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Diffusion of adsorbate atoms on the reconstructed Si(111) surface
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Abstract

We study the adsorption and diffusion of foreign atoms with different valences (K, Mg, Ga, Ge) on the reconstructed Si(111)
surface using density functional theory total-energy calculations, We find that the stable adsorption sites for all the adsorbate atoms
considered are high-coordination surface sites (T,-type, Hs-type or B,-type) rather than the surface dangling bond sites (Ty or
adatom T, site) as might have been expected from simple bond-counting arguments. We also examine the surface diffusion paths
and find that the adsorbate atoms, depending on their interaction with the surface, experience certain restrictions in their motion
which we refer to as “intermittent diffusion”. These results help elucidate a number of experimental observations. © 1998 Elsevier

Science B.V.
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The behavior of adsorbate atoms on semicon-
ductor surfaces has been studied extensively as the
initial stage of metal-semiconductor interface for-
mation [1-7]. When metal adsorbates are added
on a semiconductor surface, the surface undergoes
a sequence of reconstructions as a function of
coverage before the formation of the interface is
complete. The microscopic nature of these struc-
tural changes depends sensitively on the interaction
between the metal adsorbate atom and the semi-
conductor surface. Usually, studies of this inter-
action are confined to stable structures which arise
when a certain amount of the adsorbate (a fraction
of, or up to one monolayer) has been deposited
on the surface [8-10]. A different aspect of the
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adsorbate—surface interaction, and perhaps an
even more important one for the evolution of the
surface morphology, is the dynamics of the adsor-
bate atoms, which is at present poorly understood.

In this paper we report the results of an accurate
and systematic investigation of the interaction of
metal adsorbate atoms with the reconstructed
Si(111) surface at very low coverages. We have
chosen this surface because it is the most stable
surface of Si and because it exhibits a ri¢h variety
of reconstructions (from the low-temperature
dimer—adatom stacking fault or DAS structure,
with a (7x7) cell, to a mixture of (2x2),
(V3 xV3), and higher-order ((2n+1)x(2n+1))
patterns [11], allowing for interesting dynamical
behavior of the adsorbate atoms. When metal
adsorbate atoms (e.g. K, Mg and Ga) are added
on the Si(111) surface beyond a certain coverage
(typically around € =0.1 monolayer (ML), where
1 ML corresponds to one adsorbate atom per



(1 x 1) surface unit cell), the (7 x 7) reconstruction
begins to be destroyed. For the most part, experi-
mental and theoretical studies address the coverage
regime at which the (7 x 7) reconstruction has been
eliminated. In low-coverage studies where the
(7 x7) reconstruction persists, interpretation of
the adsorbate-induced structures has been based
on simplistic bond-counting arguments, placing
the adsorbate atoms at surface dangling-bond sites.

To obtain a comprehensive picture, we have
considered representative atoms of different
valences, including K, Mg, Ga and Ge (with
valences 1-4) and studied their stable, metastable
and saddle-point configurations on the Si(111)
surface. We have also calculated the corresponding
dynamics of native Si adsorbate atoms for compar-
ison to that of foreign atoms. Our two most
important findings are: (i) The rest-atom dangling-
bond site (T, site) is an unstable high-energy
position for all the adsorbate atoms considered,
showing that simple bond-counting arguments
cannot be used in these systems. While the detailed
nature of individual adsorbate atom energetics is
different for each element, the stable adsorption
sites are generally characterized by high coordina-
tion, unlike the T, site. (ii) The adsorbate atoms
spend a significant (and in some cases overwhelm-
ing) portion of their time trapped in basins of
attraction, from where they escape very infre-
quently to jump into adjacent basins. This type of
motion, which we refer to as intermittent diffusion,
is more pronounced for adsorbates which exhibit
a tendency for covalent bonding (Si and Ge),
although due to the high coordination, all bonding
on the surface should be better described as
metallic. These findings help elucidate and suggest
new interpretations for several experimental
observations.

