PHYSICAL REVIEW B 72, 085441 (2005)

First-principles calculations of small silicon clusters adsorbed on a graphite surface
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The structural and electronic properties of small Si-clusters adsorbed on the graphite (0001) surface are
studied by density functional theory (DFT) within periodic boundary conditions. A 5-layer graphite slab is used
to represent the graphite substrate. Maximum stability is encountered for particle site adsorption of the Si-
clusters on the surface. This finding is attributed to the formation of covalent carbon-silicon bonds. As a
consequence of the interaction between the substrate and the adsorbate, a distinct narrowing of the Si cluster
energy gap is observed, in accordance with experimental results. Density of states (DOS) distributions are used
for detailed band structure analysis of the system combined of Si, clusters and a graphite substrate. Compari-
son is made with the analogous situation of the Na,, cluster adsorption on graphite.
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I. INTRODUCTION

The study of adsorbates on semiconductor surfaces and in
particular on graphite substrates is an active area of basic
research which is highly relevant to present advances of
micro- and nanoelectronic technology. In this contribution
we focus on Si, clusters deposited on graphite which is a
prototypical layered semimetallic material. Its planar geom-
etry and weak van der Waals interlayer coupling make it
possible to split flat, clean surfaces, which are ideal for
studying the adsorption of layers and clusters. The interest in
these systems is documented by a large number of experi-
mental and theoretical studies on pure graphite as well as
cluster adsorption on the graphite surface.!~'®

Silicon clusters (Si,) and nanostructures are widely stud-
ied due to their fundamental role in cluster physics and
chemistry as well as their applications in materials
science.!”?! The optical and electronic properties of these
nanosystems are largely governed by the quantum size effect.
Thus, the size dependence of the energy gap between the
highest occupied molecular orbital (HOMO) and the lowest
unoccupied molecular orbital (LUMO) is essential for the
understanding of material properties such as intrinsic con-
ductivity and optical transitions. Small Si, clusters attain
maximum energy gap values at certain numbers of constitu-
ents, namely (n=7,10,12)."7 The largest energy gap, E,,,
=2.18 eV, is obtained from local density approximation
(LDA) calculation for Sij,."” In a recent experiment, pristine
Si clusters were grown on highly oriented pyrolytic graphite
(HOPG) upon submonolayer deposition of Si atoms.??> The
scanning tunneling microscopy (STM) technique was used to
measure the energy gaps of Si, clusters. The experimental
results reflect a reversal of the commonly assumed trend of
an energy gap increase as one goes from the infinite bulk to
finite cluster systems.?? For all experimentally observed Si,
diameters, the measured energy gaps turned out to be sizably
smaller than that of bulk silicon (1.1 eV). For smaller cluster
diameters, the largest recorded gap amounts to 0.45 eV. Evi-
dently, the interaction between Si, and the graphite surface
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will affect the properties of the clusters as well as the prop-
erties of the graphite surface.

In the limit of very small clusters, every atom is at the
surface. The Si atoms are likely to form bonds with the car-
bon atoms of the graphite surface. In our previous work, a
SisCs4H;g supercluster was used to describe a Sis cluster
deposited on a graphite layer.?* Density functional theory
computations were performed using the 3-21G" basis set.
This work led to a qualitative understanding of the Sis en-
ergy gap narrowing effect in terms of dimensional reduction
of the adsorbed cluster as compared with the gas phase spe-
cies. This calculation, however, replaced the infinite graphite
surface by a fragment of a graphene sheet and thus operated
with an inadequate representation of the periodic substrate.
In a recent article,'® periodic boundary conditions were
implemented to treat the adsorption of sodium clusters on a
graphite substrate. In this work, the geometry of graphite was
not optimized due to the failure of the generalized gradient-
corrected approximation, which was employed for the
exchange-correlation energy functional, to describe the weak
van der Waals-type interactions.!*! In addition, Si, clusters
are expected to behave quite differently from those com-
posed of alkali metal atoms. Among the basic findings re-
lated to the interaction between Na based adsorbates and the
graphite substrate is the observation that a single Na atom
locates preferentially above a hollow site of the graphite sur-
face. Further, the presence of the substrate modifies the gas
phase equilibrium structures of Naj, Nay, and Nas signifi-
cantly. A charge transfer of ~0.5 electrons, proceeding from
the adsorbates to the graphite layer, was found for deposited
Na atoms and Naj clusters.'® As far as the geometry of the
absorbed clusters as well as their electronic structures are
concerned, one expects to find markedly differing results for
Si and Na adsorbates, as the bond between Si and C atoms
should be covalent, but that between alkali metal and C at-
oms ionic.

