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Extended Hiickel tight-binding calculations were used to study the bonding
modes of B-diketonate precursor complexes to three possible adsorption sites of
the S(111) surface of calcium sulfide, in order to study gas phase deposition of
thin layered calcium sulfide. Molecular models were also used for comparison.
The three-fold site seems to be favored for adsorption, as stronger calcium-—
surface bonds are formed. The bonding occurs through donation from surface
sulfur lone pairs into empty orbitals of the calcium complex. These acceptor
orbitals are mainly located on the calcium atoms and have a strong calcium-—
oxygen antibonding character. Though the large energy difference between
calcium and sulfur orbitals is responsible for weak interactions, many calcium—
oxygen antibonding levels become also calcium-sulfur bonding, and their energy
falls below the Fermi level. The Ca-O bonds weaken, thus activating the

adsorbed B-diketonate complex toward loss of the ligand.

Gas-phase deposition of alkaline-earth-containing thin
films to be used, for example, in electroluminescent
displays and superconductors,'? is a rapidly growing
area of research and technology. In addition to chemical
vapor deposition (CVD), a more sophisticated deposition
process, namely atomic layer epitaxy (ALE), can be
used.? The choice of precursors is, however, in both cases
limited, and only the PB-diketonate-type complexes of
the alkaline earth metals have a sufficient volatility
for practical purposes. The most commonly used com-
plexes are those formed by the thd ligand (thd=
2,2,6,6-tetramethyl-3,5-heptadione), also abbreviated as
dpm (dipivaloylmethanate). Unfortunately, the stability
of the complexes is low both in the solid state under
storage and in the gas phase, and therefore various ways
have been devised to overcome this stability problem
including an in situ synthesis.* Nevertheless, the ALE
process produces good quality thin films® also with
alkaline earths, especially when the experimental condi-
tions are carefully optimized.®

The formation of sulfide thin films from the
B-diketonate precursors and hydrogen sulfide involves
alternate pulsing of the reactants into the reactor, the
pulses being separated by an inert gas purge. The chemi-
sorbed B-diketonate precursor reacts on the surface with
H,S, whereupon the metal-oxygen bond is broken and

* To whom correspondence should be addressed.
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replaced by the metal-sulfur bond. If the reaction is
complete, no carbon or oxygen residues are left in the
film. While the formation of ZnS thin films by ALE
from ZnCl, and H,S has been modeled,” so far no
attempts have been made to describe theoretically the
more complex ALE processes involving the bulky
B-diketonate ligands. There are, however, experimental
IR and EXAFS data on the adsorbed Ca(thd) and
Cu(thd) precursors on hydroxylated silicon dioxide sur-
faces which indicate that the surface complexes are
stabilized by the ligand-surface interaction, and the
mechanism appears thus to be independent of the metal
ion.®

The adsorption of B-diketonate calcium complexes,
modeled after [Ca(thd),], on the sulfur (111) surface
of calcium sulfide, will be studied in this work, using
the extended Hiickel method® with the tight-binding
approach,'® in order to gain more knowledge on the
preferred adsorption sites, the complex—surface bonding
mode and the surface activation process. This should
help us to understand the ALE film growth mechanism
involving B-diketonate complexes.

Results and discussion

The surface. CaS has the rock-salt structure, with two
face-centered cubic interwoven nets, and a lattice para-



meter a=5.702 A. One net is occupied by the Ca?*
cations and the other by the S?~ anions.!!

The (111) surface is formed by a triangular net of
sulfur atoms, the S-S distance being 4.03 A, and is
depicted in Fig. 1, showing only the surface atoms in a
top view, and the four layers used in the model surface
in a side view.

