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Bonding and diffusion of Ba on a S{001) reconstructed surface
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Bonding and diffusion of a Ba adatom on d@l1) 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.
[S0163-182899)00423-3

Thin-film metal silicides have received great attention ining. We also focus on the kinetic properties of the adatom on
recent years, due to their potential applications to very largethe surface. An estimate is given for the predicted epitaxial
scale integration electronic circuits. The importance ofgrowth temperature of Ba on (801) using simplified tran-
alkaline-earth-metal silicides is boosting due to the demonsient state theory, and a growth model is proposed from our
stration that they are an essential step in the recently reportedsults.
commensurate growth of crystalline oxides on &084i) The SIESTA programi® used in this paper to calculate the
surfacet These may essentially eliminate the fundamentakenergies and atomic forces, is a self-consistent density-
limitations of the silica-based metal-oxide-semiconductorfunctional approach that utilizes the local-density approxi-
transistor technology, by providing better dielectric proper-mations on exchange and correlation potehtiaand
ties and cleaner, defect-free interfaces with silicon. Theseparabl® normconserving Troullier-Martits pseudopo-
growth of the commensurate oxide was shown to depententials. Pseudoatomic orbitals of Sankey-Niklewski e,
critically on the formation of a submonolayer of alkaline- generalized to include multiplé- and polarization
earth-metal silicide, which makes the interface with the ox-functions® are used to represent the valence wave functions.
ide thermodynamically stable. We found it necessary to include the Ba semicopesBell in

The properties of ultrathin barium silicide films grown on the valence to achieve reliable results. The inclusion of the
Si(001) have been measured using several techni§jfies. empty & shell also affects the results significantly, and
Low-energy electron diffractiéh (LEED) and reflection therefore, these shells are included in the atomic orbitals ba-
high-energy electron diffractidri (RHEED) experiments sis set.
show that submonolayers of Ba form ordered structures on The global and metastable bonding sites of the adatom on
Si(001). Model structures of the metal covered surface conthe surface are determined using an energy-mapping
sistent with the obtained experimental results have been preschemé® For a given &,y) position of the Ba atom on the
posed. However, little is known about the detailed atomicsurface, the system is relaxed to find the energy minimum
arrangements and the driving forces of forming such orderefimaintaining the fixed X,y) coordinates of the adatom, and
surface structures. Besides, there are important discrepanciedaxing both its vertical position and the coordinates of the
in the experimental results, which can be clarified by meansubstrate Si atonisThe results are shown in Fig. 1. The
of first-principles calculations. For instance, some experiirreducible surface area, indicated by the dotted lines in Fig.
ments seem to indicate an ionic interaction originated from d, is evenly covered by a mesh @Xx9) points where the
charge transfer from Ba to the Si surface. However, recenpotential energy of a Ba adatom is sampled. A slab geometry
daté apparently contradict this observation, reporting nois used in our simulations. The supercell consists of 4 atomic
charge transfer for low coverage, absorbed states, while dyers of Si, with 16 Si atoms per atomic layer. The dangling
higher coverage a silicide forms, which does show a signifibonds of the bottom Si atomgvhich are kept fixed at their
cant charge transfer. bulk lattice position are tied up using hydrogen atoms. This

In this paper, we address the first stages of the depositionydrogen saturation allows us to use a slab much thinner
of Ba on S{001), by means ofb initio quantum-mechanics than the one that would be required if the calculations were
calculations based in density-functional thedmyn particu-  done with two equivalent surfaces. It was checked that fur-
lar, we study the interaction between a Ba adatom and ther increasing the slab thickness does not change the simu-
reconstructed 8001) surface at very low coverage. We ana- lation results significantly. For instance, the difference in en-
lyze the preferential absorption sites, and the nature of bondergy between thé andB bonding sitegsee belowchanged
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FIG. 1. Surface potential energy mép eV) of a Ba atom on a

Si(001). A sketch of the dimer rows in th€@x1) reconstruction is
shown as a reference to the energy map.

Side view

only about 0.05 eMwhich amounts to a mere §%when a FIG. 2. Minimum energy structure of a Ba adatom on the
slab with six atomic layers instead of four was used. Si(001) surface.

For the clean $001) surface, our method correctly pre-
dicts thec(4x 2) reconstruction to be the most stable. For thefirst-layer Si atoms. The other two are backbonds with the
real dynamics of the adatoms at moderately high temperssecond-layer Si atoms. One additional backbond is formed
tures the pattern of dimer buckling is not expected to bebetween Ba and a third-layer Si atom with a bondlength of
important, due to the small energy difference between differ3.78 A , slightly stretched from the ideal case. The formation
ent patterns in comparison with the thermal and Ba-Si bon#f the backbonds pulls the Ba adatom deeply into the trough
energies. In the calculation of the energy map, however, tharea between Si dimer rows. The height difference between
results can be sensitive to the initial pattern, since differenthe Ba and the surrounding Si atoms is only 0.96 A, which is
local minima can be found starting from different configura-comparable with the height difference of the two Si atoms in
tions. The results shown in Fig. 1 correspond to the lowesa buckled Si dimer. The structure of the dimers which are
energy minimum found starting with different patterns of thebonded to the adatom is essentially the same as that of the
initial dimer buckling. dimers in the clean surface.