In this contribution, we use a density functional scheme
with periodic boundary conditions to model the Si, clusters
adsorbed on the graphite substrate. The substrate consists of
five graphene layers, where the first two top layers are fully
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optimized, and the three bottom layers are fixed at the opti-
mized bulk structure which represents the semibulk case.
The equilibrium structure of the Si, (n=1,2,3) clusters and
the graphite substrate have been obtained by subjecting the
slab consisting of the substrate and the adsorbed cluster to
total energy optimization. In all investigations, the preceding
work on Na cluster adsorption on graphite serves as a stan-
dard for comparison.'® Particular emphasis is put on the
structural changes of the Si, clusters as a result of their in-
teraction with the graphite substrate, as well as the associated
changes of the electronic structure. In addition, the full geo-
metric and electronic relaxation of the graphite surface in
response to Si cluster deposition is taken into account in this
work.

The paper is organized as follows. First the computational
method is outlined; subsequently, the calculated results are
presented and discussed. Finally, we add some concluding
remarks.

II. METHOD

The calculations have been performed using the Vienna
ab initio Simulation Package (VASP),>*?> which is based on
Density Functional Theory (DFT).?® More specifically, the
finite temperature version of Local Density Functional (LDF)
Theory, as developed by Mermin,?’ is utilized in conjunction
with the exchange-correlation functional given by Ceperley
and Alder and parameterized by Perdew and Zunger.”® Finite
temperature LDF theory introduces a smearing of the one-
electron levels and helps to solve convergence problems aris-
ing from the use of small sets of k points for Brillouin-zone
integrations. Unless mentioned explicitly, a Monkhorst
Pack? k point mesh of size 4 X4 X 1 is used for the geom-
etry optimization, and of size 8 X8 X2 for the density of
states (DOS) computations. For the larger supercell, the k
mesh may be chosen relatively small without substantial sac-
rifice of accuracy. The period along the z direction of the
supercell employed in our calculations is 26.71 A, while a
p(3 X 3) pattern is used in the x-y plane.

The k point sets indicated above tend to be associated
with energy error in the order of meV. The generalized
Kohn-Sham equations®® are solved employing a residual
minimization scheme, namely the direct inversion in the it-
erative subspace (RMM-DIIS) method.>*3! The optimization
of the atomic geometry is performed via conjugate-gradient
minimization of the total energy with respect to the atomic
coordinates. The interaction of valence electrons and core
ions is described by the projector-augmented wave (PAW)
method?? within LDA. Although the generalized gradient ap-
proximation (GGA) for the exchange-correlation functional
yields more precise results for the system energy than those
obtained by LDA, it fails to describe the weak van der
Waals-type interactions between the interlayer of the graph-
ite substrate.'*!> Thus, it does not arrive at a convergent
result for the interlayer distance.'?

The graphite substrate is modeled by slabs with three-
dimensional periodic boundary conditions. Two neighboring
slabs are separated by a space of more than 10 A of vacuum.
The top two graphite layers are optimized, while the three
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FIG. 1. (a) A 5-layer graphite slab with a p(3 X 3) supercell. The
a, B, and hole sites are indicated. The distance between the first and
the second layer is d;, and that between second and third layers d,.
(b) The structures of Si, and Sis. The bond length between the ith
and the jth atom is denoted by d;;.

bottom graphite layers are kept fixed at the optimized bulk
values. Thus, the positions of the topmost two layers are
allowed to vary within the supercell. Of course, the in-plane
positions of the highest two graphite layers are restrained by
the size of the supercell due to the periodic boundary condi-
tions. The impact of this limitation is diminished as the su-
percell size is increased. We therefore considered supercells
of different sizes. The deposited Si,, clusters are initially po-
sitioned at various well defined sites on the graphite surface,
labeled «, B, and hole site in Fig. 1. For the combined sys-
tem of the adsorbed Si, clusters and the graphite substrate,
we use a p(3 X 3) supercell, which consists of 18 atoms per
graphene layer. In total, our description of the graphite sub-
strate involves 90 C atoms. To explore the Si coverage effect,
we employ supercells of three different sizes and include
only one adsorbed Si atom.

