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Abstract

The structure and energetics of the carbon-rich c(4 · 4) surface reconstruction on Si(0 0 1) is studied theoretically.

These combined analyses demonstrate that for five or six carbon atoms per c(4 · 4) unit cell, the configuration involving

carbon atoms in second nearest-neighbor positions in subsurface sites is more stable than the first nearest-neighbor

configuration, involving a C–C dimer and a missing Si dimer. This SiC-like configuration could account for the for-

mation of 3C–SiC precipitates generally observed during the growth of Si–C alloys for high C concentrations (>3%)

and at high temperatures (>650 �C).
� 2004 Elsevier B.V. All rights reserved.
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1. Introduction

The structure of the carbon-induced c(4 · 4)
reconstruction on the Si(1 0 0) surface has been the
subject of intense investigations over the last years

[1–10]. The change from the well-known c(2 · 4) or
p(2 · 2) reconstructions of the pure Si surface to

the c(4 · 4) pattern, with four dimers per unit cell,

takes place after carbon (C) deposition at 600 �C.
The debate concerning the structure of this pattern
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revolves around the following questions: (i) What

is the profile of C atoms in the surface and sub-

surface layers? (ii) Do C atoms form C–C dimers

on the surface or just Si–C dimers? (iii) Are there
any defects, such as missing dimers involved in the

picture? (iv) Do C atoms form particular com-

plexes? (v) Do C atoms participate directly in the

reconstruction?

Regarding the last issue, there have been reports

[2,10] suggesting that the reconstruction is formed

even at very low C contents, below 0.1 monolayer

(ML) coverage, corresponding to less than one C
atom per c(4 · 4) unit cell. This means that C does

not need to be a regular part of the reconstruction,

but that it can induce the c(4 · 4) pattern through

the strain field produced by its incorporation. This
ed.
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is a viable scenario for such low contents, and we

discuss it in detail below.

The possibility for the formation of C–C di-

mers, in general terms not specifically dealing with

the c(4 · 4) reconstruction, was proposed by Kel-

ires and Kaxiras [11] who performed ab initio
calculations and Monte Carlo (MC) simulations of

C incorporation in Si(1 0 0) using (2 · 1) cells with
a high (1 ML) C coverage. A C–C dimer bond

gives a large gain in chemical energy but also a

large cost in strain energy due to the large defor-

mations accompanying this structure. In the static

calculations of Ref. [11], the C–C dimer bond was

found to be the lowest-energy configuration
among others involving a pair of C atoms in the

near surface region. The gain in chemical energy

partly overwhelms the strain-energy cost. The MC

finite-temperature simulations, however, showed

that C atoms readily diffuse at typical growth

temperatures from the fully covered with C–C di-

mers surface into sub-surface sites, in agreement

with experimental work by Osten et al. [12]. An
oscillatory composition profile is produced char-

acterized by enhancement of C concentration in

layers 1 and 3, a near depletion in layer 2, and

reduction in layer 4. The most probable subsurface

positions of C atoms are in third nearest-neighbor

(NN) distances, as in the bulk configurations in

Si1�xCx alloy layers suggested by R€ucker et al. [13].
Therefore, the finite-temperature MC simula-

tions in the work of Ref. [11] gave clear evidence

for subsurface C. In fact, when the surface was

initially prepared to consist of Si–C dimers, the

simulations showed a further enhancement of

subsurface C. Subsequent work by Remediakis

et al. [9] focusing exclusively on the c(4 · 4) recon-
struction confirmed the existence of both surface

and subsurface C. However, the static calculations
in the work of Ref. [11] neglected to examine the

possibility to have a C atom on the surface form-

ing a Si–C dimer bond and another C in subsur-

face positions. This negligence was corrected in the

work of Ref. [14]. It was found that the configu-

ration involving a Si–C dimer in a (2 · 1), or

(2 · 2), unit cell and another C atom in sites of

layer 3 (or 4) below the surface dimers, which are
under compressive stress and thus favorable for

the smaller atom (C) [15,16], is lower in energy
than a C–C dimer bond by .0.1 eV/(C pair).

Subsequent work [7,8] confirmed this picture

reached by Kelires [14].

Among the models proposed for the c(4 · 4)
reconstruction of the C-rich surface, three recent

models explored the possibility to have both sur-
face and subsurface C. The first of these models,

proposed by Leifeld et al. [5], requires the forma-

tion of carbon clusters of six first NN C atoms,

consisting of C–C dimers bonded to four C atoms

in the second subsurface layer. This configuration

was found to explain the apparent pairing of Si

dimers seen in STM images, in the presence of

strain-relieving missing dimers, but it does not
account for the presence of C in the third or forth

subsurface layers, as is indicated by XPS [3,17] and

XPD [17] experiments. The models of Remediakis

et al. [9] and Simon et al. [8] take this into account.

