

Ill. RESULTS

In Fig. 1 we show théB andB’ structures together with
the one obtained by pairing twB’ configurations PB’).
Their relative binding energies and structural parameters are

Calculations have been carried out in the framework ofreported in Table I. As far as the energetics and the geometry
the density functional theoryDFT): in order to make our is concerned, we confirm the results reported in Ref(db#
results more reliable we have used differabtinitio pack-  tained using a different supercell and a sampling of the BZ
ages(FHIMD98 **cpmp,** andPwscF®) and different gradient  limited to theI” point): in particular we find that, at 0.5 ML
corrected functional§PW91%¢ PBE3 BLYP®®: tests have coverage, the structure is slightly favored with respect to
been also performed using a pure local-density apppoachthe B’ one. As can be seen this conclusion is independent of
We have used norm-conserving pseudopotenitaigith s  the choice of the gradient-corrected functional. Our results
and p nonlocality for C and Si; wave functions were ex- are also in agreement with other theoretical calculatfons-
panded in plane waves with an energy cutoff of 40-50 Rylnterestingly, theB’ structure, in its lowest-energy configu-
Test calculations were carried out including spin polariza+ation, is slightly asymmetric in fact both the length and
tion. The S{100 surface is modeled with periodically re- “buckling” of the two surface Si dimers, to which the acety-
peated slabs containing eight Si layers and a vacuum regidene molecule is bonded, are differefsee Table )l This
of at least 7 A . A monolayer of hydrogen atoms is used tadistortion of theB’ structure with respect to a symmetric
saturate the dangling bonds on the lower surface of the slabsonfiguration plays a key role because it enhances the stabil-
We have adopted the samp€2 X 2) supercell used by Miotto ity of the structure by making it nonmetallic. This conclusion
et al,? with four Si atoms/layertwo surface dimeps the is evident by looking at the result of a band-structure calcu-
Brillouin zone (BZ) sampling has been performed using lation (the reported band structures have been obtained using
eight specialk points in the irreducible part of the BZ. therFHIMD98 code and the PW91 functional; calculations per-
Acetylene molecules are added on top of the slab and thiormed adopting a differeréb initio package and/or a dif-
system is then fully relaxed towards the minimum energyferent functional give similar resultsfrom Fig. 2 it can be
configuration. During ionic relaxations the lowest Si layerseen that th&’ structure is characterized by an energy gap,
and the saturation hydrogens are kept fixed. Other details aff about 0.2 eV, between the highest occupied band and the
the method can be found in Refs. 27,40, and 41. lowest nonoccupied band, so that the system is clesoty

IIl. METHOD
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3.0 Our calculations have been performed using a two Si
dimer supercell—i.e., assuming a 1.0 ML coverage. In prin-
_ 201 ] ciple, however, thé®B’ structure can be realized at any cov-
2 ok ] erage; for instance, using®4x4) surface supercell, with
> eight Si dimers and two adsorbed acetylene moledulith
ol o0 | ] sampling of the Brillouin zone limited to thE point, as in
g - . Ref. 27, which corresponds to a 0.25 ML coverage, we find
= 1ok ] that two acetylene molecules in th®B’ configuration are
still thermodynamically favored with respect to two mol-
2.0 ecules both iB (the binding energy per molecule is lower

r J K g2 r by 0.17 eV} and inB’ (the binding energy per molecule is
lower by 0.30 eV structures.

In order to predict the occurrence of a possible adsorption
nfiguration it is important not only to estimate its thermo-
dinamical stability(i.e., the binding energy of the system in a
given configuratiop but also to take kinetic effects into ac-
count by evaluating the energy barrigr any) that the sys-
tem must overcome to reach this configuration. As far as the
B structure is concerned, it is generally agréed?® that
molecular chemisorption in this configuration proceeds
smoothly, probably via a mobile precursor state, without en-
countering substantial energy barriers. We have obtained an

(using gradient-corrected functionals, the energy gap bein stimate of the upper limit for the energy barrier character-
smaller than 0.05 e\Mcharacter ' ing adsorption in theB’ structure by means of a recently

