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Bonding and diffusion of Ba on a Si„001… reconstructed surface
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Bonding and diffusion of a Ba adatom on a Si~001! surface have been studied using first-principles density-
functional calculations. It is found that the favorable bonding site of the adatom is the fourfold site located in
the trough between Si dimer rows. The bonding between Ba adatom and the surface is shown to be only
slightly ionic in character, with a small charge transfer from Ba to the substrate, and with an important covalent
component. The calculated jumping rates show a strongly anisotropic diffusivity of Ba on the surface.
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Thin-film metal silicides have received great attention
recent years, due to their potential applications to very lar
scale integration electronic circuits. The importance
alkaline-earth-metal silicides is boosting due to the dem
stration that they are an essential step in the recently repo
commensurate growth of crystalline oxides on a Si~001!
surface.1 These may essentially eliminate the fundamen
limitations of the silica-based metal-oxide-semiconduc
transistor technology, by providing better dielectric prop
ties and cleaner, defect-free interfaces with silicon. T
growth of the commensurate oxide was shown to dep
critically on the formation of a submonolayer of alkalin
earth-metal silicide, which makes the interface with the o
ide thermodynamically stable.

The properties of ultrathin barium silicide films grown o
Si~001! have been measured using several technique1-8

Low-energy electron diffraction6 ~LEED! and reflection
high-energy electron diffraction1,7 ~RHEED! experiments
show that submonolayers of Ba form ordered structures
Si~001!. Model structures of the metal covered surface c
sistent with the obtained experimental results have been
posed. However, little is known about the detailed atom
arrangements and the driving forces of forming such orde
surface structures. Besides, there are important discrepa
in the experimental results, which can be clarified by me
of first-principles calculations. For instance, some exp
ments seem to indicate an ionic interaction originated from
charge transfer from Ba to the Si surface. However, rec
data3 apparently contradict this observation, reporting
charge transfer for low coverage, absorbed states, whil
higher coverage a silicide forms, which does show a sign
cant charge transfer.

In this paper, we address the first stages of the depos
of Ba on Si~001!, by means ofab initio quantum-mechanics
calculations based in density-functional theory.9 In particu-
lar, we study the interaction between a Ba adatom an
reconstructed Si~001! surface at very low coverage. We an
lyze the preferential absorption sites, and the nature of bo
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ing. We also focus on the kinetic properties of the adatom
the surface. An estimate is given for the predicted epitax
growth temperature of Ba on Si~001! using simplified tran-
sient state theory, and a growth model is proposed from
results.

The SIESTA program,10 used in this paper to calculate th
energies and atomic forces, is a self-consistent dens
functional approach that utilizes the local-density appro
mations on exchange and correlation potential11 and
separable12 normconserving Troullier-Martins13 pseudopo-
tentials. Pseudoatomic orbitals of Sankey-Niklewski type14

generalized to include multiple-z and polarization
functions15 are used to represent the valence wave functio
We found it necessary to include the Ba semicore 5p shell in
the valence to achieve reliable results. The inclusion of
empty 5d shell also affects the results significantly, an
therefore, these shells are included in the atomic orbitals
sis set.

The global and metastable bonding sites of the adatom
the surface are determined using an energy-mapp
scheme.16 For a given (x,y) position of the Ba atom on the
surface, the system is relaxed to find the energy minim
@maintaining the fixed (x,y) coordinates of the adatom, an
relaxing both its vertical position and the coordinates of
substrate Si atoms#. The results are shown in Fig. 1. Th
irreducible surface area, indicated by the dotted lines in F
1, is evenly covered by a mesh of~539! points where the
potential energy of a Ba adatom is sampled. A slab geom
is used in our simulations. The supercell consists of 4 ato
layers of Si, with 16 Si atoms per atomic layer. The dangl
bonds of the bottom Si atoms~which are kept fixed at their
bulk lattice position! are tied up using hydrogen atoms. Th
hydrogen saturation allows us to use a slab much thin
than the one that would be required if the calculations w
done with two equivalent surfaces. It was checked that f
ther increasing the slab thickness does not change the s
lation results significantly. For instance, the difference in e
ergy between theA andB bonding sites~see below! changed
4968 ©1999 The American Physical Society
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only about 0.05 eV~which amounts to a mere 6%!, when a
slab with six atomic layers instead of four was used.

For the clean Si~001! surface, our method correctly pre
dicts thec~432! reconstruction to be the most stable. For t
real dynamics of the adatoms at moderately high temp
tures the pattern of dimer buckling is not expected to
important, due to the small energy difference between dif
ent patterns in comparison with the thermal and Ba-Si b
energies. In the calculation of the energy map, however,
results can be sensitive to the initial pattern, since differ
local minima can be found starting from different configur
tions. The results shown in Fig. 1 correspond to the low
energy minimum found starting with different patterns of t
initial dimer buckling.