In order to obtain accurate adsorption energy results, we
use the same parameters for all calculations. For the plane
wave functions, an energy cutoff E. =400 eV is used. This
choice is justified since it provides correct results for the
structures of the graphite bulk, the graphite slab and the Sij;
cluster, as is further outlined in Sec. III. Investigating the
adsorption of one Si atom on the graphite surface, we com-
pared different cutoff energies, namely E_,=400, 500, and
1000 eV. In each case, the adsorption energy was computed.
From this study, we find that the adsorption energy as a
function of E_, varies by less than 15 meV for all cases
considered. For the partial occupancies of each wave func-
tion, the tetrahedron method with Blochl corrections
method?? is used. The smearing width for the finite tempera-
ture LDA is set to 0=0.01 eV. Reducing the temperature and
decreasing o from 0.01 and 0.0001, we recorded a change of
less than 5 meV in the adsorption energy of a single Si atom
deposited on the graphite surface for all cases. To examine
the partial optimization method used in this work, associated
with frozen atomic positions in the three lowest graphene
layers, we reinvestigated all cases involving atomic Si depo-
sition on graphite in the p(3 X 3) frame as well as Si; depo-
sition parallel to the graphite surface without applying any
geometric constraints. Both approaches, i.e., the full and the
partial optimization, were found to yield the same results
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TABLE 1. The structural parameters of the bulk and of the five
layer graphite slab used in this work.?

Our results Ref. 15 Experimental®
bulk a (A) 2.446 2.450 2.460
c (A) 6.678 6.500 6.700
Cc-C (A) 1.412 1.415 1.420
slab a (A) 2.446
d; (A) 3.339
d, (A) 3.339

#The symbol a stands for the lattice constant in the graphite plane,
c is the lattice constant in the vertical direction of graphite, and
C-C is the bond length between two carbon atoms. The distances d;
and d, are defined in Fig. 1.

PReference 35.

within the accuray of the energy convergence criterion of
1.0 meV, thus justifying our approximation of keeping the
lowest three slab layers frozen.

III. RESULTS AND DISCUSSION

In this section, we will first present our findings on the
pure graphite surface and subsequently turn to three distinct
cases of Si,, adsorption on graphite. Thus, we will outline our
results for single Si atoms, Si, molecules, and Si; clusters
interacting with the graphite substrate.

Considering the pure graphite surface, we have calculated
the optimized bulk lattice constants using the LDA formal-
ism in conjunction with ionic pseudopotentials. The results
of this computation, as listed in Table I, are close to those
given in Ref. 15. These parameters are used as geometric
constraints for the three bottom layers of the five layer graph-
ite slab employed in all computations that form the topic of
this study. All remaining distances and angles, i.e., those per-
taining to the two top graphite layers are allowed to vary
during optimization. The results of this calculation demon-
strate that the structure of the two top layers does not deviate
from that of the bulk (see Table I). The two top graphite
layers are found to remain planar. The same results are ob-
tained as all five graphene layers are included in the optimi-
zation. The surface energy amounts to o=0.42 eV within
the supercell p(3X3). As 18 atoms are included in each
layer, the surface energy per surface atom is about 0.023 eV.
This value is substantially smaller than the result of a com-
parable calculation for diamond** where the 2.16 eV/surface
atom was obtained. From these findings, the surface layer of
graphite does not differ markedly from the inner layers. This
conclusion justifies an approximate treatment of the graphite
surface as a two-dimensional system (Fig. 2).

