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Carbon induced restructuring of the Si„111… surface
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We present a combined experimental and theoretical investigation of the early carbonization stages of the
Si(111)-(737) surface upon acetylene exposure. Scanning tunneling microscopy images reveal the formation
of a (A33A3)R30° reconstruction.Ab initio calculations allow us to characterize this reconstruction as a
carbon-rich silicon phase due to subsurface incorporation of C atoms.
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The study of the interaction between small molecules c
taining carbon~such as acetylene! and Si surfaces has de
served a large amount of work in recent years, both from
theoretical and experimental points of view. An interesti
point is the experimental evidence of the formation of S
films on Si substrates obtained by exposure to th
C-containing molecules, without further supply of silicon.1–6

The mechanism governing the growth process is still a s
ject of debate, although recently7,8 the adsorption geometrie
of acetylene molecules at the Si(111)-(737) surface have
been investigated, and a possible mechanism for the di
ciation of acetylene through interaction with silicon atom
from the substrate has been suggested.8 Moreover, there is a
wide interest on the realization of carbon-enriched silic
structures for optoelectronic applications: the success
growing these systems is hindered by the low solubility
carbon in silicon at thermodynamic equilibrium. Prelimina
experimental results9 have shown that an unexpectedly hig
concentration of carbon can be achieved in surface or s
surface Si~111! layers, via deposition at relatively low
(.600 °C) temperatures. While theoretical and experime
results confirm the possibility of enhancing the carbon inc
poration at Si~001! surfaces,10 a detailed theoretical investi
gation of the effects of carbon atoms adsorbed on the Si~111!
surface is still lacking. An empirical calculation11 suggested
that possible adsorption sites for atomic carbon may occu
the Si surface~in the H3 hollow site, see Fig. 1! or at the
subsurface substitutional S5 site, while carbon clus
should preferably appear around S5. Thus the subject on
stability and carbon concentration is still controversial.

Here we focus on the early carbonization stages of
Si(111)-(737) surface induced by exposure to a flux
acetylene at.600 °C. We performed a combined expe
mental and theoretical investigation to clarify the prelimina
results reported in Ref. 12, and to study more relevant inc
poration rates. Our findings indicate that the adsorption
acetylene molecules at the Si~111! surface results in the re
moval of the 737 reconstruction in favor of a novelA3
3A3 one, similar to that observed for boron inclusions
Si~111!.13–17

Real time scanning tunneling microscopy~STM! images
of a Si(111)-(737) reconstructed surface were acquir
during acetylene exposure at 600 °C. The surface was
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pared from phosphorous-doped Si~111! wafers~nominal re-
sistivity .0.3–0.5V cm), which were intentionally studied
to avoid any spurious effect induced by boron doping.13–17

The samples were heatedin situ by Joule effect at 1200 °C;
after this annealing, no traces of reconstructions differ
from the 737 were observed even close to step edges.
wafers were kept in ultrahigh vacuum (231028 Pa) during
heating, and STM images were obtained after 60, 120, 1
and 360 L of acetylene exposure. A detailed description
the experimental method is given in Ref. 12.

The STM images that we recorded reveal the progres
removal of the 737 reconstruction at the surface. Alread
after 60 L exposure~Fig. 2!, the step edges begin to appe
irregular with atomic protrusions changing their origin
straight and abrupt shape. This gives rise to a progres
corrosion of terrace areas and leads to the formation of la
inlets, with increasing acetylene doses. This reaction proc
leading to a substitution of the original 737 reconstruction
with a (A33A3)R30° surface arrangement, starts in regio
close to step edges; then it progressively expands throug
the upper terraces12 with increasing carbon amount. A simila
expansion mechanism eventually involves also the surf
regions where preexposure defects or holes exist.

Low-energy electron diffraction~LEED! patterns re-
corded after 360 L exposure show a coexistence of (131)
and (A33A3)R30° spots@see Fig. 2~c!#. By comparing the