The former is based on the theoretical C compo-

sition profile in Refs. [11,14]. It considers C atoms

on the surface forming Si–C dimers and in the

third layer at the favorable compressive sites. The
latter model also considers as basic surface ingre-

dient the Si–C dimers, it is even more flexible by in

addition allowing occupancies in the forth layer,

and seems to be compatible with XPS and STM

measurements. Common characteristic of both

models is the absence of C at the second subsur-

face layer, and the correlation of C atoms at third

NN positions. Such c(4 · 4) configurations can be
considered as precursors for the growth of Si1�xCx

alloys.

In this paper, we offer an alternative model for

the C-rich c(4 · 4) reconstruction. The configura-

tion contains five C atoms positioned at second

NN arrangements, forming a cubic b-SiC cluster

below the surface. We use ab initio density func-

tional theory calculations to obtain the relative
energies and simulated STM images of the con-

sidered structures and Monte Carlo simulations to

study their stability and thermodynamical prop-

erties. We find that the energy of the new config-

uration is lower than the Leifeld structure, and its

computed STM image compares favorably with

new experimental STM images. We propose that

this new c(4 · 4) configuration could be considered
as a precursor for the growth of ordered b-SiC
alloys.
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Fig. 1. Relaxed geometries (top views, topmost four layers

shown) of the configurations discussed in the text. A supercell

four times the c(4· 4) unit cell is shown. The configurations on
the right column, marked B contain a dimer vacancy defect. Si

surface atoms are shown as grey spheres, Si atoms of the 2nd,

3rd and 4th layers are shown as smaller, white spheres; C atoms

are represented by black spheres.
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2. The configurations

All configurations studied in this work have the

c(4 · 4) periodicity. The configurations are named

NX , N being the number of C atoms in the c(4 · 4)
unit cell and X an index to distinguish structures of

the same N . In particular, configurations indexed

as A (5A and 6A) are obtained by substituting the

appropriate Si atoms by C in pure Si(1 0 0) (con-

figuration 0A). Configurations indexed as B (5B
and 6B) are obtained by substituting the appro-

priate Si atoms by C in Si(1 0 0) with a missing

dimer defect (configuration 0B). The relaxed
geometries of the considered configurations are

shown in Fig. 1.

Configuration 0A is the pure, dimer recon-

structed Si(1 0 0) in the c(4 · 4) periodicity. The

dimers are shown in Fig. 2 as pairs of large gray

spheres. The two atoms forming the dimer do not

lie in the same height, i.e, the dimer is tilted.

Adjacent dimers are tilted in opposite directions,
forming a local p(2 · 2) arrangement. 0B corre-

sponds to pure Si(1 0 0) with an isolated missing

dimer defect. The distance between subsequent

missing dimers is 15.4 �A, large enough to ensure

negligible coupling between defects.

The configurations with six C atoms per c(4 · 4)
cell (6A and 6B) contain C atoms at first NN

positions and a C–C dimer on the surface. The
atoms are in positions 1, 2, 3, 4, 5 and 6 of Fig. 2.

The configuration including a missing dimer, 6B,
was proposed by Leifeld et al. [5] as a good can-

didate to account for the observed STM images.

As discussed above, C atoms are not expected to

be in nearest-neighbor positions in bulk Si1�xCx

alloys [11,13], and C–C dimers are quite rare in

annealed C–Si(1 0 0) samples [4]. However, C–C
dimers could exist in the presence of strain-reliev-

ing missing dimers. We study here this configura-

tion together with a similar one but with no dimer

missing (6A).
We consider two new structures for C-alloyed

Si(1 0 0), with five C atoms per unit cell. They are

configurations 5A and 5B, with C atoms in posi-

tions 3, 4, 5, 6 and 7 of Fig. 2. These structures
contain C atoms in second NN positions, which

form a b-SiC cluster below the surface. Formation

of SiC clusters during C incorporation on Si(1 0 0)
has been previously reported [12]. In addition, the

structures have a C atom at the fourth layer di-

rectly below the surface dimer. This site is under

compressive stress due to the reconstruction [15,16]

and is expected to be favorable for C.
3. Method

The need for combining different theoretical

methods in this study arises from the nature of the
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Fig. 2. Top (left) and side (right) views of a c(4 · 4) unit cell of the dimer-reconstructed Si(1 0 0). Dimer atoms are shown in gray. The

numbers denote sites where C substitutes Si atoms in the configurations discussed in the text.
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properties of interest. In the microscopic level, the

large differences in covalent radii (35%), bond en-

thalpies (35%) and electronegativities (25%) be-

tween C and Si, suggest that the strongly distorted

bonds and the charge-transfer effects present in the

system establish the necessity for quantummechan-
ical calculation of the total energies and forces.

On the other hand, the calculation of the free

energy in a quantum mechanical scheme for large-

size systems, as the ones under study here, is either

unfeasible or approximate. For this purpose we

employ Monte Carlo calculations using empirical

potentials. This approach allows us not only to

calculate the free energy of the system at any
temperature, essentially at the accuracy of the

empirical potential we chose, but also to explore

diffusion of atoms, transformations of the system

and possibly phase transitions between different

configurations.