In order to assess the influence exerted by the graphite
surface on the properties of Si, (n=1,2,3) clusters, we have
calculated geometric and electronic properties of pure Si,
clusters. The results are summarized in Table II. These find-
ings are quite similar to the previous results for pure Si,
clusters as derived within the frame of the LDA.'8-2! It
should be noted that, by virtue of the periodic boundary con-
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{c} p(3x3) unit cell

(a) p(1x1) unit cell

liIG. 2. Top view of the graphite slab. (a) p(1X1), (b) p(\@
X V3)R30°, and (c) p(3 X 3) unit cells. Hollow circles represent the
A-layer of the ABAB graphite structure, solid circles the B-layer. a;
and a, are basis vectors of the p(3X3) supercell. Heavy symbols
denote the atoms in the supercell.

ditions used in our calculation, the Si, clusters are not iso-
lated, but arranged in a periodic array. This approach may
induce artificial effects due to the interaction between neigh-
boring clusters. We examine this possibility by comparing
the results emerging from the p(3 X 3) supercell and a large
cell (LC) of dimension 15.0 A X 15.0 A X 15.0 A, respec-
tively. In the LC, the distance between neighboring Si,, clus-
ters is larger than 12 A, and thus the interaction between
neighboring clusters should be negligible. The bond length
of Si atoms in Si, decreases by about 0.1 A as one goes from
the p(3 X 3) supercell to the LC, and by 0.03 A in the Si;
cluster (see Table II).

Turning to the energy gap E,,,, defined as the difference
between the bottom of the conductance band and the top of
the valence band, we find an increase by 0.19 eV for the Sij
cluster. However, the energies of the peaks of conductance
and valence bands are almost the same for both choices,
p(3X3) and LC. To rationalize the observed increase of Eqp
from the former to the latter supercell we invoke the trend of
energy band widening as the mutual influence between
neighboring clusters strengthens. Since, however, the differ-

TABLE II. The structural and electronic properties of the Si,
(n=2,3) clusters.?

Our results Ref. 19

Siy dy, (A) p(3X3) 2.29 2.23
LC 2.19

Egyp (€V) p(3X3) 0.0 0.0
LC 0.0

Siy dpy=dy; (A) p(3x3) 2.20 2.17
LC 2.17

dos p(3X3) 2.87 2.80
LC 2.85

Egyp (V) p(3X3) 0.50 0.9
LC 0.69

“The symbols dyy, dy3, and d,3 are defined in Fig. 1, Eg,, is the
energy gap defined in the text.
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FIG. 3. (a) The top view of Si atoms adsorbed on the graphite
surface at hole site within the p(1 X 1) unit cell. (b) The different
locations of Si adsorbed on the graphite surface.

ence between the results obtained from both supercells is
small, it appears justified to investigate the interaction of Si
clusters with a graphite substrate adopting the p(3X3)
model.

In order to map the potential energy surface, we have
optimized the system with one Si atom adsorbed on the
graphite substrate at different initial locations of the Si atom
above the surface [Fig. 3(b)]. The coverage effect of the
adsorption is considered by using supercells of different
sizes, namely p(1X1), p(v3X3)R30°, and p(3 X 3). The
distances between two neighboring Si atoms are dg;.g;
=2.446 A_, 4237 A, and 7.338 A for the supercells p(1 X 1),
p(v’gx V3)R30°, and p(3 X 3), respectively. Table III sum-
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marizes the results. The positions of the C atoms in the top
two graphite layers relax to new equilibrium positions de-
fined by the interaction between the Si atom and the graphite
surface. It is found that the surface parallel C atom coordi-
nates stay approximately constant, while the atoms move to-
wards the Si adsorbate in the direction perpendicular to the
surface. The vertical positions of the first and second surface
layers as indicated in Table III refer to averages over all
atoms in the respective layer. The top layer C atoms which
are closest to the Si atom position undergo the largest dis-
placement.

Commenting on the effects related to the Si atom cover-
age of the graphite substrate, we note from the data in Table
IIT that the adsorption energy decreases as the Si atom cov-
erage is enhanced. In addition, the separation of Si atoms
from the graphite surface increases with the coverage. In
case of the p(1X1) unit cell, the Si atoms arrange them-
selves in a distinct two-dimensional pattern with six neigh-
boring atoms surrounding each center, as shown for the ex-
ample of hole site adsorption in Fig. 3(a). We arrive at an
interaction energy of Egq=-4.599 eV/atom for the free Si
layer. It is smaller than that of the bulk diamond structure of
Si as well as the fcc bulk structure which we determine to be
Eg;=-5.960 eV/atom and Eg;=—5.521 eV/atom, respectively.
It surpasses, however, the interaction energies of Si, and Siy
clusters, Eq;=—2.475 eV/atom and Eg;=-3.663 eV/atom, re-
spectively. The adsorption energy of one Si atom adsorbed
on the graphite surface averages to Eyq4,=0.045 eV for all
different Si locations. The adsorption energy variation be-
tween different locations is found to be extremely small, not
exceeding 9 meV, corresponding to a rather flat segment of

TABLE III. The structural and electronic properties for Si atom adsorption on the graphite surface.?

