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Dynamics and Nucleation of Si Ad-dimers on the Si(100) Surface
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The motion of Si ad-dimers on the Si(100) surface is studied by meaab @fitio (Car-Parrinello)
molecular dynamics. We observe dynamic buckling of the dimers and the rotation of a single ad-dimer
on top of a substrate dimer row. A model is presented for the structure and the formation of the
recently observed “dilute” ad-dimer rows, which explains their one-dimensional growth. We propose
that these rows are intermediate structures for the strongly anisotropic epitaxial growth on Si(100).

PACS numbers: 68.35.Fx, 68.35.Md, 73.20.Hb

Of all surfaces of covalently bonded materials, theimum energy structures are obtained using the same
Si(100) has come to be the surface of choice for studyingcheme in a quenching mode [9]. Parameters such as
the microscopic processes which govern crystal growtlplane wave kinetic energy cutoff and Brillouin zone sam-
such as adsorption, nucleation, and island formation. Appling have been chosen as in our previous calculations
plication of the new technique of variable temperature[10,11]. Such parameters can be varied to estimate the
scanning tunneling microscopy (STM) to study the dy-reliability of the computed results [13]. For the present
namics of adsorbed species directly in real space [1-&tudy we estimate that energy differences have converged
is revealing a much more complex picture than what igo approximately 0.1 eV.
usually assumed when the growth is modeled on a micro- Figure 1 presents four optimized structures of Si ad-
scopic scale [7,8]. dimers on the Si(100) surface, as calculated p(4 X 4)

Theoretical modeling has become much more powersurface unit cell [14]; all four represent local minima.
ful since the introduction of Car-Parrinello techniques endt is clear from the bond lengths listed in Fig. 1 that
abling molecular dynamics to be performed from firstthe dimer reconstruction of the substrate is not broken
principles [9]. Calculations of the energetics and mobil-in any of the structures. The relative energies of the
ity of Si adatoms [10] and ad-dimers [11] were used tostructures which we denote la, 1b, 1c, and 1d are 0.0,
identify the diffusing species observed by Dijkkamp, van0.01, 0.31, and 1.11 eV, respectively [15]. Positioning
Loenen, and Elswijk [1] as Si ad-dimers. These calculathe ad-dimer on top of a dimer row of the underlying
tions also predicted a possible rotational motion of the Sgubstrate as in structures la and 1b yields the lowest
ad-dimer between two inequivalent, but energetically alenergy despite the small bond angles formed in these
most degenerate structures [11]. This prediction was recases. In these favorable configurations the Si-Si bonds
cently confirmed by Zhanet al. [3] and independently by are in the range.3-2.4 A.  Some of the Si-Si bonds
Bedrossian [4,5] with STM experiments. associated with the less stable configurations, where the

The most basic question that remains to be addressextl-dimer is positioned between the dimer rows of the
is how ad-dimers (or ad-dimers and adatoms) combinsubstrate as in structures 1c and 1d, are strained and in
to form larger units and start the actual growth. Anthe range2.5-2.6 A.  Apparently, the more favorable
important piece of information comes from an annealing
experiment carried out by Bedrossian [4,5]. Upon heating
up to a temperaturé = 400 K, he observed Si ad-dimers 2.42 2.39
in “dilute” rows, in which the Si adatoms seem to be in (a) 2.32
nonepitaxial positions. A major problem with STM is that
it gives us information about the electronic local density
of states (LDOS), but the underlying atomic structure is
only accessible via theoretical modeling. In this paper,
we will calculate structures and use the associated LDOS
to make a connection with STM images. Starting from
an isolated Si ad-dimer, we will present a model for
the formation and structure of the dilute rows of Si ad-
dimers. We propose that such dilute dimer rows play

; ; ; FIG. 1. Schematic drawing of optimized structures of Si ad-
an Impor'tant .role. in promoting the observed Strom‘:llydimers on the Si(100) surface. The black circles represent
anisotropic epitaxial growth [12].