FIG. 1. Schematic top~left! and side ~right! view of the
A33A3 reconstruction.
©2004 The American Physical Society13-1
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FIG. 2. STM ~a,b! analysis of the Si~111! surface after acetylene exposure~filled states,Vbias522.0 V, I tunnel51.8 nA). In ~a!
(30330 nm2), a portion of the original clean 737 reconstruction is still clearly recognizable together with theA33A3 zone. Arrows
parallel to the basis vectors for the 737 and A33A3 reconstructions are drawn in the corresponding regions. A magnified sna
(10310 nm2) of a zone with aA33A3 reconstruction is shown in~b!. ~c! is the LEED pattern after completion of C incorporation~360 L
exposure!, with theA33A3 reconstruction already stabilized.
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reciprocal lattice spots, we evaluated that the lattice par
eter of the latter surface reconstruction is about 0
60.08 nm. This result is confirmed by measuring the int
atomic distances along the main directions of the (A3
3A3)R30° surface cell in the STM images (0.6
60.02 nm). Since the silicon terminated hexago
SiC~0001! (A33A3)R30° surface reconstruction is chara
terized by an adatom distance of 0.53 nm,18 our reacted com-
pound cannot be silicon carbide but rather a different Si~111!
phase induced by carbon incorporation, in agreement w
previous results obtained by means of atomic carb
deposition.9

A result analogous to our findings was already reported
the literature for the incorporation of boron in Si: LEE
~Ref. 13! and STM ~Refs. 14–16! studies evidenced tha
adsorption of boron atoms on the Si(111)-(737) surface
may result in the removal of the reconstruction, towards
formation of domains of adatom-covered regions withA3
3A3 periodicity. At variance with other group III elemen
on Si~111!,19 the superstructure induced by boron incorpo
tion appears as dark spots in STM empty states images,
suggesting that boron occupies subsurface sites. This
dence was supported by calculations indicating that the
ferred site for B at the surface is the S5 substitutional
below the Si adatom in T4.14

To shed light on the nature of the carbon enriched
reconstruction observed experimentally, we performedab
initio density-functional calculations to investigate the en
getics of different configurations for C incorporation in th
Si~111! surface. We considered both a 232 and aA33A3
reconstruction: the choice of performing calculations on
232 cell is suggested to describe in an accurate way
adatom–rest-atom couple of the 737 reconstructed surface
while reproducing the portion of surface where the origin
737 reconstruction is removed.8,20 This allows us to under-
stand the mechanisms of C adsorption and Si substitutio
low C coverages, before building up a completeA33A3
reconstruction. The electronic wave functions were expan
in plane waves, with energy cutoff of 50 Ry~for the 232
calculations!. Electron-ion interaction was included vi
pseudopotentials; the Perdew-Wang21 parametrization for the
gradient-corrected exchange-correlation~GGA! functional
was adopted. We modeled the surfaces through a repe
11331
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slab representation. For the 232 surfaces the slab is com
posed of six Si double layers with 434 periodicity and a
hydrogen layer to saturate the dangling bonds of one of
slab surfaces; only theG point was used for the Brillouin-
zone ~BZ! sums. In order to enhance comparison with t
experimental STM images at high coverages, we perform
further calculations in aA33A3 cell. This surface is char
acterized by three Si atoms per unit cell and an adatom in
tetrahedral T4 position, as indicated in Fig. 1. A similar tec
nique has been adopted in this set of calculations, althoug
this case we used ultrasoft pseudopotentials22 with 25 Ry
cutoff energy, a slab withA33A3 periodicity, and a
Monkhorst-Pack grid of 232 k points for the BZ sums. The
relative stability of different structures was evaluated in t
grand-canonical scheme.23

To interpret the experimental results, we considered fi
of all the adsorption of C atoms at the 232 surface. In order
to understand if the preferred adsorption site lies above
below the surface, we calculated the energetics for differ
cases: adsorption of four carbon atoms in a T4 site~C-T4,
substituting the Si T4 adatoms!, and adsorption of four car
bon atoms in an S5 site~substituting the four Si atoms below
the four Si-T4: this structure will be hereafter labeled
C-S5!. Our calculations evidenced that S5 is the prefer
site for carbon incorporation: this structure is favored by 1
eV ~per C atom, i.e., per 232 cell! with respect to the C-T4
structure. This result is in agreement with similar findings
boron atoms14 and the empirical calculation for C:Si~111!.11

A further test calculation for a structure with a C atom in S
and a C atom in T4~per 232 cell! was found to lay 1 eV per
C atom above C-S5. The energy differences are large c
pared to the error that can arise from the differentk-point
sampling24 between this last one and the two other geo
etries.