Location d, d, d, Eg; Eqasorp

1 3.339 3.333 3.290 -4.599 0.045

2 3.339 3.332 3.292 -4.599 0.043

3 3.344 3.173 3.554 -4.599 0.050

p(IX1)

4 3.340 3.333 3.288 -4.599 0.041

5 3.332 3.142 3.416 -4.599 0.043

6 3.340 3.331 3.294 -4.599 0.043

1 3.334 3.305 1.939 —-1.548 0.727

2 3.330 3.308 1.936 —-1.548 0.947

= = 3 3.333 3.306 1.947 —-1.548 0.960

p(N3X3)

4 3.329 3.296 2.001 —-1.548 0.994

5 3.331 3.304 1.950 —-1.548 0.969

6 3.329 3.307 1.934 —-1.548 0.956

1 3.343 3.327 1.732 —-0.066 1.369

2 3.353 3.302 1.931 —-0.066 1.801

3 3.344 3.309 1.873 —-0.066 1.639

p(3X3)

4 3.346 3.311 1.934 —-0.066 1.748

5 3.342 3.323 1.868 —-0.066 1.645

6 3.346 3312 1.913 —-0.066 1.784

*The symbols d; (A) and d, (A) are defined in Fig. 1, d, (A) is the vertical distance between a Si atom and
the graphite surface, Eg; (eV/atom) the interaction energy between the Si atoms in neighboring supercells, and

Egsorp (eV) the adsorption energy.
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the potential energy surface. We did not find any deviation of
the planar Si atom positions from their initial values. The
distance between the Si layer and the graphite surface is
d, =3.29-3.55 A. Although the interaction between the Si
layer and the graphite surface is weak, the graphite top layer
shows some reconstruction. Comparison with the pure
graphite surface shows that it moves toward the second layer.
With reference to Fig. 3(b), we find the d1stance between the
top and the adjacent layer reduced by 0.18 A if Si is posi-
tioned at sites 3 or 5, and by 0.008 A if Si occupies the sites
1,2,40r6. o

For the larger supercells p(y3 X 3)R30°, and p(3 X 3),
the distance between two neighboring Si atoms increases and
their interaction weakens accordingly. For the p(\3
X \3)R3‘0O geometry, our result is Eq;=—1.548 eV/atom, and
E4=-0.066 eV/atom for the p(3 X 3) case. The interaction
between the Si atoms and neighboring C atoms on the graph-
ite surface, in turn, gains in strength. The distance between
the Si atoms and the graphite surface diminishes as com-
pared to the p(1 X 1) coverage, while the planar positions of
the Si atoms do not deviate from their initial values for the
cases of high symmetry adsorption [Si adsorbed on the po-
sitions of 1,3,4 or 5 in Fig. 3(b)]. The Si atom initially lo-
cated at site 2, with reference to Fig. 3(b), approaches the «
site, labeled 3 in Fig. 3(b), while the atoms initially located
at position 6 move close to the S site, shown as 5 in Fig.
3(b). There is a slight difference for the adsorption between
sites a and B, as well as between sites 2 and 6. Strongest
adsorptlon is observed for a Si atom located at site 4 for the
(13X \3)R30° supercell and at site 2 for the p(3 X 3) cell.
The highest adsorption ener; T2y differences are found to be
0.267 eV for the p(V3X\3)R30° case and 0.432 eV for

p(3X3) which demonstrates that the related energy potential
surface segment is not flat for these two latter configurations,
in contrast to our findings for the p(1X 1) supercell, as dis-
cussed above. The Si atoms will relax into the positions of
maximum adsorption energy on the graphite surface.