Two layers of sulfur and two of calcium, alternately
disposed, were chosen in order to model the growth of
a film. Though three layers have often been used in
surface calculations of this type,'? so as to have a good
balance between a reliable description of the surface and
an acceptable size for the calculation, a different number
was thought more appropriate in this case, to keep the
surface neutral. Another factor to take into account,
concerning the size of the calculations, is the choice of
the unit cell, which should be as small as possible.'® The
limitation, however, arises from the need to avoid strong
repulsive interactions between the adsorbed molecules.
A relatively big unit cell may be used in order to keep
adjacent molecules at suitable distances, as in the present
study. Only one unit cell is shown in Fig. 1.

Three different adsorption modes were studied for a
model B-diketonate complex of calcium over the S(111)
surface of CaS. The calcium atom was either on top of
a sulfur atom, bridging two sulfurs, or on a three-fold
site bridging three sulfurs. The Ca-S distance was always
kept constant at 2.85 A, the experimental distance in
CaS. Our analysis will begin with the isolated adsorbate
molecule, the B-diketonate complex, and its bonding
mode to some simple molecular models. The results will
be used in interpreting the binding mode between the
adsorbate and the surface.

The calcium complex and its electronic structure. The
most commonly used precursor for ALE of CaS is
[Ca(thd),], where thd is shown in a.* The bulky ‘Bu
groups were replaced by H in the model, and the resulting
ligand denoted as thd’, b. The use of such a model
reduces the size of the calculation, without significantly
affecting the bonding capabilities of the ligand and of
the complex.

Fig. 1. The S(111) surface of CaS: top view (above) and side
view (below). Only the sulfur top layer (small circles) and the
adjacent Ca layer are shown, for clarity, on the top view.

ADSORPTION OF A CALCIUM COMPLEX
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The [Ca(thd’),] complex is given in ¢. The two limiting
geometries are square planar and tetrahedral, the last
one being the more stable, according to our calculations,
by only 0.04 eV.
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The lack of preference for a square planar environment
is normal for a d° species,'* but as the complex should
more easily approach the surface as a planar molecule
liable to distortion rather than a tetrahedral species, we
started by studying the electronic structure of that slightly
less stable form. The interaction diagram between the
two ligands and the calcium atom is shown, in a very
simplified form, in Fig. 2.

Three of the Ca—O bonds are of ¢ type and electrons
from the combinations of oxygen orbitals, a,, bs,, by,
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Fig. 2. Interaction diagram between two thd’ ligands and one
calcium atom in a square planar arrangement (only the most
relevant contributions to the thd’ fragment orbitals are shown
on the right side).
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are donated into empty s, x and y of Ca. The lastis a &
type Ca—O bond: the Ca z orbital receives electrons from
a m orbital of the ligand (b,,). These interactions are
shown in the diagram of Fig. 2, as well as the frontier
orbitals of the complex. Both the HOMO and LUMO
are formed by one pair of orbitals each, at very similar
energies, and are separated by 2.5eV.

Each of these pairs is composed by the symmetrical
and antisymmetrical combinations of n orbitals of the
thd’ ligand. The HOMO (1b,,, 2b,,) has as main contrib-
utors z orbitals of the central carbons, while the LUMO
(la,, 1b;,) is essentially localized in the z orbitals of the
carbonyl carbons. These are all non bonding orbitals,
which play no role in bonding either to thd’ or to sulfur.
One member of each pair (HOMO, 2b,,, and LUMO,
Ibs,) is depicted in Fig.3 in a three-dimensional
representation.®

The calcium and thd’ fragment orbitals have very
distant energies, and the contribution of calcium orbitals
to the bonding molecular orbitals is quite small, while
the antibonding mo’s are mostly calcium in character.
This is also reflected by a relatively small overlap popula-
tion between fragments (0.33) and a high positive charge
in the metal (1.66).

Molecular models for the surface. The possible coordina-
tion modes of [Ca(thd’),] to one, two or three sulfur
atoms in H,S are now addressed. As the CaS surface is
neutral, a H,S group was used for each coordinating
sulfur atom, so that the model for the top adsorption
will be the complex [Ca(thd’),(SH,)], where calcium has
coordination number 5.

