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Adsorption of benzene on Si„100… from first principles

Pier Luigi Silvestrelli, Francesco Ancilotto, and Flavio Toigo
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Adsorption of benzene on the Si~100! surface is studied from first principles. We find that the most stable
configuration is a tetra-s-bonded structure characterized by one C-C double bond and four C-Si bonds. A
similar structure, obtained by rotating the benzene molecule by 90°, lies slightly higher in energy. However,
rather narrow wells on the potential-energy surface characterize these adsorption configurations. A benzene
molecule impinging on the Si surface is most likely to be adsorbed in one of three different di-s-bonded,
metastable structures, characterized by two C-Si bonds, and eventually converts into the lowest-energy con-
figurations. These results are consistent with recent experiments.
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Adsorption of benzene on the Si~100! surface is a topic of
great current interest1–9 both because it represents a pro
type system for the study of molecular adsorption~and de-
sorption! of hydrocarbons on semiconductor surfaces, a
because it is considered a promising precursor for tech
logically relevant processes, such as the growth of Si-C
chemical vapor deposition diamond thin films on Si surfac
However, despite many experimental and theoretical inve
gations, the adsorption mechanism is not yet well und
stood. In particular, at present there is no consensus a
the lowest-energy structure of benzene on Si~100!: results
obtained from surface science experimental techniqu
semiempirical methods, and first-principles approaches
vide a number of different predictions.

Benzene is known from experiments to adsorb exc
sively on top of the Si~100! surface dimer rows, thus avoid
ing energetically disfavored structures with unsaturated,
lated Si dangling bonds. Even so, since the size of
benzene molecule is comparable to the spacing between
adjacent dimers on the same row, many different bond
configurations are possible. Among the structures propo
in the literature as the lowest-energy configurations, the
cyclohexadiene-like~‘‘butterfly’’ ! configuration, in which
the benzene molecule is di-s-bonded to the two dangling
bonds of the same Si surface dimer, is supported by ther
desorption and angle-resolved photoelectron spectrosco5

scanning tunneling microscopy~STM!,7 vibrational infrared
~IR! spectroscopy, and near-edge x-ray absorption fi
structure techniques,9 and first-principles cluste
calculations.5 Instead, other STM experiments6 suggest the
1,3-cyclohexadiene-like~‘‘tilted’’ ! structure. Finally, semi-
empirical calculations,3,8 STM, and IR spectroscopy
experiments8 favor a tetra-s-bonded configuration wher
benzene is bonded to two adjacent surface dimers.

Another open issue concerns the occurrence and natu
metastable adsorption states. In fact, the results of STM
IR spectroscopy6,8 support the hypothesis that benzene is i
tially chemisorbed in a metastable, ‘‘butterfly’’-like stat
and then slowly converts~within minutes! to a lower-energy
final state, which is a ‘‘tilted’’ structure according to Ref.
or a tetra-s-bonded one according to Ref. 8. Moreover, r
cent IR experiments9 suggest that, at room temperature, be
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zene is predominantly adsorbed in the butterfly configu
tion, while the existence of a less stable structure, consis
with a tetra-s-bonded configuration, is proposed.

Previous theoretical calculations on benzene on Si~100!
have been restricted to semiempirical orab initio cluster-
model methods. In the latter approach the Si surface is m
eled with a cluster of Si atoms, thus considerably reduc
the cost of a first-principles calculation. However, the effe
of such an approximation can be relevant. It is well know
for instance, that the characteristic buckling of the Si dim
on the clean Si~100! surface can only be obtained by usin
models with a slab geometry and periodic boundary con
tions. As shown in the following, the details of the surfa
reconstruction~i.e., buckling and periodicity of the surfac
dimers! are crucial ingredients in determining the adsorpti
structure of benzene. Moreover, the convergence of diffe
properties, such as the binding energies of adsorbed m
ecules, is rather slow as a function of the cluster size.

In order to overcome these limitations and to clarify t
open issues discussed above, we have performed a fuab
initio study of benzene adsorption on Si~100!. Total-energy
calculations and molecular-dynamics~MD! simulations have
been carried out within the Car-Parrinello approach10,11 in
the framework of the density-functional theory, in the loc
spin-density approximation. Tests have been also perform
using gradient corrections in the BLYP implementation12.
The calculations have been carried out considering
G-point only of the Brillouin zone~BZ!, and using norm-
conserving pseudopotentials,13 with s andp nonlocality for C
and Si. Wave functions were expanded in plane waves w
an energy cutoff of 35 Ry. We have explicitly checked th
increasing the energy cutoff or using a better sampling of
BZ does not lead to substantial changes in our results.