This behavior differs from that of sodium atoms adsorbed
on the graphite surface.'® To clarify the origin of the con-
trasting behavior of the two atomic adsorbates, we analyzed
the bonding between the graphite layer and the Si, clusters,
which will be characterized as covalent in the following
paragraphs. Commenting further on atomic adsorption, it is
interesting that the hole site is not energetically favored for
Si, while this arrangement is preferred for the adsorption of
sodium atoms.!'® In the latter case, an electron is transferred
from Na metal atoms to C atoms, and ionic bonds are formed
that stabilize the Na layer on the C substrate. As the graphite
hole site is, on comparison with competing sites, deprived of
electronic charge density, it is naturally the most favorable
location for electron transfer from the alkali metal atom to
graphite. However, examination of the respective potential
energy surface demonstrates that this preference is not very
pronounced. In the case of covalent bonding between adsor-
bate and substrate, as studied here, positions that allow for
high charge density overlap between the partners should be
favored. Accordingly, the adsorption energy of Si on graphite
is substantially larger than that of Na.

In the following we will comment on our findings related
to the adsorption of Si, and Si; on graphite. In both cases, we
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distinguish two basic types of adsorption geometries. These
consist of a horizontal (vertical) arrangement, involving the
plane of Si; or the internuclear axis of Si, oriented parallel
(perpendicular) to the graphite surface. The initial positions
of the Si atoms are determined by the high symmetry posi-
tions on the graphite surface; i.e, the Si atoms are initially
placed near the particle (@ and B) or hole sites. A p(3 X 3)
supercell is used to describe the adsorption of both Si, and
Siz clusters. For both systems the initial structures are de-
fined by the respective cluster equilibrium geometry com-
bined with the condition that the Si atoms are located in
close proximity of either particle [« and B in Fig. 1(a)] or
hole sites. As discussed above, the potential energy surface
for the adsorption of the Si atoms on the graphite substrate is
not flat within the p(3 X 3) supercell. However, the pattern of
potential energy surface minima does not match the structure
of the free Si,, n=2,3, clusters. Therefore the final geometry
of the composite system results as a compromise between the
tendency to preserve the equilibrium structures of Si, and to
occupy the minima of the potential energy surface.

Inspecting first the case of Si, adsorption we notice only a
minute structural change if parallel adsorption is realized.
The distance between two Si atoms, di,, decreases slightly
from 2.29 A in the pure Si, cluster to 2.26 A in the case of
two Si atoms initially located on the particle sites (a or B
sites). The vertical distance between the Si, unit and the
graphite surface is found to be about 2.30 A. The graphite
surface atoms closest to the Si atoms move toward the latter.
The corresponding adsorption energy iS Eygeorp=1.250 eV
which is smaller than that resulting for single Si adsorption.
The adsorption energy is still quite large as compared to
sodium adsorption on the graphite substrate.'® The bond be-
tween the Si centers of Si, reduces the interaction between
the substrate and the adsorbate.

The internuclear distance of Si, changes slightly more
when the Si atoms are initially fixed at the hole sites than at
the particle sites. The vertical distance, d; =2.98 A, is in-
creased by 0.70 A on comparison with the situation of initial
Si atom attachment to particle sites. The adsorption energy
for the former alternative, E,4,,=0.332 eV, is sizably
smaller than that associated with particle site adsorption.
This is consistent with the results reported above for single
Si atom adsorption. Figure 4 displays the charge density as a
function of the z-axis for the case of both Si atoms initially
located at B sites. It is found that the charge density peak of
the graphite surface, labeled 1 in Fig. 4, is lower than those
assigned to the inner layers. This behavior is ascribed to the
loss of electronic charge density from the graphite surface to
the interaction region. The charge density distribution of the
Si, cluster is broadened, indicating the formation of a cova-
lent bond.

Commenting on vertical adsorption, we find the Si-Si dis-
tance decreased from its value in the free Si, unit, 2.29 A, to
2.09 A and 2.10 A in hole and particle adsorption condi-
tions, respectively. The adsorption energies are Eygeor
=0.446 eV for the particle and 0.054 eV for the hole site. If
the vertical alternative is realized, the interaction between the
bottom Si atom and the graphite surface determines the ad-
sorption mechanism. In accordance with our previous discus-
sion, the geometry defining impact of the substrate is less
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FIG. 4. The charge density distribution along the z-axis in the
case of Si, initially adsorbed on the S sites of the graphite slab. The
dotted lines indicate the positions of the graphite layers and the Si,
atoms.

pronounced for hole than for particle site adsorption.