3.1. Ab initio method

We model the system by a repeated slab

geometry, having seven layers of Si atoms and a

terminating H layer at the bottom. The Si layer

above the H atoms is kept fixed during the simu-

lation, with the positions of H chosen in such a

way to mimic the bulk Si–Si bonds. The other six
Si layers are allowed to move. The system has the

c(4 · 4) periodicity with the lattice constant taken

to be that of bulk Si. The repeated slabs are sep-

arated by �10 �A of vacuum. This choice of

supercell has been proven excellent for the descrip-

tion of both pure and C-enriched Si(1 0 0) [9].
The first-principle calculations were performed

using the commercial Vienna ab initio simulation

package (VASP) code [18–20], based on density

functional theory (DFT) [21,22]. The exchange

and correlation energy and potential were calcu-

lated using the generalized gradient approximation

(GGA) functional of Perdew and Wang [23]. The

atomic cores and their interactions with valence
electrons were taken into account via the ultra soft

Vanderbilt type pseudopotentials [24] as supplied

by Kresse and Hafner [25].

The Brillouin zone of the system was sampled

by the C point, which is sufficient due to the large

size of the unit cell. Indeed, convergence tests by

Sonnet et al. in Ref. [7] showed that increasing the

k-points used for a C-rich c(4 · 4) Si(1 0 0) unit cell
does not result in significant changes in the ener-

getics. The wave function was expanded to plane-

waves using a cut-off energy of 26 Ry. For fixed

ionic positions, the wave functions are calcu-

lated using a preconditioned conjugate gradient

minimization algorithm, until the total energy is
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converged up to 10�4 eV. In each self-consistency

step, the output charge density is mixed with the

input one using a Pulay mixing method [26]. The

ionic positions are relaxed using a conjugate gra-

dient minimization algorithm, until the difference

in the converged total energies before and after
each ionic step is smaller than 10�3 eV.

The STM images were obtained from the cal-

culated wave functions by means of the Tersoff

and Hamann theory [27]. In this scheme the tun-

neling current is proportional to the local density

of states at the microscope tip, integrated in a

window of energies from �V to EF, where V is the

voltage between tip and surface, and EF is the
Fermi level of the system. We can thus calculate

the tunneling current I as a function of the surface

coordinates ðx; yÞ and the tip–surface distance z.
To simulate the constant-current mode of the STM,

we solve numerically the equation Iðx; y; zÞ ¼ I0
with respect to z, and then draw a contour plot of z
as a function of x and y.

It is well known that although the dimers of
Si(1 0 0) are tilted, with one atom located higher

than the other, they appear symmetric at STM

images taken at room temperature. The reason is

that due to thermal vibrations of atoms, dimers

flip at a frequency much higher than what the

STM tip can capture [28]. The room temperature

STM image is thus an average over the two pos-

sible configurations of each dimer. Alternative
explanations of this effect involve the tip–dimer

interaction, which favors the dimers in a particular

tilted direction, and which reverses when the tip is

over the other end of the dimer. To make our

simulations directly comparable to the observa-

tion, we also symmetrize the derived STM images:

for each ðx; yÞ point of the surface, we plot the

average of the tip height at this point and at the
symmetric point with respect to the dimer row.

3.2. Monte Carlo method

We perform continuous-space Monte Carlo

(MC) simulations. The energy of the system is ob-

tained using the multi-component empirical poten-

tials of Tersoff [29], applied with success in similar
contexts [11,14,30]. Equilibration of the system is

done at 900 K [14,30,31]. For positional equilibra-
tion, there are two types of MC moves involved in

the algorithm: the random atomic displacements

and the volume changes. A third kind of move leads

to configurational equilibration, which is needed to

check the stability of the structures at a given tem-

perature against either randomization or transfor-
mation to another phase. This kind of moves

consists of Ising-type identity flips, restricted to the

form of mutual particle interchanges, e.g., from C

to Si at a randomly chosen site and vice versa at

another site, keeping the composition constant. To

overcome the large barriers associated with C

incorporation and exchange, Kelires [30] has

introduced a relaxation of the nearest neighbors of
the atoms that exchange identities before the energy

is recalculated. The resulting statistical ensemble

can be described as the familiar isobaric-isothermal

ðN ; P ; T Þ ensemble supplemented by the identity

switches.

The traditional random atomic moves sN ! s0N ,
sN is symbolic for the 3N scaled atomic coordi-

nates in the cell, and the volume changes V ! V 0

are accepted with probability

Pacc ¼ Min½1; expð�DW =kBT Þ�; ð1Þ

where

DW ¼ DUdisplðsN ! s0N Þ þ P ðV 0 � V Þ
� NkBT lnðV 0=V Þ: ð2Þ

For the identity flips the acceptance probability is

given by

P iden
acc ði $ i0Þ ¼ Min½1; expð�DUðsN Þ=kBT Þ�; ð3Þ

where DUðsN Þ denotes the change in the potential

energy due to the identity ði $ i0Þ mutual flip and

the accompanying relaxations [30]. The imple-

mentation of this ensemble is done according to

the Metropolis algorithm [32].