From the potential energy map we identify the most
vorable bonding site of the adatom to be at the fourfold s
between the dimer rows, denoted asA in Fig. 1. These sites
are surrounded by 4 dimers with the up atoms pointing
wards the absorbed Ba, and their energy is 0.8 eV lower t
any of the other potential wells identified on the surface. T
final atomic structure of Ba at this bonding site is given
Fig. 2. It can be seen that a Ba atom does not break an
the four Si dimers to which it is bonded. However, they a
pulled toward the Ba atom to satisfy the optimum bondlen
between Ba and Si on surface. As a result of the interact
two consecutive Si dimers in the row are buckled in the sa
direction toward the Ba adatom, which leads to a solitonl
defect in the originalc~432! pattern. If we force the dime
buckling to follow thec~432! pattern and redo the calcula
tion, we end up with a metastable structure that has an
ergy of about 0.6 eV higher than that shown in Fig. 2. T
energy difference is much larger than the energy necessa
reverse the buckling direction of a dimer in the clean rec
structed Si~001! surface. We then expect that the presence
adsorbed Ba atoms will determine the pattern of buckling
least for low coverage. Recent scanning tunneling micr
copy ~STM! experiments8 have also identified the fourfold
site between dimer rows as the most common absorption
of Ba on Si~001!. Our results confirm the interpretation o
these experiments. It is also clear in the STM images that
presence of the Ba atom in this site stabilizes the buckling
the dimer in its vicinity.

The bond-length between Ba and Si on the surface is 3
60.005 Å and there are six such bonds formed when Ba
site A. Four of the six bonds are formed laterally with th

FIG. 1. Surface potential energy map~in eV! of a Ba atom on a
Si~001!. A sketch of the dimer rows in the~231! reconstruction is
shown as a reference to the energy map.
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first-layer Si atoms. The other two are backbonds with
second-layer Si atoms. One additional backbond is form
between Ba and a third-layer Si atom with a bondlength
3.78 Å , slightly stretched from the ideal case. The format
of the backbonds pulls the Ba adatom deeply into the tro
area between Si dimer rows. The height difference betw
the Ba and the surrounding Si atoms is only 0.96 Å, which
comparable with the height difference of the two Si atoms
a buckled Si dimer. The structure of the dimers which a
bonded to the adatom is essentially the same as that o
dimers in the clean surface.

Ba has an electronegativity of 0.89, which is mu
smaller than that of Si, 1.90.16 One would, therefore, expec
some charge transfer to occur when Ba interacts with S
the surface. However, Mulliken population analysis sho
that the charge transferred from the adatom to the surfac
of only about 0.15e. There is, nevertheless, a large redist
bution of the charge in the surroundings of the Ba. This c
be also inferred from the Mulliken charges, which show th
the 6s orbital of Ba has only 0.45 electrons, while the r
maining 1.4 electrons of the adatom are located in thep
and 5d orbitals. This suggests the formation of a covale
bonding between the adatom and the surface. We have
ther analyzed the character of the bonding by plotting
redistribution of the charge density. This is obtained by s
tracting, from the system charge density, a reference c
structed by adding the densities of an isolated Ba atom
the free substrate~with positions fixed at the final-relaxe
location shown in Fig. 2!. This three-dimensional~3D!
charge densityQ(x,y,z) is projected onto thex2y plane:
q(x,y)5*2`

` Q(x,y,z)dz, and shown in Fig. 3. The negativ
and positive differentials of the projected charge density
shown separately in Figs. 3~a! and 3~b!, respectively. The
integrated intensity in either figure gives the total amount
the charge that is redistributed upon the formation of
bond, which amounts to 0.58e. This value is much larger
than the charge transfer obtained by the Mulliken analy
indicating that the bonding is mainly covalent. The are
where the charge is removed are localized around the
adatom. This charge is redistributed to the surface ato
There is a significant buildup of charge in the zone betwe
the dangling bond of the up atom in the dimers and the

FIG. 2. Minimum energy structure of a Ba adatom on t
Si~001! surface.
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atoms. This indicates again the formation of a direction
covalent bonding between the adatom and the surface. T
is also a significant redistribution of charge in the down
oms in the dimer~mainly from the covalent bond within th
dimer to the down atom dangling bond!. As indicated by
Mulliken population analysis, the net charge of the Si dim
atoms does not significantly change upon Ba adsorption
though there is certainly some charge transfer from the
region to zones quite distant.

From the above charge analysis, we conclude that
bonding of the Ba adatom to the substrate has a strong
valent character, with a slight charge transfer from the
atom. This confirms and explains the core-level shift exp
mental results of Chenget al.,3 who find a small or zero
charge transfer at low coverage, in contrast with the io
character of the metal silicides obtained at higher cover
~above 1 monolayer!. This result is also consistent with th
STM experiments,8 which indicate only a partial charg
transfer from Ba to the surface, as shown in our calculatio

Another noticeable metastable bonding site of Ba on
Si~001! surface is the fourfold site on top of a dimer row
denoted byB in Fig. 1. The energy of Ba at siteB is 0.88 eV
higher than it is at siteA and the number of bonds it form
with the Si surface is also six, only two of which are at t
optimum bond length, i.e., 3.25 Å. The height of Ba at siteB
is 0.71 Å higher than it is at siteA. The presence of the B
atom at siteB does not introduce significant disturbance
the surrounding Si dimer rows. There are two additio
metastable bonding sites indicated by lettersC andD in Fig.