The Si~100! surface is modeled with a periodically re
peated slab of 5 Si layers and a vacuum region of 7 Å~tests
have been also carried out with a vacuum region of 10
without any significant change in the results!. A monolayer
of hydrogen atoms is used to saturate the dangling bond
the lower surface of the slab. We have used a supercell w
p(A83A8)R45° surface periodicity, corresponding to 8
atoms/layer; however, in order to check finite-size effec
1596 ©2000 The American Physical Society
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PRB 62 1597BRIEF REPORTS
the geometry optimizations have been repeated using a la
p(434) supercell with 16 atoms/layer.

Structural relaxations of the ionic coordinates are p
formed using the method of direct inversion in the iterat
subspace.14 During ionic relaxations and MD simulations
the lowest Si layer and the saturation hydrogens are k
fixed. We verified that, by starting with the unreconstruct
clean Si~100! surface, the structural optimization procedu
correctly produces asymmetric surface dimers, with a dim
bond length and buckling angle in good agreement with p
vious, highly convergedab initio calculations.15 We have
considered different surface periodicities for the dimer
construction that may occur on the Si~100! surface, i.e., (2
31), p(232), andc(432). A single benzene molecule i
added on top of the slab and the system is then fully rela
towards the minimum-energy configuration. To better e
plore the complex potential-energy surface of this system
most of the cases the optimization procedure was repe
using a simulated-annealing strategy and also starting f
different initial configurations.

We find that the lowest-energy configurations are giv
by two tetra-s-bonded structures, characterized by the pr
ence of one C-C double bond, which we refer to as ‘‘tig
bridge’’ ~TiB! and ‘‘twisted bridge’’ ~TwB! ~see Fig. 1!.
TwB is similar to TiB but the benzene molecule is rotated
90° with respect to the Si surface and is slightly higher
energy ~see Table I!. This result is in agreement with th
findings of Ref. 8 and turns out to be independent of the s
of the supercell used in the simulation and on the differ
reconstructions of the Si~100! surface. It remains true als
using BLYP gradient corrections, as can be seen in Tab

We also find, at somewhat higher energies, three dif
ent, metastablebutterfly structures, characterized by tw
C-Si bonds, which are shown in Fig. 1. One of them@‘‘stan-

FIG. 1. The stable structures of benzene adsorbed on Si~100!:
SB5standard butterfly, TB5tilted-bridge butterfly, DB5diagonal-
bridge butterfly, T5tilted, P5pedestal, TiB5tight bridge, and TwB
5twisted bridge. For clarity only the four Si atoms of two dime
and four belonging to the second layer are shown.
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dard butterfly’’ ~SB!# is the well-known configuration with
the benzene molecule adsorbed on top of a single Si dim
The others@‘‘tilted-bridge butterfly’’ ~TB! and ‘‘diagonal-
bridge butterfly’’ ~DB!#, which bridge two adjacent surfac
dimers, have not been reported in any previous study.

The Si~100! reconstruction crucially affects the occu
rence and energetic ordering of the three butterfly structu
In fact, in the (231) reconstruction~with parallel buckled
dimers!, SB and TB are the most stable~almost isoenergetic!
butterfly configurations, while DB is considerably less f
vored; in contrast, with reconstructions involving alternati
buckled Si dimers, such as thep(232) and thec(432), SB
and DB are the lowest-energy configurations, while the bi
ing energy of TB is significantly smaller. This clearly ha
pens because the two C-Si bonds of the TB structure
more easily created when the benzene molecule is adso
onto Si~100! (231), while the formation of the DB structure
is favored by the presence of alternating buckled Si dime

The other configurations proposed in the literatu
namely, the ‘‘tilted’’ ~T! and the ‘‘pedestal’’~P! ones, lie
higher in energy for all the Si~100! reconstructions consid
ered~see Table I!. In particular, the P structure is only foun
to be stable in the (231) reconstruction; however, even i
this case, an MD simulation performed at 300 K shows t
the structure converts very rapidly~in less than 1 ps! into a
DB structure. Although the P structure has four C-Si bon
it is energetically disfavored because it involves the prese
of two radical centers.