Note that also Miottoet al?® found that the stabld’ proposed variant of the popular “nudged elastic band

structure is asymmetrit? although, according to their band- mégor?]’e'tﬁé’dmsvh?g?ﬁg‘sg Irrg\a/lgr? tguggzdvglrasé?fzicbigg?tléch-
structure calculations, it has a metallic character. The reaso'HI o d t, min mini?n m ener t);] in molex
for the discrepancy with our results could be related to thd''que to dete € um energy paths compie

fact that Miottoet al?® used fewelk points for the BZ sam- chemical reactions: starting from the acetylene molecule
pling (only four in th'e whole BZ and a lower-energy cutoff relatively far from the surface we found a vertical adsorption

Concerning thé?B’ structure obtained by pairing tw®’ reac_tion path leading to the’ structure, with an energy
configurations Miottoet al?® suggest that the most stable barrier of the order of 0.05 eV. Considering that also in this

configuration has four carbon atoms forming a squared rin%?é’s ?Sol(r)vggtiner%y égzg}'%ne ptig]t (;%uslgr et).(c')slj]t Ic?fV(:VIsnr? ?e
[see also the similar result obtained by the same authors i u , We ; u . Pl ng
the case of adsorption of acetylene on thé X8 surfacé?] gcetylene molecule in thB structure is certainly chara<_:ter-
and is characterized byraetalliccharacter. According to our ized by a low energy barrier, ?'thou.gh probably slightly
calculations, a differenPB’ structure existdsee Fig. 1, larger than that relative t_o conﬂgurancBl We have _also_
which is more stabléby about 0.7 eYthan that proposed by computed the energy barrier relat|v_e to the process in whlch
Miotto et al?® and has a semiconducting character, as can b8 second acetylene molecule, coming from the gas phase, is
clearly seen looking at its band structufég. 3): thé band adsorbed parallel to a first molecule already B'astructure,

gap of the system coincides with that of the projected bul n such a way to generate @B’ configuration; since this

bands(of about 0.6 eV, the surface states being embedded arrner 1s Iowe_r than 0.01 ?V' we can conclude_,- that thg pro-
in the projected bulk bands. cess of formation of th&B’ structure is essentially barrier-

less. In principle, since adsorption of acetylene probably pro-
ceeds through a mobile precursor stat® B configuration
could be realized, even at low coverage, if an acetylene mol-
] ecule explores the surface, in the precursor state, until it finds
the energetically most favorable site adjacent to a pread-
: sorbed molecule. However, at low coverage, once a single
molecule is adsorbed inBor B’ configuration(as we have
. seen previously these reactions can easily take pldbe
transformation to the most statlRB’ structure would imply
] the breaking of strong covalent C-Si bonds, resulting in high-
energy barriers, of the order of a few eV. Moreover, most of
T J K ic T the experiments about deposition of acetylene on t(E08i
surface are performed at roofar lower) temperature—that
FIG. 3. Band structure of th@®B' configuration (using the IS, a too low temperature to allow a significant diffusion of
PWO91 functiongl the shaded areas represent the projected bulkhe very reactive acetylene molecule on the surface. This
band structure. implies that, although th@®B’ configuration is found to be

FIG. 2. Band structure of thB’ configuration(using the PW91
functiona): the shaded areas represent the projected bulk ban((llO
structure.

metallic. This conclusion is confirmed by the analysis of the
electronic density of states. We find that a completlyn-
metric B' structure represents only a local minimum, being
higher in energy by~0.1 eV (per acetylene moleculavith
respect to the lowest-energy, distorted configuratiesae
Table )); this symmetric configuration exhibits a metal(i€

a pure local density approach is adopted a semimetallic

3.0
2.0
1.0 ¢

0.0 |

Energy (eV)

-1.0

-2.0
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thermodynamically the most stable one, as discussed previ- ' ' ]
ously, at low coverage a significant fraction of tReand B’ 0.000 — =T ]
structures should be present as well. g

—-0.005

B. Optical properties
p p p — BO05SML

In order to help in clarifying the controversial experimen-

(R-R)/R,

—— B'0.5ML
tal situation about the favorite adsorption sites of acetylene -0.010 ¢ ——-PB' LOML
on the S{100 surface, we have also studied the optical prop- —-— clean i(100)
erties of theB andB’ configurations. In particular, we cal-
. -0.015 : : :
culated the reflectance anisotropy spectra. Reflectance an- 0.0 0.5 1.0 15 2.0
isotropy spectroscopy is an experimental technique in which Energy (eV)

the difference in reflectivity between two orthogonal polar-

ization states of light falling at normal incidence on the FiG. 4. Calculated reflectance anisotropy spectra of the three
sample surface is measured. The RAS technique derives itudied geometries of £, on Si100): B (thick solid ling, B’ (thin
surface sensitivity from the fact that cubic crystals are optisolid line), PB’ (thin dashed ling and clean silicon(100 p(2
cally isotropic; hence, any difference found in the reflectivity x 2) surface(thick dashed ling The x direction is chosen to be