For the MC simulations we model the system

by a supercell consisting of four c(4 · 4) cells with
seven layers of Si atoms. The bottom layer is fixed
to the bulk positions. The lattice vectors parallel to

(1 0 0) are kept fixed to their values for bulk Si, and

the lattice vector perpendicular to (1 0 0) is relaxed,

allowing the layer separation distance to change in

order to minimize the total energy.
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3.3. Comparison of energies

To compare the energies of the structures, we

must take into account the fact that they contain

different number of atoms, and so we need to use
the grand canonical ensemble formalism. For this

purpose we calculate the grand thermodynamical

potential,

XðNX Þ ¼ FtotðNX Þ � NlC � NSilSi; ð4Þ

where FtotðNX Þ is the calculated total free energy of

configuration NX , N andNSi is the number of C and
Si atoms in configuration NX . lC and lSi are the

appropriate chemical potentials for C and Si,

respectively. The chemical potentials tune the stoi-

chiometry of the system and are extremely impor-

tant in the prediction of the favorable structure

[33,34].

We define the relative energies of the cells with

respect to 0A, the pure Si(1 0 0),

ErðNX Þ ¼ XðNX Þ � Xð0AÞ ð5Þ
and the formation energy, which is the energy

difference between NX and 0X :

EfðNX Þ ¼ XðNX Þ � Xð0X Þ: ð6Þ
The relative energy, ErðNX Þ, is the amount of

energy needed to remove N Si atoms from pure

Si(1 0 0) (configuration 0A), put them in bulk Si,

and substitute them with C atoms taken from the

appropriate reservoir. For the structures labeled B,
which contain a missing dimer, ErðNX Þ includes

the energy cost to remove the dimer. In contrast,

the formation energy, EfðNX Þ, is the amount of
energy required to remove N Si atoms from either

pure Si(1 0 0) or Si(1 0 0) with a missing dimer

(configuration 0X ), put them in bulk Si and sub-

stitute them with C atoms. In other words, those

two energies correspond to the enthalpies of the

reactions:

ð0AÞ þ NC ! ðNX Þ þ ðN þ 2dXBÞSi� ErðNX Þ ð7Þ

and

ð0X Þ þ NC ! ðNX Þ þ NSi� EfðNX Þ: ð8Þ
The term dXB is 1 when configuration is labeled

B and contains a missing dimer. In those reactions,

Si is always in bulk phase, since Si bulk is the
natural reservoir for Si atoms. Atoms can always

be added to, or taken from bulk Si by means of

step evolution. On the other hand, an a priori

choice for the phase of C (and hence lC) is not

possible without reference to a particular experi-

ment. For this reason, we calculate the energies of
the structures as a function of lC in the range from

0 (energy of a C atom) to )7.37 eV, the chemical

potential per atom of diamond. This is the lower

bound in the possible values of the carbon chemical

potential, and cannot be exceeded.
4. Results and discussion

4.1. Structural properties and energetics

The relaxed geometries for all six configurations

described in Section 2 are shown in Fig. 1. Their

relative and formation energies are given in Table

1, where lC is taken as the energy of a C atom in

diamond. The second row of Table 1 shows the
position of C in the c(4 · 4) unit cell, according to

the numbering scheme of Fig. 2. We first compare

the energies of configurations with the same C

content; we then compare cells of different C

content, discussing the dependence of the energies

on C chemical potential.

In configuration 0B, the missing dimer is in the

center of the frame. The second layer dimer atoms
below the dimer form elongated bonds (not drawn

in Fig. 1) of length 2.73 �A, 16% longer than the

bulk bond length of Si (2.35 �A), in agreement with

the calculated length of 2.79 �A by Wang et al. [35].

The calculated formation energy of the defect, 0.25

eV per missing dimer, is in excellent agreement

with calculated values of 0.22 eV [35] and 0.28 eV

[36]. The dimers adjacent to the defect have lengths
of 2.33 �A, and are slightly longer than the other

dimer of the unit cell (2.26 �A). For comparison,

the calculated dimer bond length for configuration

0A is 2.34 �A. The bonds between the dimer atoms

and the second layer atoms are elongated to 2.45 �A
on average; they are 2.35 �A on average in 0A. The
dimers next to the defect are parallel to the surface,

eliminating the characteristic buckling of the (2 · 1)
reconstruction. The bond angles are also restored

close to the tetrahedral value in the missing dimer



Table 1

Relative and formation energies for the various configurations considered according to Eqs. (5) and (6) in eV per c(4 · 4) cell

Configuration 0A 0B 6A 6B 5A 5B

C atoms – – [1,2,3,4,5,6] [3,4,5,6,7]

ErðNX Þ 0.00 0.25 7.94 6.99 3.16 3.75

Ef ðNX Þ 0.00 0.00 7.94 6.74 3.16 3.51

Eð2Þ
r ðNX Þ 0.00 1.39 10.1 8.84 4.02 4.12

Eð2Þ
f ðNX Þ 0.00 0.00 10.1 7.45 4.02 2.73

Eð2Þ
r is the free energy difference at 900 K, calculated with the Monte Carlo method. lC is taken as the energy of a C atom in diamond.