Inspection of the C-C distances for the various sta
structures reveals the existence of two kind of bonds: a l
one~‘‘single’’ ! and a short one~‘‘double’’ !, of length 1.49–
1.59 and 1.34–1.36 Å, respectively. These values should
compared with the C-C bond length in the isolated benz
molecule, 1.39 Å . One double bond characterizes the T
and TwB structures, while two double bonds are found in
butterfly structures. In contrast, in the P configuration all
C-C bonds are single ones. These conclusions are confir
by a more quantitative analysis of the electronic orbita
which we performed by using both the notion of Mayer bo
order16 and the method of the localized Wannier functions17

In the three butterfly configurations~SB, TB, DB!, the bond
angles (119° –122°) at the C atoms not involved in the S
bonds, are close to that (120°) of the isolated benzene m

TABLE I. Binding energies~in eV! of different configurations
for benzene adsorbed on Si~100! in the (231) andc(432) recon-
structions~the nomenclature is the same as in Fig. 1!. The p(A8
3A8)R45° supercell was used;L denotes results obtained with th
larger p(434) supercell and BLYP means application of BLY
gradient corrections~Ref. 12!. A missing entry indicates that a
stable configuration was not obtained by the optimization proce

Configuration (231) (231) L (231) BLYP c(432) L

SB 2.04 2.06 1.22 2.20
TB 2.10 2.08 1.12 1.99
DB 1.63 1.70 0.41 2.24
T 1.50 1.55 0.77 1.68
P 1.51 1.60
TiB 2.68 2.77 1.53 2.65
TwB 2.47 2.53 1.31 2.38
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1598 PRB 62BRIEF REPORTS
ecule, while those (103° –113°) at the four-fold coordina
C atom are closer to the ideal tetrahedron (109.5°) an
This clearly indicatessp2 and sp3 hybridization, respec-
tively. After benzene chemisorption, although the Si
dimers are preserved, the Si dimer buckling angle is alm
reduced to zero, with the exception of the TB and DB str
tures. In the lowest-energy TiB structure the angle betw
the double bond and the Si~100! surface is 45°, in good
agreement with the experimental estimate,9 ;43°.

The structural parameters do not change apprecia
when a largerp(434) surface supercell is used. Use
BLYP gradient corrections makes bond lengths ab
1%–2% longer, while binding energies are significantly
duced~see Table I!. Moreover, in the (231) reconstruction,
the P configuration is no longer stable and, among the th
butterfly structures, BLYP favors SB, while the binding e
ergy of DB is even smaller than that of the T structure. No
however, that TiB and TwB remain the lowest-energy co
figurations.

According to the results of some experiments and theo
ical calculations,8,9 adsorbed benzene predominantly form
butterfly ~SB! configuration, while the TiB one~and perhaps
TwB! appears in detectable amounts on relatively long
mescales only, thus indicating the existence of an ene
barrier between the two structures.

In order to identify possible metastable states, occurr
in the early stages of adsorption, we have tried to find, in
simplest way, the most probable structure of a benzene m
ecule impinging on the Si~100! surface. If we place the mol
ecule at some distance from the surface we observe
regardless of the initial position and orientation of the m
ecule, after full relaxation the final structure is almost inva
ably one of the three butterfly configurations. This happ
because the dimers are tilted, favoring the formation of
di-bonded butterfly structures rather than the tetra-bon
ones. The specific butterfly configuration that is actua
formed depends critically on the type of reconstruction of
Si surface that is considered, as already discussed above
the contrary, there are only very few initial positions th
lead to the low-energy TiB and TwB configurations.

We have tried to characterize the energy barrier that m
be overcome to relax from the butterfly configurations to
lower-energy TiB and TwB structures. To this aim w
started with the benzene molecule in the SB configurat
Let Cd be one of the C atoms involved in the Si-C bond
Many calculations have been performed in which the io
coordinates of both the molecule and the substrate were
timized under the constraint that thex,y coordinates of the
two Cd atoms are held fixed. A particular pathway, conne
ing the SB to the DB structure, is shown in Fig. 2, where
reaction coordinate is defined as the distance between
Cd-Cd axis of the initial configuration and that of the di
placed structure. The pronounced energy minimum co
sponds to the occurrence, during the transformation, of
lowest-energy TiB structure. Note however that this is ch
acterized by a very narrow well. From Fig. 2 a lower bound
of ;0.5 eV can be inferred for the energy barrier, to
compared with the experimental estimates,6,8 ;0.9–1.0 eV.
A similar calculation for the TB→TwB transition gives a
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smaller value of;0.4 eV. As a consequence the conversi
from TB to TwB is expected to be somewhat faster than t
from SB to TiB.