We begin with a short discussion of the impor-
tant features of the Si(111) surface reconstruction.
The unit cell of the stable (7 x 7) reconstruction
contains several important features, referred to as
adatoms, rest-atoms, dimers and corner-holes. Of
these, the features which also survive in all other
reconstructions which appear at higher temper-
atures (in the so-called (1 x 1) disordered phase)
are the adatoms and rest-atoms [11]. These fea-
tures help stabilize the surface by minimizing the
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number of dangling bonds, subject to the con-
straint that the surface stress is also minimized.
Since the adatom and the rest-atom introduce
stresses of opposite signs [12,13] they tend to form
structures where one surrounds the other. A typical
arrangement of these features is shown in Fig. 1.
This is the local arrangement of adatoms and rest-
atoms in each half of the (7 x 7) unit cell, as well
as in other reconstructions such as the (2x2),
c{2 x 8), etc. Accordingly, in our calculations we
concentrate on a (4 x4) supercell with four ada-
toms and four rest-atoms locally arranged in a
(2 x2) pattern.

The surface is modeled by a four-layer slab
configuration with the bottom layer fixed at bulk
positions and saturated by hydrogen atoms. Slabs
are separated by 12 A vacuum. The electronic
energy functional is obtained from the local density
approximation to density functional theory, and
minimized using the Car—Parrinello scheme [14]
in a parallel implementation [15,16]. Optimized
non-local pseudopotentials {17] were used in the
Kleinmann-Bylander separable form [18] with a
plane wave basis. To establish the accuracy of the
calculations we performed extensive tests in a

Fig. 1. Schematic top-view representation of a portion of the
Si(111) reconstruction containing three St adatoms (large black
circles) and one rest-atom (grey circle) as well as the substrate
atoms directly bonded to those (smaller open circles). The sites
where the adsorbate atoms are placed are indicated by the num-
bers 1--6. These sites are used for the energy plots in Fig. 2.
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(2 x 2) cell with plane wave cut-offs up to 12 Ry,
and reciprocal space samplings with the
Monkhorst—Pack (MP) scheme [19]up to a (3,3,1)
grid. From these tests we established that relative
energy differences suffer from an error bar of
0.05eV for calculations in the large (4 x4) unit
cell with an 8 Ry plane wave cutoff and the I
point for reciprocal space sampling. We have also
independently confirmed the accuracy of the vari-
ous pseudopotentials, using representative molecu-
lar (for K and Mg) or bulk (for Ga and Ge)
structures for comparison to experimental results.

We performed calculations for six different posi-
tions of the adsorbate atoms, identified in Fig. 1
as 1-6. We refer to these positions as T,
H,-type, B,-type, T,type, Bi-type and H3'-type.
The nomenclature derives from the terms used to
characterize positions of the Si adatoms on the
Si(111) surface, and the suffix “type” is used to
denote positions equivalent to the usual positions
if the presence of the nearby Si adatoms is
neglected. Notice -that the positions 2, 3 and 4
(Hj;-type, B,-type and T,-type) are repeated sym-
metrically around the central T, position, forming
a closed path of which the segment shown in Fig. 1
is one sixth (we refer to this as the “2—3—4 closed
path”). In this path, a moving atom would stay
within one basin defined by the central rest-atom
and the three surrounding Si adatoms. Paths which
include the positions 5 and 6 would bring the
moving atom into an adjacent basin.

Fig. 2 shows the energies of the six positions for
the metal adsorbate atoms. The energies at these
sites are listed in Table 1, where we also give the
absolute adsorption energies, defined as the lowest
energy on the surface relative to the a reference
energy of the metal atoms. in vacuum. For all
adsorbdte atoms the T, site is the highest-energy
site, and the lowest-energy sites are the T,-type
(for K and Ga), Hs-type (for Mg) and B,-type
(for Si ang Ge) sites. All the lowest-energy sites
are within the basin formed by the three Si adatoms
around the rest-atom and are high-coordination
sites. We have also considered the possibility that
the adsorbates are attached to the dangling bond
of the Si adatom site rather than the rest-atom
site. The energy for placing a K atom directly
above the Si adatom dangling bond is 0.83 eV
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Fig. 2. Plots .of the adsorbate atom. energies along the six sites
defined in Fig. 1 (from left to right the six- sites are T,
Hj-type, B,-type, T,-type, By-type and Hj-type). The energies
are relative to the lowest energy sites for each adsorbate atom
(see Table 1).