In order to improve the comparison with experiment
larger incorporation rates, and provide a detailed descrip
of the electronic and structural properties of the (A3
3A3)R30° reconstruction observed via STM, we perform
further calculations in aA33A3 unit cell. Also in this case,
the natural choices for C are T4 and S5. The simulatio
confirmed that the substitutional S5 site is the preferred
for C incorporation. For the sake of completeness, we f
thermore considered other adsorption sites, substituting
3-2



H3
ut
e

ov
-
u
d
ic
s,
en
ur
,
io
-
is
o
ge
n.

o

o

e
s
in
n
n

-S
sf

the

s.
ot
es;

s
te
ies
sted
is is

are
tes

and
mu-
and
ruc-
lean
m-
tions
ites
hts.
n-

ro-
ion.
ned
s a
n,

he

ne
f

ur-
the

rre-
c-
-
he
bed
the
wed
the
hat
an
Si-
tion

al
ly
gh

Th
a

ab
t

-

l i
er

BRIEF REPORTS PHYSICAL REVIEW B69, 113313 ~2004!
ferent surface Si atoms, or with the carbon adatom in
Also these geometries are metastable structures: substit
a surface Si atom leads to a configuration which lays 0.65
and 1.13 eV per C atom below configuration C-T4 and ab
configuration C-S5, respectively.25 The structure with a car
bon adatom in H3, instead, is not stable, and spontaneo
evolves to recover a higher coordination for the carbon a
tom, towards a distorted T4 geometry. This result, wh
contradicts the outcomes of empirical potential simulation11

should not be surprising, as it is known that classical pot
tials tend to stabilize a larger number of metastable struct
compared to first-principles methods.26 As discussed before
we evaluated the relative stability of the C-S5 configurat
with respect to the cleanA33A3 surface, in the grand
canonical scheme.23 we found that carbon incorporation
always unfavorable, but for extremely C-rich and Si-po
conditions, where the C-S5 structure becomes almost de
erate~10.04 eV/cell! with the clean surface reconstructio
This result is in agreement with the experimental evidence
poor solubility of C in Si bulk. In view of this result, we did
not consider higher coverages for carbon: the present
~1/3 ML! already accounts for the observedA33A3 recon-
struction.

In Fig. 3~a! we report the equilibrium geometries for th
cleanA33A3 surface with a Si adatom, and for the mo
stable structure containing carbon, i.e., C-S5. At a first
spection, it appears evident that there is not a large differe
in the z position of the Si adatoms in the clean surface a
for the surface with C in S5; the Si surface atoms bonded
the adatom however move deeper in the bulk~0.26 Å, the
Si-Si bond length varies from 2.45 to 2.51 Å! when C is
adsorbed in S5. This relaxation occurs to optimize the C
distances, and it is in agreement with the charge tran

FIG. 3. ~a! Side view of the Si~111! A33A3 slab. Only the Si
bilayers that undergo significative displacements are shown.
reference lines evidence the different relaxation of the surface
oms for the geometries considered. From left to right the sl
correspond to the clean Si surface, with Si adatoms in T4, and to
C-S5 structure~one substitutional C atom in S5!. The panels repro-
duce similar isosurfaces for the HOMO states atG. Gray ~black!
spheres are Si~C! atoms.~b! STM constant current simulated im
ages for filled ~top panels! and empty~lowest panels! states at
Vbias521.5 V and 0.5 V, respectively, for the clean~right! and
C-S5 ~left! A33A3 reconstructed surfaces; the surface unit cel
replicated in each snapshot to facilitate comparison with exp
ments.
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towards the carbon atom, as evidenced for instance by
highest occupied molecular orbital~HOMO! states, which
are visualized in Fig. 3~a!, for the clean and C-S5 surface
Both HOMO and lowest unoccupied molecular orbital, n
shown, are localized on the Si adatom in both structur
however, for the defected C-S5A33A3 surface, the state
present larger components towards the subsurface S5 si~C
atom! and at the Si adatom backbonds. This result impl
that STM images should appear as broad, less contra
spots in correspondence to substitutional C-S5 sites. Th
evidenced in the top panels of Fig. 3~b!, where the STM
simulated images for filled states for the two structures
presented, in comparison with the calculated empty sta
images shown in the bottom panels: the applied voltage
current level are kept the same in the clean and C-S5 si
lated images, to enhance relevant details. The empty
filled states images result complementary, as the C-S5 st
ture has darker STM spots in empty states, than the c
one. Zones with different brightness in the experimental i
ages at constant current may thus be interpreted as por
of the sample where carbon substitution in subsurface s
has/has not occurred, rather than zones of different heig