Both square pyramidal and trigonal bipyramidal struc-
tures were studied, and the more important parameters
optimized. As the energies are similar, the square pyram-
idal form, more appropriate for an adsorption geometry
on the surface, was analysed in more detail. In its
optimized structure (d), the angle between the two planes
containing the thd’ ligand goes from 180° in the initial
square planar compound to 117°, the ligands staying

HOMO (b,,,)

Fig. 3. The HOMO (2b,,, below) and the LUMO (1b3g, above)
of a square planar [Ca(thd’),] complex.
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planar. No bond lengths were allowed to change. The
H,S group stays on the plane bisecting the other two.
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The calcium atom is now out of the plane defined by
the four oxygen atoms. The new Ca-S bond forms
through donation of electrons from the sp sulfur lone
pair into what is mainly the z orbital of calcium, with
some s mixed in and deriving from 3b,, in Fig. 2, still
empty after the distortion away from square planar
(Fig. 4). Notice that the levels of [Ca(thd"),] sketched
on the right side of Fig. 4 differ from those of the square
planar complex essentially in the mixing between the
s-based and the z-based molecular orbitals of the com-
plex, as a result of the loss of the horizontal symmetry
plane. The same labels will, however, be kept, to make
easier the identification of the relevant levels. The frontier
orbitals are not affected by the distortion.

The bonding molecular orbital has a greater contribu-
tion of sulfur, while the antibonding one is mainly located
on the calcium atom (note the mixing of s in the pure z
orbital of the square planar geometry, 3b,,). There is
only a small electronic transfer from sulfur to calcium
(0.25 electrons). The interaction between one sulfur lone
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Fig. 4. Interaction diagram between [Ca(thd’),] and one H,S
group.



pair, perpendicular to the H-S—H plane, and the x orbital
of calcium is negligible. The energies of the levels stay
unchanged and the overlap population between fragment
orbitals is only 0.001. The frontier orbitals of this penta-
coordinate complex are still the same as in the parent
square planar complex with a similar HOMO-LUMO
gap.

The Ca-S overlap population is 0.354, while the Ca—O
overlap population dropped to 0.123, from 0.135 in the
square planar complex, owing to the population of the
new Ca—S bonding orbital which is simultaneously Ca-O
antibonding. The charge on the calcium atom becomes
lower (1.43) following electron donation from the
sulfur atom.

In the second model, two H,S groups mimic a two-
fold bridging environment of the surface and Ca increases
its coordination number to 6. Some angles were optim-
ized for the two current geometries, trigonal prismatic
and octahedral, the octahedron being more stable by
0.05eV. A distorted octahedral structure was observed
for [Ca(acac),(H,0),].'® The trigonal prismatic structure
is, however, more suitable for modeling the adsorption
on the surface, and its low energy indicates that its
existence is likely.

In the optimized structure, the two thd’ ligands remain
planar, but the angle between them narrows to 100°. The
S—Ca-S plane bisects their planes and the S-Ca—S angle
is 95°. The H-S-H planes are perpendicular to the
S—Ca-S plane, as represented in e.

The interaction diagram (not shown) is very similar to
that represented in Fig. 4. As two H,S ligands coordin-
ated to calcium, two new bonds are formed and two
empty orbitals of the [Ca(thd’),] fragment, 3b,, and 2b,,,
receive electrons coming from the symmetric and anti-
symmetric combinations of sulfur lone pairs. The geo-
metry of [Ca(thd’,] is again slightly different, but the
energy and nature of their frontier orbitals do not change
significantly.

The Ca-S overlap population (0.307) is slightly smaller
than for the previous model, but now two bonds are
formed. The occupation of two Ca-O antibonding levels
(3b;, and 2b,,) results in even weaker Ca-O bonds
(overlap population 0.119).