The numbers in the second line after each configuration name indicate the position of C atoms, according to the numbering scheme of

Fig. 2.
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configuration. There are two competing effects in

this configuration: the reduction of dangling bonds

from 8 (in 0A) to 6 per unit cell and the restora-

tion of bond angles, which lowers the total energy,

and the distortion of bond lengths, which raises

the total energy. This competition results in the
calculated very low energy difference between 0A
and 0B.

Configuration 6A contains six C atoms at first

NN positions. Two of them form a C–C dimer of

length 1.51 �A, slightly shorter than the bulk bond

length in diamond of 1.54 �A. The other four C

atoms are each connected to a C atom of the dimer

(bond length 1.58 �A), a Si atom of a Si–Si dimer
(bond length 2.01 �A), and two Si atoms of the

third layer (bond lengths 2.06/1.97 �A). All C–Si

bonds are longer compared to the Si–C bond in

b-SiC, which is 1.89 �A. The Si–Si dimers neigh-

boring the C–C dimer have same length as the

dimers on pure Si(1 0 0) ð0AÞ. The other Si–Si

dimer is elongated, its length being 2.37 �A. All

three dimers of configuration 6A are flat.
In 6B, which is the same as 6A with a missing

dimer, the C–C dimer is shorter (1.45 �A); at the

same time, the angles formed by the C atoms of the

dimer are very close to 120�, indicating that the C

atoms are both in an sp2 hybridized state. The

bond lengths of a second-layer C atom with a C

atom of the C–C dimer are 1.55 �A long, almost

unstretched. The C–Si bonds are also closer to the
SiC bond length compared to configuration 6A.
Because stretching or bending of the C–C bonds

costs more energy than destorting Si–C or Si–Si

bonds, the system gives priority to the satisfaction

of the C bonds. This results in the twisted dimers

shown in Fig. 1; the dimers are tilted and have
length very close to the dimer length in pure

Si(1 0 0). The missing dimer allows for this relax-

ation to take place, relieving in this way the strain

introduced by the large C content of the unit cell.

This is the reason for the lower energy of config-

uration 6B compared to 6A.
Configuration 5A contains five C atoms at sec-

ond NN positions, forming a small SiC cluster

below a Si–Si dimer. The symmetry of the c(4 · 4)
reconstructed Si(1 0 0) has broken, and the dimer

above the SiC cluster moves to the left, as shown in

the relative panel of Fig. 1. As a result, the four

dimers of the unit cell have all different lengths.

The dimer above the C atoms is tilted and elon-
gated (2.41 �A); the same applies to the dimer that

has come close to it (length 2.40 �A). The other

dimer connected to C atoms is shorter (2.32 �A),

while the fourth dimer, which is not connected to

C atoms is flat and 2.38 �A long.

The C atoms lying between the two dimers that

have come close to each other form bonds of

lengths between 1.82 and 2.00 �A, with angles be-
tween 115� and 122�; apparently, they are in a

close sp2 hybridized state with the surrounding Si

atoms. The arrangement of C atoms is thus qual-

itatively different from that of bulk SiC, where p
bonding is absent. The other C atom in the forth

layer forms four bonds of lengths 1.88, 1.94, 1.94

and 1.99 �A, as close to the bond length in bulk SiC

as the system can allow.
In configuration 5B, obtained from 5A by

removing a dimer, we observe the same symmetry

breaking as in 5A. The dimer above the C atoms

has moved from its symmetrical position, and is

again elongated (2.40 �A). The dimer close to it is

2.36 �A long, while the other one is 2.50 �A long.
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Again, the C atoms in the second layer are close to

an sp2 configuration, but this time the angles have

a more broad dispersion from 120�, indicating an

intermediate hybridization of C. The other C atom

in the forth layer forms bonds of almost identical

lengths and angles as in 5A. The distance between
two Si atoms of the second layer at the dimer va-

cancy site is 4.83 �A, meaning that no bond has

formed.

In contrast to the case with six C atoms per unit

cell, for five C atoms the presence of the missing

dimer does not lower the energy of the system.

Configuration 5B has lower relative energy than

5A by 0.59 eV per unit cell. The difference in for-
mation energies is smaller, 0.35 eV per unit cell.

In Fig. 3 we plot the relative energies of the

considered structures as a function of the C

chemical potential, or equivalently, the free energy

per C atom of the C reservoir. We observe three

changes in the preferred configuration: For low lC,

where C is strongly bound, 0A is the lowest energy

structure. For this region of lC it is costly ener-
getically to remove C from the reservoir and add it

to the system. The first transition happens for

lC � �6:8 eV. From this point, configuration 5A is

the energetically favorable one, up to lC � �3:6
eV where configuration 6B becomes the one having

the lowest energy. As we move to lower values of

the chemical potential, it becomes easier to remove
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Fig. 3. Relative energies of the considered structures, according

to Eq. (5), as a function of the C chemical potential, as derived

from the ab initio calculations at zero temperature. Energies are

given in eV per c(4 · 4) unit cell.
C atoms from the reservoir, and because C forms

stronger bonds than Si, structures with larger C

content are favored.