Our theoretical results compare well with the experime
tal STM images for filled states, reported in Fig. 2, and p
vide a detailed interpretation of the observed reconstruct
They are furthermore in agreement with the results obtai
for boron:14,17although a group IV element carbon present
high electronegativity value, much larger than that of silico
with which it tends to make polar bonds, attracting t
charge along the bond direction.27

In conclusion, we have found that adsorption of acetyle
at the Si(111)-(737) surface may result in the removal o
the 737 reconstruction in favor of a (A33A3)R30° recon-
struction, in a similar way as observed for different prec
sors. The distances between corresponding maxima in
STM images reveal that the reconstruction does not co
spond to the formation of a SiC film but to a Si reconstru
tion. Our ab initio calculation allows us to interpret the ex
perimental findings in terms of a C-rich silicon phase: t
carbon atoms arising from the dissociation of the adsor
molecules occupy subsurface substitutional sites below
Si adatoms. The analysis of the electronic states has allo
us to characterize the different brightness of spots in
STM images. The mechanism of carbon incorporation t
we have described may be an efficient way to perform
ordered carbonization of the silicon substrate, leaving a
terminated surface, which represents a favorable condi
for subsequent SiC growth.

Note added in proof:Our results nicely compare to
Xiangyang Peng, Ling Ye, Xun Wang, Surf. Sci.548, 51
~2004!.

We would like to thank C. Cavazzoni for computation
support. The computing facilities in CINECA are grateful
acknowledged. The work was supported by INFM throu
PRA-1MESS and Parallel Computing Initiative.

e
t-
s

he

s
i-
3-3



m

ac

rg

y

M

.
O.

ab

t,

e

l.
.
.

,

ur

.A

.A

v.

inz,

G.

en,
ev.

the
dral

ce
lec-

R.

for

f
be

-T4
ap-
titu-
er-
nt.
tion

lu-

ys.

BRIEF REPORTS PHYSICAL REVIEW B69, 113313 ~2004!
*Electronic address: pigna@unimore.it
1J. Yoshinobu, H. Tsuda, M. Onchi, and M. Nishisijima, Che

Phys. Lett.130, 170 ~1986!.
2C. Huang, W. Widdra, X.S. Wang, and W.H. Weinberg, J. V

Sci. Technol. A11, 2250~1993!.
3S.H. Xu, Y. Yang, M. Keeffe, G.J. Lapeyre, and E. Rotenbe

Phys. Rev. B60, 11 586~1999!.
4F. Matsui, H.W. Yeom, I. Matsuda, and T. Ohta, Phys. Rev. B62,

5036 ~2000!.
5F. Rochet, G. Dufour, P. Prieto, F. Sirotti, and F.C. Stedile, Ph

Rev. B57, 6738~1998!.
6M. De Crescenzi, M. Marucci, R. Gunnella, P. Castrucci,

Casalboni, G. Dufour, and F. Rochet, Surf. Sci.426, 277~1999!.
7V. De Renzi, R. Biagi, and U. del Pennino, Phys. Rev. B64,

155305~2001!.
8R. Di Felice, C.A. Pignedoli, C.M. Bertoni, A. Catellani, P.L

Silvestrelli, C. Sbraccia, F. Ancilotto, M. Palummo, and
Pulci, Surf. Sci.532, 982 ~2003!.

9J.W. Strane, S.R. Lee, H.J. Stein, S.T. Picraux, J.K. Watan
and J.W. Mayer, J. Appl. Phys.79, 637 ~1996!; V. Cimalla, Th.
Stauden, G. Ecke, F. Scharmann, G. Eichhorn, J. Pezold
Sloboshanin, and J.A. Schaefer, Appl. Phys. Lett.73, 3542
~1998!.

10H. Rucker, M. Methfessel, E. Bugiel, and H.J. Osten, Phys. R
Lett. 72, 3578 ~1994!; J. Tersoff, ibid. 74, 5080 ~1995!; T.
Takaoka, T. Takagali, Y. Igari, and I. Kusunoki, Surf. Sci.347,
105 ~1996!; K. Miki, K. Sakamoto, and T. Sakamoto, App
Phys. Lett.71, 3266~1997!; P.C. Kelires and E. Kaxiras, Phys
Rev. Lett.78, 3479~1997!; P.C. Kelires and E. Kaxiras, J. Vac
Sci. Technol. B16, 1687~1998!; R. Butz and H. Lu¨th, Surf. Sci.
411, 61 ~1998!; O. Leifeld, D. Grützmacher, B. Mu¨ller, K. Kern,
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