In the last model the calcium complex interacts with
three sulfur atoms in order to mimic a three-fold adsorp-
tion site. Some geometry optimization had to be made
on a basic structure which may be called a ‘bent piano
stool’, shown in f in two views. The two thd’ ligands
point upwards, as before, but the angle between their
planes is now only 90°. The Ca and the three sulfur
atoms define a triangular pyramid pointing in the oppos-

ADSORPTION OF A CALCIUM COMPLEX

ite direction. The S—Ca-S angle was optimized at 89°,
and the best relative orientation of the two parts of the
molecule was found to be as in f.
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In this new heptacoordinated calcium complex, three
empty, mainly p, calcium orbitals, 3b,,, 2b,, and 2b,,,
are used to receive electrons from the combinations of
the three sulfur lone pairs. Only 0.51 electrons are
transferred to the metal atom. The three new Ca-S
overlap populations are again slightly smaller (0.273,
0.276), and the Ca—O bonds weaken more significantly
(OP 0.105, 0.110).

In conclusion, the two thd’ ligands can reorient relative
to each other with small influence on the energy and
composition of the orbitals of the resulting Ca(thd’),
fragment. Both the HOMO and LUMO are always n
orbitals localized on the thd’ ligand. The optimized
geometries are essentially determined by the steric
requirements existing in each geometry, and the energy
differences between different structures are within
0.15eV. A small amount of sulfur to calcium electron
transfer takes always place, increasing with the number
of coordinated sulfur atoms. The Ca—O bonds are simul-
taneously weakened.

The complex adsorbed on the CaS surface. Three adsorp-
tion sites, S1, S2 and S3, simulate the top adsorption of
[Ca(thd’),] on one sulfur, on a bridging site, and on a
three-fold site of the S(111) surface of CaS. Two different
limiting orientations were probed for both S1 and S2,
but as the results were essentially the same, only one of
them will be discussed. Top views from the unit cells™
describing the three structures are given in Fig. 5 (only
the surface S layer and the complex are shown for the
top view). The local geometries are the same as in the
corresponding molecular model.

In order to study the bonding between the calcium
complex and the sulfur surface in each site, several
indicators can be used.!> Among the most important
ones are the crystal orbital overlap populations, which
give an indication about the strength of the new bonds
formed and how the old bonds, inside both the surface
and the adsorbate, are changed. The binding energy, BE,
defined as the difference between the energy of the
composite system (surface plus adsorbate) and the sum
of the energies of the isolated CaS slab and the square
planar [Ca(thd’),], is useful as an indicator, but is not
very reliable for the type of calculations employed. A
positive binding energy means an attractive interaction
between the two layers. The energy of an isolated molec-
ule of the complex was taken as reference, though the
energy calculated for each adsorbate slab was higher

865



CALHORDA ET AL.

° 0O
OQopo
0%Qo
QoQ¢
Q20
©)]e30)
OCo O
o608
o O8
OOOQ

O
o
o
)
(e}

S2

S3

Fig. 5. Unit cells describing the adsorption geometries of
[Calthd’),] over CaS for the three sites S1, S2 and S3 (side
and top view). Only the surface sulfur layer of CaS and the
adsorbate are shown for the top view.

(0.05, 0.12 and 0.20 eV for S1, S2 and S3, respectively)
as a result of the distortion away from square planar.
On the other hand, owing to the low coverage, the
molecules are relatively far apart, avoiding repulsive
interactions. Charges in some atoms, overlap popula-
tions, and binding energies are collected in Table 1.

The three-fold adsorption site appears as the most
favorable, as three strong sulfur—calcium bonds are
formed, although the binding energy is higher for the
bridging site. Although each of them is weaker than
those formed on the lower multiplicity sites, the set of
three gives rise to a global stronger bonding mode. The
fact that three surface sulfur atoms are involved in
bonding in S3 leads to more disruption of bonds inside
the CaS surface than for both S2 and S1. This is reflected

in the weakened Cag, S, bonds calculated, 0.222,
compared to 0.237 in the clean surface.