R; for the two different polarizations=x,y of light is due to  parallel to the silicon dimers.

the presence of the surface. RAS is an important surface-

sensitive optical technique and is widely used to obtain in-

‘;(:Jrg‘ai‘:t('aosn on the structural and electronic properties Ofpyant peing due to the well-known underestimation of the

. . . : energy gaps by DHTis due to optical transitions involving
refIZ rcotir\r;ita ;?f?;reer:fslsfigkg \r/]'gm;nzeegatlgﬂﬁetgr\'/e?;tge silicon dimer states, and its sign shows that, at low energy,
Y g ! . . '9€ the transitions are favored for light polarized along the dimer
valueR,, is done by computing the interaction of polarized rows. thus imolving a strond interaction amond the dimers
electromagnetic radiation with the electronic dipole mo- ' pying 9 9

ments. Within the repeated slab approach the RAS is calctﬁlong th? same Tow. Thgrefore, the fact that this peak is
lated by® reduced in thd3 configuration can be understood as a reduc-

tion of the interaction among the dimers, due to the presence
of the chemisorbed acetylene molecule; instead, inBhe
R R dod 4 hs, \_ hs conflguratl_on(at 0.5 .ML coverage since the axis (_)f the.
(@) ~Ryw) _dwd 4l ax(w)” ay(w)] (1)  molecule is perpendicular to the Si dimers, there is an in-
crease of transitions for light polarized along this direction.
Interestingly, as the surface coverage of Biestructure
. ; . i . Fig. 4, leading to the®B’ configu-
hered is half of the slab thicknessy!® is the half-slab "Creases o 1.0 Misee Fig. 4 lea
wnered 1s et o i ration, there is a strong modification of the RAS: the peak at

olarizability for light polarized along direction, ande, is . ) .
!cohe bulk die)I/ectricg:‘un(I[:)tior‘if3 Here wg have chosenasbthe about 1.0 eV has completely disappeared because, in this
’ configuration, all the Si dimers are bonded to acetylene mol-

direction of the silicon dimers. X _
In principle, the correct procedure should involve the Ca|_§cules so that all their dangling bonds are saturated. These

culation of the electronic states in a many-body approacH,mporta’?t modifications of the Iow—e_nergy optical anisotropy
including self-energy effects and taking into account thef the S(100) surface upon adsorption of acetylene suggest
electron-hole interaction and local-field effects, to obtain thehat RAS measurements would be very useful in order to
dielectric function. Actually, the use of single-particle elec-clarify the scenario of this process.

tron states in the framework of the DFT scheme offers gen-

erally a qualitative good picture and still represents the state

of the art when a full many-body calculation is computation- V. CONCLUSIONS

ally unaffordable, as in the present case.

Figure 4 shows our calculated RAS obtained for the clean We have reported the results of a first-principles study of
Si(100 surface and for the surface withd, in the B con-  the adsorption of acetylene on(800). In agreement with the
figuration and in theB’ one at 0.5 ML and 1.0 MLPB’ interpretation of recent experimental observattfrisand in
configuration coverage(the BLYP gradient-corrected func- contrast with previous theoretical resultsye find that the
tional has been used in these calculatjoAs can be seen, at B’ structure is stable and nonmetallic both at 0.5 ML and at
low energy(around 1.0 eV, there is a strong reduction of 1.0 ML coverage; in particular, at 0.5 ML coverage, the
anisotropy for theB configuration with respect to the clean structure undergoes a structural distortion which leads to a
Si(100 surface, while in theB’ configuration there is an lower-energy, asymmetric, nonmetallic configuration. Opti-
opposite behavior with an increase of the negative pealcal properties of different configurations of acetylene ad-
whose position is also shifted to lower energy. This negativesorbed on $i100), at different coverages, have been also
peak in the RAS of the clean surf4édexperimentallf® a  calculated and discussed, which could help the interpretation
peak is found at 1.6 eV, the shift between theory and experief experimental data.

Ro(w) c ep(w)—1 '
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