relative to the lowest-energy site for this adsorbate
(the T,-type site). This is 0.5 eV higher than the
next highest energy, the T, site (see Table 1), so it
is a highly unlikely configuration. Since K is the
only monovalent element we considered, and thus
the one with the highest probability to form a
stable structure with a single bond to a substrate
atom, we expect that all the other adsorbates will
be even less likely to bond to the Si adatom
dangling bond in a stable manner. Thus, the
energetic comparisons of Table | exclude the possi-
bility that adsorbate atoms will attach to dangling-
bond sites (either the rest-atom or'the adatom) on
the Si surface, thereby invalidating ‘any simple
bond-counting arguments for the preferred adsor-
bate geometry.

Note that the energy of a K adsorbate atom at
different sites on the ideal (1 x 1) surface has been
calculated in Ref. [3], where it is shown that it has



Table 1
Relative energies of the various adsorbates on the Si(111) surface in eV per adatom
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Site K Mg Ga Ge Si

T, 0.34 1.14 0.81 2.09 2.01
H,-type 0.02 0.00 (—1.79) 0.27 0.36 0.56
B,-type 0.05 0.60 0.28 0.00 (—5.16) 0.00 (—3.94)
Ty-type 0.00 (—1.95) 0.28 0.00 (—3.36) 0.24 0.27
B)-type 0.19 0.66 0.48 0.97 112
Hj-type 0.18 0.63 0.48 - 1.08 1.26

€ep 0.05 0.60 0.28 036 L 0.56

€ 0.19 0.66 0.48 . 1.08 1.26

Ae 0.14 0.06 0.20 , 0.72 0.70

y 2% 107 10 2x 10° 1012 6% 101

The notation for the various positions is that of Fig. 1. The adsorption energy, defined as the energy of the adsorbate atom on the
surface relative to the energy of an isolated atom in vacuum, is also given in parentheses at the positions of lowest surface energy.
The energy barriers for diffusion along a 2-3—4 closed path and across basins are also given (¢, and ¢, respectively), as well as their
difference Ac=¢,—¢,, and the ratio y of moves along the closed path versus across basins (see text).

lower energy at the high-coordination T, and H;
sites than at the T, site (by about 0.3eV).
Moreover, the Si adsorbate atom on the recon-
structed surface (which we refer to as a Si extra
adatom) is situated in a different chemical environ-
ment from the intrinsic Si adatoms of the (7 x7)
reconstruction (shown as large black circles in
Fig. 1). We have performed an extensive set of
calculations for the energetics of the intrinsic Si
adatom on a patch of (1x1) unreconstructed
surface, and find that for this type of adatom the
lowest-energy site is T, where four covalent Si—Si
bonds between the intrinsic adatom and surface
atoms can be formed. On the other hand, the Si
extra adatom on the reconstructed surface can
form only one Si-Si covalent bond with the rest-
atom (the grey circle in Fig. 1) when placed at any
of the three high-coordination sites (T,-type,
B,-type or Hi-type). The relative energy of the
extra adatom at these three sites is determined by
its intricate bonding to the rest of the surface
atoms (other ‘than the rest-atom). What emerges
from these comparisons is that both on the unre-
constructed and on . the reconstructed. surface,
adsorbate atoms in:general prefer high-coordina-
tion sites. For the intrinsic Si adatom this can be
easily rationalized by considering its covalent
bonding . to- the substrate, but for the extra Si
adatom it is less trivial te explain this tendency by
simply counting covalent bonds.

We turn next to the dynamics of the adsorbate
atoms. To extract the general behavior, we define
two energy barriers, €., for motion along the
2-3-4 closed path within a basin and ¢, for motion
across basins. These are listed in Table 1 for the
various adsorbates. We find that in general the
difference Ae =€, —¢,, is positive, and in some
cases it is rather large (especially for Si and Ge).
This indicates that the adsorbate atoms will have
the chance to diffuse along the 2-3—4 closed path
many times before they are able to move across
basins. The ratio y of moves along the closed path
versus across basins is given by the expression

y=exp(Ee/kT),

which is a measure of the attempts which the
adsorbate atom will make to move along the closed
path versus the attempts to cross the extra barrier
for moving to an adjacent basin. As seen from
Table 1, the values of v at room temperature range
from 10 for Mg to ~10%-10° for K and Ga, to
~10*? for Ge and Si. These comparisons indicate
that the motion of Ge and Si adsorbate atoms will
be strongly restricted within the basins of attrac-
tion, and only rarely can these atoms escape to
nearby stable sites. This effect is much less pro-
nounced for the metal adsorbate atoms, and is
almost insignificant for Mg.