The Si; cluster adsorption on the graphite substrate is also
calculated within the p(3 X 3) supercell. The results are sum-
marized in Table IV. In agreement with the trends outlined so
far, the condition for maximally stable adsorption is encoun-
tered if all Si atoms are initially located near the B sites of
the graphite substrate, with the Si; plane parallel to the sur-
face. A clear preference of « site over hole site adsorption is
found, while the B site turns out to be more stable than the «
site by a small margin of 0.044 eV. As mentioned above, the
interaction between the Sis cluster and the graphite surface is
dominated by covalent bond formation. The electronic
charge in the neighborhood of the a atoms is slightly de-
pleted along the z-axis, as the result of a transfer to the
neighborhood of the 8 atoms." In view of the slightly higher
electronic charge density at the 3 sites, the covalent bond
formed by the Si atoms with the latter is expected to be
somewhat stronger than « site bonding. This agrees with our
observations. Furthermore, the case of parallel adsorption
emerges as more stable than the perpendicular case. The dis-
tance between the Siy cluster and the graphite surface d |
depends sensitively on the adsorption mode. This distance is
about 3.3 A for the hole adsorption which does not induce
any substantial change of the Si; structure. For particle site
adsorption, in contrast, one detects a marked deformation of
the Sis cluster in response to the strong interaction between
the Si atoms and the neighboring C atoms. The internuclear
distances are enhanced to match the structure of the potential
energy surface minima.
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FIG. 5. (Color online) The isosurface of charge densities for
parallel adsorption of a Siy cluster on the S site of the graphite
surface. (a) Topside view with charge density p=15 e/A3. (b) Top-
side view with density p=3 ¢/A3. (c) Frontside view with density
p=3elA3

Focusing on vertical adsorption, we only consider the
case of two Si atoms bonded to the graphite surface. Within
this geometric prototype, we discuss two basic situations:
Both Si atoms initially located on hole sites, or one Si atom
initially located on the « and the other one on the S site. It is
seen from Table IV that the hole site adsorption exceeds the
particle site alternative in stability. This can be related to the
geometric mismatch between Si; and the structure of the
substrate in vertical adsorption conditions. Since the distance
between neighboring hole sites is 2.446A, while d,; for the
Siy cluster is 2.87A, geometric relaxation from the initial
hole site geometry causes the Si atoms to adopt a different
configuration as they move close to position 4 as indicated in
Fig. 3(b). As discussed in the context of single Si atom ad-
sorption, this position is strongly preferred over the hole site.
It should be mentioned that the adsorption energy for the Si,
cluster is smaller than that found for the comparable variant
of single Si atom coverage as well as for Si; cluster adsorp-
tion; the energy difference between these cases, however, is
quite small.

For inspection of the covalent bonds between the Si atoms
and C atoms on the graphite surface, we plot the charge
density isosurfaces for a Si; cluster adsorbed on the 3 sites
of graphite in Fig. 5. Only valence electrons are taken into
account in our approach. Figure 5(a) displays the in-plane o
bonds connecting adjacent C atoms, constructing a hexago-
nal structure within the graphene layers. Reducing the isos-
urface parameter chosen to visualize the o bonds by a factor
of 5, we obtain a representation of the 7r bonds [see Figs.

TABLE IV. The structural and electronic properties for Si; adsorption on the graphite surface.?

Location din diz dys d, Eagsorp

a 2.41 2.41 241 2.21 0.350

Parallel B 241 241 242 222 0.394
hole 2.18 2.18 2.80 3.29 0.278

Vertical a-fB 2.17 2.17 292 3.08 0.292
hole 2.17 2.17 2.78 3.04 0.309

For the definitions and units of the symbols d |y, d3, dy3, d |, and Eygyor, see the legends of Tables II and 111
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(a) graphite bulk :

(b) graphite slab |

DOS

(© grap‘hite slab + Sis

5 10

FIG. 6. The DOS of graphite bulk, a 5-layer graphite slab, and
S-layer graphite slab in combination with an adsorbed Si; cluster.
The Sij cluster is arranged parallel to the graphite surface and at-
tached to the g3 sites.

5(b) and 5(c)] which are oriented perpendicularly to the
graphene sheets. The graphite surface is not planar, as it cor-
rugates upon adsorption of Si; cluster. The C atoms neigh-
boring the Si atoms are displaced towards the Si atoms,
forming covalent 7 bonds with them, while the second
graphene layer is almost unaffected by the adsorbed structure
and remains nearly flat.