The chemical potential of C is the free energy per

atom, relative to a free C atom, in the C reservoir

with which the system is in thermal equilibrium. It
can be either a solid, which is represented here by

diamond, a typical form of solid C, or it can be a

gas of C clusters. The latter is most likely the case in

chemical vapor deposition (CVD) experiments.

Carbon clusters Cn with 46 n6 32 have chemical

potentials in the range between )7.1 and )5.2 eV

per atom [37], while all structures with n < 20 have

chemical potentials above )6 eV per atom. So in
conditions of ordinary CVD experiments, the

configuration 5A will be favored. In molecular

beam epitaxy (MBE) growth, the C beam can in

principle consist of single atoms or very small

clusters consisting of two or three C atoms; in such

cases the situation will be more complex. For two

or three C atoms in the clusters, either configura-

tion 5A will still be favored, or 5A and 6B will
coexist. For monomers, 6B is expected to domi-

nate. Note, however, that this is the zero-temper-

ature picture and not the one corresponding to the

actual growth conditions.

In our earlier work in Ref. [9], we considered

structures involving four, or less, C atoms in the

c(4 · 4) unit cells. All these structures are relevant

to values of the chemical potential lower than
�)6.5 eV, at which point the transition from the

structure with 4 C atoms to 5A takes place. Thus,

for higher values, 5A and then 6B are favored.

In order to determine the thermodynamics of

the system and extract the relative energies at the

typical growth conditions, we performed finite-

temperature MC simulations at 900 K by the

method described earlier. No identity switches are
performed at this stage. The calculated free energy

differences are given in Table 1. (The zero-tem-

perature values are all a bit lower by �0.3–0.5 eV.)

We find exactly the same ordering for the relative

energies as in the ab initio calculations. However,

the two transition points discussed before are in the

MC calculations shifted to approximately )6.5 eV

for the transition from 0A to 5A and )2.5 eV for the
transition from 5A to 6B. Thus, in the picture more

relevant to the experiment, configuration 5A will be
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the favored structure over most of the range of C

chemical potential and deposition conditions, but

still configuration 6B has considerable chances to

dominate or coexist with 5A.
By switching on the identity flips in the algo-

rithm, we checked the stability of configuration
5A. A similar check has been earlier done for the

6B structure in the work of Ref. [5]. We find that at

900 K, the structure is very stable against inter-

changes of C and Si atoms. As with the 6B con-

figuration, there is a slight tendency for switches at

higher T ’s, but for a significant rate, that would

randomize the structure, temperatures higher than

1500 K are needed. We conclude that if the
structure can be formed at usual growth condi-

tions, then it will be stable.

These results bear significance for the problem

of growth of highly concentrated C-alloy layers in

Si. It is usually assumed that such layers cease to

be accessible to diffusion as further material is

deposited on top, and so they become buried and

the relevant geometries are frozen in. Assuming
that this freezing-in mechanism governs the growth

of thicker layers, we can conclude that the models

described earlier [8,9,11] could be thought of as

precursors for the growth of Si1�xCx alloys, having

C atoms arranged in third NN positions. The

interesting thing is that the present model of con-

figuration 5A can be considered as a precursor for

the growth of ordered b-SiC alloys. We are not
saying that thick SiC layers can be grown at this

low temperature (600 �C). We are rather saying

that SiC-cluster configurations already exist as

local structures in the c(4 · 4) reconstruction pat-

tern, even at this temperature, and that they are

able to coalesce by annealing at higher T ’s (>650

�C). This is energetically much less costly than

rearranging SinC aggregates.
Osten et al. [12] measured C 1s core-level

binding energies in C-rich (1 ML) surface layers in

Si and found two prominent peaks. One near 282.8

eV at 650 �C, which they attributed solely to Si4C

structures, and one at 282.6 eV by annealing at 920

�C, typical for SiC alloy on Si. Considering the

proximity of the two peaks, it is tempting to sug-

gest that the former is not due to Si4C structures
alone, but it could contain a component due to SiC

microclusters. This proposition is strengthened by
considering that the b-SiC subsurface clusters are

distorted, as we discussed above, containing a

certain degree of p bonding, and this might be able

to slightly shift the binding energies to the direc-

tion of graphitic values.

The two things that differentiate the b-SiC
cluster model from the SinC models are the second

NN correlation of C atoms, and the presence of C

atoms in the second subsurface layer. The former

does not contradict previous conclusions regarding

the relative positioning of C atoms in the bulk Si

lattice [13,30], because either these conclusions

were based on static calculations in the dilute limit,

which considered correlations of only pairs of C
atoms [13], or on dynamical simulations [30]. For

more C atoms approaching to form a cluster, the

lowest-energy local configuration is definitely a

SiC microcluster, but the energy barrier to perco-

late these clusters to form a SiC alloy is high, and

thermal activation is needed. The barrier for sim-

ulations to reach dynamically this configuration is

also high. The C occupation of sites in the second
subsurface layer, on the other hand, is not unex-

pected if we recall that these sites are all under

large compressive stress due to the reconstruction

[15], and so favorable for C, provided that the C

population in the surface layer and in the third

layer is minimal to avoid the repulsive first NN

interaction of C atoms. Thus, for the C-rich sur-

face we are talking about, the b-SiC cluster model
for the c(4 · 4) reconstruction is a quite probable

scenario, and the following discussion based on

STM images confirms it.