From the potential energy map we identify the most fa- Ba has an electronegativity of 0.89, which is much
vorable bonding site of the adatom to be at the fourfold sitesmaller than that of Si, 1.98.0ne would, therefore, expect
between the dimer rows, denotedAn Fig. 1. These sites some charge transfer to occur when Ba interacts with Si on
are surrounded by 4 dimers with the up atoms pointing tothe surface. However, Mulliken population analysis shows
wards the absorbed Ba, and their energy is 0.8 eV lower thathat the charge transferred from the adatom to the surface is
any of the other potential wells identified on the surface. Theof only about 0.1%. There is, nevertheless, a large redistri-
final atomic structure of Ba at this bonding site is given inbution of the charge in the surroundings of the Ba. This can
Fig. 2. It can be seen that a Ba atom does not break any dfe also inferred from the Mulliken charges, which show that
the four Si dimers to which it is bonded. However, they arethe 6s orbital of Ba has only 0.45 electrons, while the re-
pulled toward the Ba atom to satisfy the optimum bondlengthmaining 1.4 electrons of the adatom are located in the 6
between Ba and Si on surface. As a result of the interactiomand 5 orbitals. This suggests the formation of a covalent
two consecutive Si dimers in the row are buckled in the samé&onding between the adatom and the surface. We have fur-
direction toward the Ba adatom, which leads to a solitonlikether analyzed the character of the bonding by plotting the
defect in the originat(4x 2) pattern. If we force the dimer redistribution of the charge density. This is obtained by sub-
buckling to follow thec(4% 2) pattern and redo the calcula- tracting, from the system charge density, a reference con-
tion, we end up with a metastable structure that has an erstructed by adding the densities of an isolated Ba atom and
ergy of about 0.6 eV higher than that shown in Fig. 2. Thisthe free substratéwith positions fixed at the final-relaxed
energy difference is much larger than the energy necessary tocation shown in Fig. 2 This three-dimensional3D)
reverse the buckling direction of a dimer in the clean recon<harge densityQ(x,y,z) is projected onto thex—y plane:
structed Si001) surface. We then expect that the presence ofj(x,y)=/"..Q(X,y,z)dz and shown in Fig. 3. The negative
adsorbed Ba atoms will determine the pattern of buckling, aind positive differentials of the projected charge density are
least for low coverage. Recent scanning tunneling microsshown separately in Figs.(@ and 3b), respectively. The
copy (STM) experiment® have also identified the fourfold integrated intensity in either figure gives the total amount of
site between dimer rows as the most common absorption sitte charge that is redistributed upon the formation of the
of Ba on S{001). Our results confirm the interpretation of bond, which amounts to 0.58 This value is much larger
these experiments. It is also clear in the STM images that théhan the charge transfer obtained by the Mulliken analysis,
presence of the Ba atom in this site stabilizes the buckling oindicating that the bonding is mainly covalent. The areas
the dimer in its vicinity. where the charge is removed are localized around the Ba

The bond-length between Ba and Si on the surface is 3.2&datom. This charge is redistributed to the surface atoms.
+0.005 A and there are six such bonds formed when Ba is afhere is a significant buildup of charge in the zone between
site A. Four of the six bonds are formed laterally with the the dangling bond of the up atom in the dimers and the Ba
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1. These bonding sites are not expected to play a significant
88%2 role in Ba growth on 3D01) surface due to their relative
20016 weaker bonding strength and smaller collection area in com-
-0.014 parison with that ofA andB.
oo We now address the diffusivity of the Ba adatom on the
-0.008 surface, and estimate the epi-growth temperature of Ba on
-0.006 Si(001) surface. Using the potential energy map of Fig. 1, the
13;33;‘ diffusion pathway of Ba on $001) can be identified. The
0.000 escaping rates of the Ba adatom from its global bonding site
are estimated along two orthogonal directions, nani&ho)
and (110, on the S{00) surface(see Fig. 1 These rates
are directly related to the diffusivity of Ba on the(®01)
surface at low-Ba coverage. From transient state theory, the
0.020 rate at which an atom makes a specific jump follows the
8812 simple Boltzmann relationship
bot I,=v,exp—AG,/ksT), (1)
88(‘)2 wherev,, is the attempting rate of the atom in making such a
0.006 jump, kg is the Boltzmann constant, andG, is the
e activation-free energy. The ratio between the jumping rate
0.000 along(110) and(110 is then