A large fraction of experiments on benzene on Si~100! is
based on STM techniques. However, different interpretati
of similar STM images led to contradictory conclusions6–8

about the adsorption sites and geometry of the adsorbed
ecules. For each of the structures reported in Table I we h
produced ‘‘theoretical’’ STM images to be compared wi
the experimental ones, following the recipe of Ref. 1
Charge density iso-surfaces have been obtained by inclu
electron states in an energy range down to;2 eV below the
highest occupied state, which corresponds to typical S
bias voltages. The simulated images are obtained by view
these iso-surfaces at typical tip-surface distances~a few Å
above the benzene molecule!.

Our computed STM image for the TiB structure exhibits
density maximum above one of the two Si dimers involv
in bonding with benzene, while the TwB configuration pr
duces a similar image but rotated by 90°. These images
semble those obtained by Lopinskiet al.8 The theoretical
STM image for the SB structure is characterized by a bri
two-lobe protrusion centered symmetrically above a single
dimer unit and oriented orthogonal to the dimer axis,
qualitative agreement with the experimental findings.6–8 In-
stead, the STM images of the TB and DB structures are q
different from that of SB. In fact the TB image is qualita
tively similar to that of TwB ~and the experimental STM
resolution could be insufficient to distinguish between t
two configurations!, while DB gives rise to a much fainte
feature, bridging in diagonal two Si dimers, which is pro
ably hardly visible in experiments. These observations co
explain why the DB and TB structures have not been
tected in STM experiments. The T configuration produces
asymmetric~with respect to Si dimers! image, appearing as
bright region~placed between two Si dimers! adjacent to a
dark region. Finally the P structure is characterized by t
spots corresponding to the dangling bonds of benzene;
result supports the conjecture7 that rules out the presence o
a significant fraction of benzene molecules adsorbed in th

FIG. 2. Total energy along the pathway obtained by shifting
benzene molecule along a dimer row from the SB~at the origin! to
the DB configuration, going through the lowest-energy TiB co
figuration ~on the bottom of the narrow well!. A p(A83A8)R45°
supercell with ap(232) surface reconstruction has been use
Data are represented by symbols, while the line is just a guide
the eye. The energies are relative to the SB structure.
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structure because of the absence of such spots in the
images.

We have also computed the vibrational spectra for a r
resentative butterfly structure, SB, and for the lowest-ene
TiB configuration, by performing Car-Parrinello MD simu
lations at room temperature. Our results for TiB show
slightly more quantitative agreement with the experimen
results1,9 than those for the SB structure, although the m
features of the spectra are similar in the two structures.
C9 (C8) denote a C atom which shares a double~single!
bond with another C atom. The C8-H and C9-H frequencies
~2880 and 3010 cm21) are in agreement with thesp3 and
sp2 stretching modes observed in recent IR spectrosc
experiments9 ~2945 and 3044 cm21), and semiempirical
cluster calculations8. Note that the C-H vibrations for the
isolated benzene molecule are characterized by a single
active frequency of 3063 cm21. For the C8-C9 and C9-C9
frequencies we find 1230 and 1520 cm21, respectively, to
be compared with the electron-energy-loss spectroscopy
perimental values,1 1170 and 1625 cm21. The C-H bending
h-

nd

s.

.

t,
M

-
y

a
l

n
et

y

R-

x-

modes are found at 900 and 1100 cm21, whereas
experimentally1 they are at 910 and 1075 cm21.

In conclusion, using state-of-the-artab initio simulations,
we have shown that a tetra-s bonded structure is the mos
stable configuration for benzene adsorbed on Si~100!. How-
ever, this structure and a very similar one, lying only sligh
higher in energy, correspond to very narrow wells in t
potential-energy surface for a benzene molecule imping
on the surface. Therefore it is more likely for the molecule
be adsorbed into one of three different, metastable butte
configurations, and eventually convert into the lowest-ene
structures. Our paper provides detailed information ab
structural, electronic, and vibrational properties of the s
tem, and allows a critical comparison with results obtain
from different experimental techniques and previous theo
ical calculations.
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