4.2. Simulated STM images

To make our simulations readily comparable to

experiment, we performed simulations of the STM
images arising from each of the configurations

studied here, using the Tersoff–Hamann theory as

described in Section 3.1. The simulated STM

images are shown in Fig. 4. They are all taken at a

bias voltage of )2.5 eV, probing thus the occupied

states of the system.

The pure Si(1 0 0) configuratons, 0A and 0B
show the characteristic bean-shaped white dots
above each dimer. In configuration 0B, no signal is

obtained above the missing dimer, because the



Fig. 4. Simulated STM images for all configurations of Fig. 1.

Constant-current mode at a bias voltage of )2.5 V, occupied

states probed.

1 A strong evidence that C is mainly located in the c(4 · 4),
and not in the (2· 1), areas is provided by the observation that

Ge islands, after Ge deposition on C-predeposited Si(1 0 0), are

formed only on the (2· 1) regions. See Ref. [39]. This is

explained on the basis of the repulsive Ge–C interaction in the

Si lattice. See Ref. [30].
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topmost atoms in this region are much lower than

the dimer atoms, and the tunneling current de-

creases exponentially with increasing tip–surface
distance. This is the reason why some dimers ap-

pear brighter than the others, as their center lies

higher by approximately 0.1 �A.

The simulated STM image for configuration 6A
looks very similar to that for 0B. The black region

inside the dimer row corresponds to the C dimer,

which is invisible in STM, due to the lower geo-

metrical position and the lower energy of the
bonding states of the C–C dimer compared to the

Si–Si dimers [5,38]. The two Si–Si dimers neigh-

boring the C–C dimer are lower than the other

one, which appears as a brighter spot. In config-

uration 6B this dimer is missing, so the only atoms
appearing in the STM image are those belonging

to the two Si–Si dimers. This image is essentially

the same as that simulated by Leifeld et al. [5].

Configuration 5A gives an STM image charac-

terized by two large bright spots and a smaller one.

Two large bright spots characterize also the STM
image corresponding to configuration 6B; the

contrasting difference is the obvious assymmetry

between the brightness of the two spots. The large

bright spot corresponds to the dimer that is not

bonded to any C atom (see Fig. 1). The other white

spot corresponds to the dimer that is bonded to

two C atoms. The weak grey spot corresponds to

the dimer bonded to four C atoms and lies above
the SiC cluster. The fourth dimer of the unit cell,

which is brought close to the one above the SiC

cluster, does not give any measurable signal.

The simulated STM image for configuration 5B
is qualitatively different from the others. The two

large double spots correspond to second layer

atoms, which would be bonded to a dimer, if there

was no vacancy. Due to the presence of the va-
cancy and the strain introduced by C, those atoms

have come higher than the dimers (see Fig. 1). The

other spot between them corresponds to the Si

dimer bonded to four C atoms; the other two Si

dimers of the unit cell are invisible. There is an

asymmetry in the four second layer atoms around

the vacancy, as two of them are higher than the

other two, so one pair of bright spots appears
brighter than the other.

An experimental image of the C-alloyed Si(1 0 0)

is shown in Fig. 5. The image is taken by the group

of Gr€utzmacher and is similar to that published by

Leifeld et al. [5]. The amount of C deposited was

0.11 ML, and the reconstruction is not homoge-

neous, i.e., the c(4 · 4) regions do not cover the

whole surface, but (2 · 1) patches are also observed.
However, much of the C deposited is found in the

c(4 · 4) areas. 1 The experimental STM image



Fig. 5. High-resolution experimental STM image from C-

alloyed Si(1 0 0).
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Fig. 6. Average profiles of the simulated STM images of Fig. 4

along the dimer row. x is the distance (in �A) from the lower left

corner of each image in Fig. 4, and h is the height (in �A) from

the topmost atom of the surface.
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refers to such an area. The bias voltage is )2 V and

the current is 0.2 nA. The image contains charac-

teristic pairs of spots arranged in a c(4 · 4) pattern.
Both simulated STM images for 6B and 5A match

this feature. However, the simulated image for 5A
has the clear advantage of capturing the assym-

metry between the brightness of the two spots. The

elongated structure shown in the middle of the

picture could be attributed to a 5B cell. Let us

emphasize that, in accord with experiment, we

propose our model configurations to cover only a

part of the whole surface. Thus, when we speak

about C-rich c(4 · 4) reconstruction, we do not
mean a uniform coverage of the whole surface with

configurations 5A (mainly) and 6B, but only cov-

erage of the C-containing areas. Note also that the

configuration 5A, although C-rich, does not pro-

duce excessive strain which could lead to disorder

in the c(4 · 4) region, because it is b-SiC-like. In 6B,
the missing dimers relieve part of the stress.