More interesting is certainly what happens to the
bonds inside the adsorbed [Ca(thd’),], as this determines
the activation of this molecule. As can be seen from
Table 1, the Ca—-O bonds become weaker upon adsorp-
tion and while going from S1 to S2 and S3, suggesting
that they should be broken more easily once the complex
is adsorbed in the surface than on the gaseous phase
prior to adsorption.

This behavior parallels what was found in the molecu-
lar models and its causes can be traced to the nature
of the adsorbate/surface interaction. Total densities of
states'® are shown in Fig. 6 for the clean CaS surface
(left) and the three different composite structures S1, S2
and S3. Projections of all the states belonging to
[Ca(thd’),], when the molecule is adsorbed in each of
the three sites, are included in the other three panels
(dark shadowed area).

The total density of states for the CaS surface, on the
top left, shows a concentration of levels below the Fermi
level, between —12.5 and —14.5 eV, which are the Ca-S
bonding levels, similar to the Ca—S bonding molecular
orbitals described in Fig. 4. The antibonding levels start
to be seen above —8eV.

The peaks of the adsorbate are shifted relative to their
energies in the isolated species for any of the three sites.
This indicates an interaction with the surface, pushing
some levels up, some levels down. As the complex on
the surface is slightly distorted relative to the initial
square-planar geometry, we compare the projections with
the total density of states of one layer of adsorbates
having the same geometry as in each of the three sites.
Only the coordination effect is thus analysed, while that
of the distortion is eliminated. The results are depicted
in Fig. 7. The upper view shows the total density of
states for isolated layers of the adsorbate having the
same geometries as in S1, S2 or S3. The more important
peaks are assigned. The fact that they are thin peaks
indicates no interaction between adjacent molecules. For
instance, the peaks for Sl are observed at the same
energies as the thd’ fragment orbitals on the right side
of Fig. 4. The lower view of Fig. 7 shows the projection
of all the states of the same adsorbate layers after they

Table 1. Binding energies, overlap populations and charges for [Ca(thd’),] adsorbed on the S(111) surface of CaS in three
different sites, S1, S2 and S3, and for the respective molecular models (values in parenthesis).

Clean CaS or

Geometry S1 S2 S3 [Ca(thd'),]
BE eV 0.72 (1.05) 0.95 (1.62) 0.86 (1.87) —

OP Ca-S ¢ 0.297 (0.354) 0.237 {0.307) 0.207 (0.275) —

OP Cagy~Seurs 0.231 0.224 0.222 0.237
OP Ca-0 0.131 (0.133) 0.124 (0.130) 0.118 (0.126) 0.135
OP C-0 0.815 (0.820) 0.814 (0.815) 0.814 (0.814) 0.815
OP C-C 1.080 (1.080) 1.080 (1.080) 1.080 (1.080) 1.080
Charge Ca 1.47 (1.43) 1.38 (1.30) 1.34 (1.21) 1.66
Charge Seur ~1.36 (0.02) —1.42 (-0.02) —1.45 (—0.04) —156
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Fig. 6. Total densities of states for the clean CaS surface (upper left) and the same surface covered with [Ca(thd’),] in three
different adsorption sites, S1, S2 and S3. The states of the adsorbate correspond to the shadowed curves. The Fermi level is

represented by the dotted horizontal line.

have interacted with the sulfur atoms of the surface. The
3b,, peak, for instance, disappears completely from its
initial position for all sites. Other peaks, such as the
HOMO and the LUMO, remain as sharp peaks with the
same energy they had before adsorption.