FIG. 3. Gray scale image showing the negative~a! and positive
~b! differentials of the charge density of a Ba adatom at its glo
bonding site with respect to the reference charge density. The u
in electron charges. White circles in the figure indicate the positi
of the Ba adatom, the largest circle, and the first-layer Si atoms.
size of the circle reflects the height of the Si atom with larger circ
being closer to the viewer.
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1. These bonding sites are not expected to play a signific
role in Ba growth on Si~001! surface due to their relative
weaker bonding strength and smaller collection area in co
parison with that ofA andB.

We now address the diffusivity of the Ba adatom on t
surface, and estimate the epi-growth temperature of Ba
Si~001! surface. Using the potential energy map of Fig. 1, t
diffusion pathway of Ba on Si~001! can be identified. The
escaping rates of the Ba adatom from its global bonding
are estimated along two orthogonal directions, namely^1̄10&
and ^110&, on the Si~001! surface~see Fig. 1!. These rates
are directly related to the diffusivity of Ba on the Si~001!
surface at low-Ba coverage. From transient state theory,
rate at which an atom makes a specific jump follows
simple Boltzmann relationship

Ga5na exp~2DGa /kBT!, ~1!

wherena is the attempting rate of the atom in making such
jump, kB is the Boltzmann constant, andDGa is the
activation-free energy. The ratio between the jumping r
along ^1̄10& and ^110& is then

G^1̄10&

G^110&
5

n^1̄10&

n^110&
exp@~DS^1̄10&2DS^110&)/kB]

3exp@~DE^110&2DE^1̄10&)/kBT], ~2!

whereDSa andDEa are the activation entropy and energ
respectively. Since we are interested only in an estimate
the jumping ratio, we will follow an often standard practic
and assume that the entropy has a weak-directional de
dence, i.e.,DS^1̄10&'DS^110& . Also, we will replace the at-
tempting rate of an atom by an estimate of its vibration
frequency at zero temperature, i.e.,na'(1/2p)Aka /m,
whereka is a spring constant in the direction of diffusion an
m is the mass of the atom. Since the attempting rates e
only in the prefactor of the exponentials, the errors asso
ated with this severe approximation will not be relevant
the estimate of the order of magnitude of the escaping ra
The spring constantsna are obtained by fitting the total en
ergies of the Ba atom as a function of its displacement fr
site A along ^1̄10& and ^110& to a quadratic function. The
activation energy is determined by the smallest energy b
rier to accomplish the jump along the given direction. T
calculated values of the spring constants and the activa
energies are 0.92 eV/Å and 0.95 eV, respectively, for

^1̄10& direction, and 1.20 eV/Å and 1.39 eV, respective
for the ^100& direction. With these values, the escaping ra
of Eq. ~2! is estimated as to be about 23107 at room tem-
perature. In other words, the number of successful jump
23107 times larger for thê 1̄10& than for the^110& direc-
tion. This indicates a highly anisotropic diffusion behavio
the preferred direction of diffusion being the trough betwe
Si dimer rows.

The fact that both the preferential direction of diffusio
and the bonding site are along the trough area betwee
dimer rows suggests a one-dimensional growth behavio
Ba on Si~001!. The trough area serves as a strong sink to
Ba adatoms, which after being trapped in the trough, can
move along it relatively easily to find its optimum growt
site. This will lead to the formation of Ba chains locate
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between the Si rows. The epigrowth temperature of form
such chains can be estimated with respect to the Si homo
growth temperature using the following equation,

S kSi

mSiD 1/2

e2DESi/kBTSi
'S kBa

mBaD 1/2

e2DEBa/kBTBa
, ~3!

where TSi, DESi, kSi, and mSi are epigrowth temperature
activation energy, spring constant, and mass for Si, res
tively, andTBa, DEBa, kBa, andmBa are the corresponding
quantities for Ba. Using the reported values for the Si e
growth temperature17 and the activation energy16 of Si on
Si~001! ~750 K and 0.8 eV, respectively!, the epigrowth tem-
perature of Ba on Si~001! is estimated to be about 910610 K
tt
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@using (kSimSi)/kBamBa '461]. Further study is under way
to determine the structures of the Ba chains on Si~001!.

In conclusion, we have reported the results ofab initio
calculations of Ba absorption and diffusion on a Si~001! sur-
face. The preferred bonding site is the fourfold site betwe
Si dimer rows and the bonds made between Ba and the
face are only weakly ionic in character. The diffusivity
highly anisotropic, what is expected to cause an anisotro
growth of Ba on Si~001!. Ordered structures, consisting o
Ba atoms located in the trough areas between Si dimer ro
are expected to form at about 910 K, a temperature ab
160 K higher than that of Si homoepigrowth.
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