To rationalize this behavior, we note that the
adsorbate atoms form bonds to their nearest neigh-
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bors, of which the least saturated atom is the
substrate rest-atom, having three regular bonds
and one dangling bond (the intrinsic Si adatoms
have a weak fourth bond to the substrate atoms
directly - below them). Although, as emphasized
above, the bond between the rest-atom and the
adsorbate atoms cannot be considered a typical
single covalent bond, the presence of the dangling
bond on the rest-atom makes this the strongest
bond between the adsorbate atom and the surface.
When the adsorbate atoms diffuse within the basin
formed by three Si adatoms, their bond to the
rest-atom need not be broken. Moving outside the
basin involves breaking of this bond. This accounts
for the fact that Ae is always positive. The signifi-
cant difference in Ae between metal atoms (less
than 0.2eV) and Ge and Si atoms (more than
0.7 eV) originates in the difference of the corre-
sponding valence electronic structures. Within a
simple tight-binding picture, the Ge and Si adsor-
bate atoms have bonding orbitals which are almost
identical in energy to the rest-atom dangling-bond
state, whereas the metal atoms have bonding orbit-
als of higher energy. Consequently, the resulting
bonds to the rest-atom dangling bond will be
stronger for the Ge and Si adsorbate atoms than
for the three metal adsorbate atoms.

The results of our theoretical study can be used
to shed new light on earlier interpretations of
experiments for K, Mg and Ga adsorbate atoms
on the Si(111) surface. Hashizume et al. [1,2]
obtained STM images of the Si(111)-(7 x7) sur-
face with 0,005 and 0.01 ML K coverages, which
show that some of the Si intrinsic adatom spots
are missing. The missing spots were interpreted as
the sites where isolated K atoms were adsorbed
on top of the Si adatoms. Our calculations show
that this interpretation cannot be correct. From
the energy curve in Fig. 2 we conclude that an
isolated K adsorbate atom will diffuse too fast to
be observed at room temperature. It is more likely
that the missing spots correspond to clusters of K
adsorbate atoms which surround a Si adatom site
in a stable configuration. For Mg adsorbate atoms,
Vandré et al. [4], using surface EXAFS, found
that the nearest-neighbor Mg-Si distances are 2.47
and 2.60 A at 1/6 and 1/3 ML coverages. These
distances were interpreted as corresponding to the

two types of bonds which a Mg atom would form
if it replaced an intrinsic Si adatom at a T, site.
However, the XPS experiments of An et al. [5]
show different surface symmetries and different
Si2p core-level shifts for 1/6 and 1/3 ML Mg
coverages, indicating that the Mg adsorption sites
are different. Our calculations show that at 1/6 ML
coverage (which is below the limit of one adsorbate
atom per basin of attraction) the Mg atoms will
be adsorbed at the Hj-type site, where the Mg—Si
distances are 2.43 and 2.74 A, consistent with
the experimental values. Therefore, one can
re-interpret the EXAFS experiment as indicating
a change of reconstruction between 1/6 and
1/3 ML Mg coverages, while the Mg-Si distances
are similar for both reconstructions. For adsorp-
tion of Ga on Si(111), STM images show domains
of (V/3 xV/3) and (7 x 7) reconstructions for cover-
ages less than 1/3 ML. Within our theoretical
results, we interpret this as indicating that at this
coverage Ga atoms are dominantly placed at the
T, sites in the (\/gx\/g) domain, while some of
them may reside at the T4-type sites in the (7 x7)
domain. It will be interesting to determine the
ratio of Ga atoms at the two types of sites by
more detailed experiments.
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