Up to three levels of the complex are significantly

altered upon adsorption, depending on the site. They are
the Ca—O antibonding levels already shown to play the
major role in bonding to H,S units in the molecular
models and labeled as 3b,,, 2b,, and 2b;,, which are
projected in Fig. 8. For the SI site, only one Ca—S bond
is formed and only 3b,, (solid line) is shifted. The other
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Fig. 7. Total density of states of layers of [Ca(thd’),] with the same geometries as in S1, S2 and S3 (above) and projections
of the states of the complex adsorbed in S1, S2 or S3 sites of CaS (below). The Fermi level is represented by the dotted

horizontal line.

two peaks (under the black areas) remain sharp and their
energy does not change. The formation of two Ca-S
bonds in S2 requires the involvement of two acceptor
orbitals of the complex, 3b,, (solid line) and 2b,, (dotted
line). The 2b,, level has, before adsorption, essentially
the same energy for the three layers. After the complex
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adsorbs on the S2 site, its center of gravity is pushed up
ca. 7 V. Finally, for S3, the three levels must be used in
order to form the three Ca—S bonds. 3b,, is also seen to
shift to higher energies.

The initial single peak originates two main groups of
peaks. One at low energy —12.5 to —14.5eV) includes
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Fig. 8. Projections of the three levels, 3b,,, 2by, and 2b;,, of the [Ca(thd’);] complex adsorbed on each of the three sites.
The 3b,, level is always represented by the solid line. The Fermi level is represented by the dotted horizontal line.

bonding Ca—S,,, levels, and shows the effective participa-
tion of calcium in these bonds. The high-energy region,
where Ca-S antibonding levels are located, has an
increasing number of peaks as the multiplicity of the site
increases and a larger number of Ca-S,,,; bonds forms.
This is best seen for the 3b,, level, which interacts more
strongly with the sulfur orbitals, owing to a better
overlap.

The calcium atom makes adsorbate-surface bonds
using Ca—O antibonding orbitals of the complex frag-
ment. Many of them are pushed down by the interaction,
falling below the Fermi level, and being thus filled. The
Ca-0 bonds become weaker, only slightly for S1, more
and more for S2 and S3. This should enable the bond to
break more easily after adsorption, as is required for the
thin film to grow.

It is interesting that the complex prefers to adsorb at
the three-fold site. This leaves the calcium atom in exactly
the position it would occupy if it were part of CaS slab
from the beginning. A structurally perfect film can there-
fore grow.

Conclusions

The calcium atom makes adsorbate—surface bonds using
orbitals of the complex fragment which are Ca—O anti-
bonding, both for the molecular model complexes and
for the S(111) surface of calcium sulfide. The Ca—O
bonds become weaker upon adsorption, in spite of the
relatively weak interactions and small populations of the
Ca-O o* levels. The Ca-O bonds should, however,

break more easily after activation by the surface. The
three-fold site, besides being preferred for adsorption, is
the one leading to the formation of a perfect overlayer
of Ca atoms.

A further observation can be made concerning the
removal of the thd’ ligands from the complex, which is
a necessary step for thin film growth. The breaking of
the calcium-oxygen bonds is further induced by elec-
trophilic attack of H,S, transferring one proton to the
central atom of the ligand. This is indeed a favored
position of attack, as seen in the HOMO of the calcium
complexes. The central carbom atom always possesses a
negative charge (ca. —0.21) for all the models studied.

Appendix

All the calculations were done using the extended Hiickel
method® with the tight-binding approach’® and modified
H;; values.!” The basis set for the calcium and sulfur
atoms consisted of ns and np orbitals, which were
described by single Slater-type wavefunctions. The para-
meters used for Ca were (H;/eV, {): 4s —7.00, 1.200; 4p
—4.00, 1.200. Standard parameters were used for the
other atoms.

Idealized models were used in all calculations. They
were based on the experimentally observed structure of
B-diketonate complexes of calcium and calcium sulfide.
The following distances (in A) were used for the
[Ca(thd’),] complex: Ca-S 2.85, Ca—O 2.33, C-O 1.28,
C-C 141, C-H 1.09, S-H 1.30. The unit cell taken to
model the CaS surface consisted of four layers,
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S—Ca—S—Ca, the top layer being the S(111) surface and
containing 16 atoms (4 x4). The coverage was always
1/16. A set of 16 k-points in the irreducible wedge of the
Brillouin zone was used.!®
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