U709 v

oo = oo X (AST0~ AS0) kel
FIG. 3. Gray scale image showing the negati@eand positive (119 (19
(b) differentials of the charge density of a Ba adatom at its global ><exF[(AEmo)—AE@lO})/kBT], (2

bonding site with respect to the reference charge density. The unit is R
in electron charges. White circles in the figure indicate the position hereAS, andAE, are the activation entropy and energy,

of the Ba adatom, the largest circle, and the first-layer Si atoms. Thgesp_ectlv_ely. Sl_nce we are interested only in an estlma'Fe of
size of the circle reflects the height of the Si atom with larger circlesthe jumping ratio, we will follow an often sta_ndarq practice
being closer to the viewer. and assume that the entropy has a weak-directional depen-

dence, i.e.AS719~AS119 - Also, we will replace the at-
tempting rate of an atom by an estimate of its vibrational

atoms. This indicates again the formation of a directional, ‘ ; ‘ ot~ (1/2m) Jk_Im
covalent bonding between the adatom and the surface. Thep{quency at zero lemperature, ".e“’UN.( 77). ol M,
erek,, is a spring constant in the direction of diffusion and

is also a significant redistribution of charge in the down at-"" . )

oms in the dimefmainly from the covalent bond within the m IS Fhe mass of the atom. Since thq altempting rates enter

dimer to the down atom dangling bondAs indicated by only in the prefactor of the exponentials, the errors associ-
i I,ated with this severe approximation will not be relevant for

Mulliken population analysis, the net charge of the Si dime h : f the order of tude of th . .
atoms does not significantly change upon Ba adsorption, afhe esnmate of the order o magmtu €o t € escaping ratio.
he spring constants, are obtained by fitting the total en-

though there is certainly some charge transfer from the Bd . : L
region to zones quite distant. ergies of the Ba atom as a function of its Q|splac§ment from
From the above charge analysis, we conclude that thé&ite A along(110) and(110 to a quadratic function. The
bonding of the Ba adatom to the substrate has a strong c@ctivation energy is determined by the smallest energy bar-
valent character, with a slight charge transfer from the Bdier to accomplish the jump along the given direction. The
atom. This confirms and explains the core-level shift expericalculated values of the spring constants and the activation
mental results of Chengt al,® who find a small or zero €nergies are 0.92 eV/A and 0.95 eV, respectively, for the
charge transfer at low coverage, in contrast with the ionig110) direction, and 1.20 eV/A and 1.39 eV, respectively,
character of the metal silicides obtained at higher coveragéor the (100 direction. With these values, the escaping ratio

(above 1 monolayeér This result is also consistent with the of Eq. (2) is estimated as to be aboux20’ at room tem-
STM experiment§, which indicate only a partial charge perature. In other words, the number of successful jumps is
transfer from Ba to the surface, as shown in our calculations2 X 107 times larger for thg110) than for the(110) direc-
Another noticeable metastable bonding site of Ba on thdion. This indicates a highly anisotropic diffusion behavior,
Si(001) surface is the fourfold site on top of a dimer row, the preferred direction of diffusion being the trough between
denoted byB in Fig. 1. The energy of Ba at sii¢is 0.88 eV  Si dimer rows.
higher than it is at sité\ and the number of bonds it forms  The fact that both the preferential direction of diffusion
with the Si surface is also six, only two of which are at theand the bonding site are along the trough area between Si
optimum bond length, i.e., 3.25 A. The height of Ba at &te dimer rows suggests a one-dimensional growth behavior of
is 0.71 A higher than it is at sitd. The presence of the Ba Ba on S{001). The trough area serves as a strong sink to the
atom at siteB does not introduce significant disturbance toBa adatoms, which after being trapped in the trough, can still
the surrounding Si dimer rows. There are two additionalmove along it relatively easily to find its optimum growth
metastable bonding sites indicated by lett€randD in Fig.  site. This will lead to the formation of Ba chains located
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between the Si rows. The epigrowth temperature of formindusing «5'm°)/kB2mB2~4+1]. Further study is under way
such chains can be estimated with respect to the Si homoeg determine the structures of the Ba chains 0.
growth temperature using the following equation, In conclusion, we have reported the resultsabf initio
calculations of Ba absorption and diffusion on &08il) sur-
kSi| 12 (Ba| 12 face. The preferred bonding site is the fourfold site between
(_) e—AESi/kBTSi%<_> o~ AEBkgT? 3) Si dimer rows and the bonds made between Ba and the sur-
mS! mBa ' face are only weakly ionic in character. The diffusivity is
highly anisotropic, what is expected to cause an anisotropic
growth of Ba on Si001). Ordered structures, consisting of
g_a atoms located in the trough areas between Si dimer rows,

tail\(;,g;/at;): dﬁgirggéggr'ﬂgacgﬁ‘;g& :rr:adtrr:a aizr:grs Scl)’n;?r?pe are expected to form at about 910 K, a temperature about
Y, ’ ’ : p 9 160 K higher than that of Si homoepigrowth.

quantities for Ba. Using the reported values for the Si epi-
growth temperaturé and the activation enerdfyof Si on We acknowledge partial support by Spain’s DGES Grant
Si(001) (750 K and 0.8 eV, respectivelythe epigrowth tem-  No. PB-0202. P.O. acknowledges financial support from Mo-
perature of Ba on $001) is estimated to be about 9310 K  torola PCRL.

where TS, AES' kS, andmS' are epigrowth temperature,
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