In another STM experiment published bu
Maeng and Kim [40], the observed STM images

show both characteristics of our simulated STM

images for 6A and 6B; those structures are pro-

posed as those producing the observed image. The

relatively high energy difference between the two

configurations renders their coexistence question-

able. A co-existence of 5A and 6B would be more

consistent with our results.
To make the comparison with experiment more

quantitative, we calculated the distances between
the pairs of spots in the simulated images. To do

this, we first plot a cross-section of the simulated

STM image. Fig. 6 shows cross-sections of the

simulated STM images along the dimer row,

averaged over a width of ±1.9 �A around the dimer

line. We define the intrapair distance as the dis-
tance between the two highest maxima in the unit

cell, and the interpair distance as the distance be-

tween the second peak and the next one, which

belongs to the adjacent unit cell. The experimental

values for intrapair and interpair distances are 5.9

and 9.6 �A, respectively.

For 0A, these distances are both 7.72 �A, the

distance of two second-nearest neighboring di-
mers, which equals the lattice separation of the

p(2 · 2) unit cell. In 0B the missing dimer has

brought the remaining dimers closer, and the in-

trapair (interpair) distance is 6.9(8.5) �A, respec-

tively.

For 6A the calculation is meaningless, as the

two less bright spots surrounding the brighter one

correspond exactly to the same height. For 6B, we
find an intrapair distance of 5.6 �A and interpair

distance of 9.8 �A, values that agree very well with

experiment. For 5A we find an intrapair distance of
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4.8 �A, and an interpair distance of 10.6 �A. In this

case the two spots are closer compared to 6B. Fi-
nally, for 5B we find a larger separation of spots by

6.9 �A and a smaller interpair distance of 8.5 �A.

The calculated intrapair distance for the con-

figurations with five C atoms per unit cell is
smaller than the experimental by 1.1 �A for 5A and

larger than the experimental by 1.0 �A for 5B. Be-
cause those two configurations were found to have

formation energies differing by only 0.35 eV per

unit cell, coexistence of the two could account for

the observed length, since they produce STM

images that match better the experimental image

than configuration 6B, which agrees exactly with
the observed distances between spots, but does not

reproduce the assymmetry in their brightness.

As we mentioned in Section 1, an alternative

picture for the c(4 · 4) reconstruction is given by

the experimental work of Jemander et al. [10].

These authors proposed that with a deposition of

only 0.07 ML of C they were able to get a homo-

geneous coverage of the whole surface with the
c(4 · 4) reconstruction. Since the C content was

low, it was concluded that C need not be a regular

part in the reconstruction, i.e., C is not necessarily

found in the c(4 · 4) unit cells, but that C induces

the reconstruction through the strain field it gen-

erates when it is incorporated in the Si lattice. In

our previous work in Ref. [9], where we treated the

whole surface as uniformly covered with c(4 · 4)
units, we also proposed structures without and

with C alternating each other. Although the C-free

configurations differ from Jemander’s structures,

which involve Si ad-dimers, they also indicate a

partly strain-induced reconstruction. Thus, this

alternative picture is quite possible. However, it

should be emphasized that the present work does

not refer to such a uniform coverage of the whole
surface but, as we discussed above, to a non-uni-

form coverage of a part of the surface, as seen

experimentally by Gr€utzmacher’s group. There-

fore, our model does not contradict the model

proposed by Jemander et al. Both are viable

models, provided that both experimental observa-

tions (uniformity and non-uniformity of the

reconstruction) are correct. Our theoretical work
cannot shed light onto this. It seems that the uni-

formity or not of the reconstruction depends on the
experimental conditions of growth and treatment

of the surface, and needs certainly further discus-

sion and experimental investigation. A general

picture could be one where we have fluctuation of

the C content per unit cell, such as the coexistence

of 5A and 6B, along with regions without C or with
four or less C atoms per unit cell.
5. Conclusions

It has been observed experimentally that when

C is incorporated into Si(1 0 0) a non-uniform

pattern arises with c(4 · 4) units covering part of
the surface. These regions are C rich. In this case,

structures involving C atoms at first- or second-

nearest neighbor positions are necessary to be

considered in order to explain the observed STM

images. We propose four such configurations here,

two of which contain a missing dimer. The ener-

getics at temperatures relevant to the experiment

show that the b-SiC cluster configuration 5A,
characterized by arrangement of C atoms at sec-

ond NN distances, is the favored structure over

most of the range of C chemical potential and

deposition conditions. Still, the configuration 6B
involving a C–C dimer and a missing Si dimer has

significant chances to dominate or coexist with 5A.
The simulated STM images for both configura-

tions look reasonably similar to the observation,
but the image for the 5A structure has the advan-

tage of capturing the assymmetry in the brightness

of the spots. For less C in the unit cell, other

models, such as the one by Simon et al. [8] would

rather be favored. An alternative experimental

picture is one with a uniform and complete cov-

erage of the surface with the c(4 · 4) reconstruction
at even low C contents. For this case, models that
do not necessarily involve C in the c(4 · 4) unit

cells are more possible.
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