Now let us turn to the density of states (DOS) distribu-
tion. The DOS of bulk graphite, a 5-layer graphite slab, and
a Si; cluster adsorbed by a 5-layer graphite slab are plotted
in Fig. 6. We consider here the case of maximally stable Sis
adsorption. Obviously the DOS of graphite bulk is quite dif-
ferent from that of the slab as well as the slab with an ad-
sorbed Si; unit. The DOS peaks of the slab and the slab in
combination with Siy exhibits a slight shift of about 0.4 eV
to higher energy. This shift is a consequence of the surface
energy. As indicated above, the surface energy of the graph-
ite slab within the supercell p(3 X 3) is 0.42 eV. Some addi-
tional peaks around the Fermi energy are visible for the DOS
of the graphite slab-Si; composite as compared with the
DOS of the pure graphite slab. These peaks stem from the
Si; cluster. Subtracting the DOS of the pure graphite slab
from that of the composite, the DOS of the adsorbed Sis
cluster alone is obtained. Figure 7 shows the DOS of the Sis
cluster generated by this technique in conjunction with that
of the pure Si; cluster. The peaks of the DOS are located at
quite similar positions in both cases, excepting the regime of
energies £=0.8 eV. However, the deviations between both
spectra are pronounced, implying that the interaction be-
tween Siz and graphite plays a defining role for the electronic
properties of the Si; cluster. Thus, the full widths of the DOS
peaks at half maximum tend to be larger for the difference
DOS spectrum than for that of the pure Siy cluster. In the
difference spectrum the first peak above the Fermi energy is
much lower than the corresponding peak in the DOS for pure
Siz. Further, the energy gap between the bottom of conduc-
tance and top of valence band for Si; obtained from the
difference spectrum is seen to be smaller by 0.12 eV than
that of the pure Si; cluster. Thus, in case of maximally stable
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pure Si,

------ 8i, obtained from subtraction

DOS

FIG. 7. The DOS of pure Si3 in comparison with the difference
spectrum obtained by subtracting the DOS of the pure graphite slab
from the graphite slab with attached Sis.

Siy adsorption on graphite, as identified in this work, the
energy gap of Sij is about Ey,,;=0.4 eV which is in the range
of the experimental results.’

IV. CONCLUSION

We have analyzed the adsorption of Si atoms and small
Si,, clusters with n=2,3, on a graphite substrate by use of
Density Functional Theory within periodic boundary condi-
tions. The results show that the deposition of Si, clusters,
n<3, on particle sites of graphite gives rise to adsorption
structures of higher stability than found for the analogous
problem of alkali metal atom clusters on graphite'® as docu-
mented by sizably higher adsorption energies in the former
than in the latter case. Covalent bonding is found between
the Si, clusters and the graphite substrate. There is no charge
transfer from Siy clusters to graphite substrate, in agreement
with experimental results.””> The structural and electronic
properties of the deposited Sis clusters are strongly affected
by their interaction with the graphite substrate. In particular,
the energy gap of Si; cluster shrinks due to the strong inter-
action between the Sis cluster and the graphite surface, as is
demonstrated by comparison of the DOS spectra for the Sis
unit and the Sis-graphite composite. The Si; energy gap re-
sults as 0.4 eV which is in the range of the experimental
results.?? The structure of the Sis cluster is strongly deformed
to match the graphite surface geometry. The graphite sub-
strate, in turn, reconstructs, albeit slightly, under the influ-
ence of the Siy adsorbate.

It is envisaged to continue the present work into the size
range of Si, clusters with n>3. Thus, a combination of
theory and experiment has yielded detailed information
about equilibrium structures of Si, clusters with n<<20, pro-
viding reference geometries for this project.3®3” The particu-
lar challenge of the respective computations consists of the
large supercell sizes required to ensure that the interaction
between neighboring clusters is sufficiently small. We further
plan to investigate silicon-carbon mixed clusters along the
lines of the study presented in this contribution. SiC com-
pounds exhibit unusual properties such as extraordinary
hardness and variable band gaps;*® correspondingly, highly
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versatile novel nanostructures can be expected to emerge
from their combination with graphite surfaces.
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