] . the Si adatoms, where the size represents the height, and the
In studying the surface dynamics, we use the Carshaded circles represent the atoms of the Si(100) substrate. The
Parrinello scheme ofib initio molecular dynamics; min- numbers give Si-Si bond lengths in A.
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bonding angles in structures 1c and 1d do not compensate
for the increase in strain energy [16]. The small energy
difference between structures la and 1b is within the
error bar of the calculation. Indeed, experiment seems
to indicate that structure 1b is more stable [3—-6]. To
reduce the theoretical error bar significantly would require
a substantially larger calculation beyond the scope of the
present paper [13]. Moreover, at finite temperatures one
should compare free energies, since there might be a non-
negligible contribution from the entropy on this energy
scale.

A more direct comparison with the STM observations
can be made by calculating the local density of states
p(r,e) [17]. Since the experimental energy resolution is
finite, we calculate an average LDG%r, ¢) by convolut-
ing the theoretical LDO% (r, &) with a Gaussian which
represents the resolutigi(r, &) = [ p(r,&') exd —(s —
e')?/W?*]de'. A surface of constant density is then con-
structed according tp(x, y, z, €) = C, with C a constant.
This construction implicitly gives the heightx, y) as a

function of the pOSItlom’.y .WhICh is then ma_pped Ilnearly FIG. 2. (a) Geometric structure of the Si ad-dimer and the
onto a gray scale. It mimics the presentation of STM im-yop |ayer of surface atoms. The size of the circles represents
ages in the usual constant tunneling-current mode of ophe height of the atoms, the atom markedis 0.45 A higher
eration. Qualitatively, the resulting images do not dependhan the atom marke@. (b) An image of the local density
critically upon the choice of parametevg andC. We of states (LDOS)p around the highest occupied states. The

have usedvV = 0.2 eV and have sef to a value at which units of length indicated ar&84 A . (c) The LDOS averaged

. . . over a time trajectory. (d) Trajectories of the ad-dimer and
the maximunr is at~2.5 A above the highest atom. some atoms in the top substrate layer 18, where the ad-dimer

The image of the LDOS of the highest occupied statesotates from structure 1, 8) to structure 1da’, 8/). (e), (f)
associated with structure 1b is shown in Fig. 2(b). The Geometric structure and LDOS after quenching’te= 0 K at

states formed from the ad-dimer and substrate-dimer darhe end of the simulation.

gling bonds dominate this filled state image. Note that

dimers are distinctly buckled in this structure; the buck-

ling angle of the ad-dimer id1°, which is comparable The possibility of observing the ad-dimer rotation at room
with buckling angles of surface dimers on the clean surtemperature has been demonstrated quite convincingly by
face [13]. At sufficiently high temperatures the dimers arerecent STM experiments [3-5].

not frozen into a single “up-down” configuration but will  Upon annealing, the formation of rows of ad-dimers,
be found in the equivalent “down-up” configuration with with the ad-dimers seemingly positioned between the
equal probability. Flipping between these two configu-substrate dimer rows, has been observed [5]. For an
rations is observable in amb initio molecular dynamics isolated ad-dimer on a perfect surface this position is
simulation [18]. In the LDOS image, averaged over theenergetically unfavorable as discussed above. However,
time sequence of configurations (trajectory), the ad-dimefor rows of ad-dimers the situation changes drastically. If
as well as the substrate dimers have a more symmetric apie embed the structures of Fig. 1 inp&2 X 4) surface
pearance, as shown in Fig. 2(c). A very interesting eventnit cell, infinite ad-dimer rows are formed along the
occurs when we overheat our system [18]. A 0.4 psec traaxis, an example of which is shown in Fig. 3(a). The
jectory of this simulation is shown in Fig. 2(d). Quench- structures corresponding to infinite rows of configurations
ing to T = 0 at the end of this trajectory results in the 1la—1d are optimized, and their relative energies are
LDOS shown in Fig. 2(f), which corresponds to the struc-found to be 0.29, 0.27, 0.0, 0.34 eV, respectively. The
ture 1a, Fig. 2(e). The trajectory thus represents a rotesooperative effect of arranging ad-dimers in a row results
tion of the ad-dimer in which it starts from a configurationin the structure shown in Fig. 3(a) being the lowest
with the dimer axis oriented along the axis and ends in energy. The ad-dimers have regular bond lengths
with it oriented along ther axis. The “reaction-path” in of 2.35 A and the substrate dimer bonds are stretched
the sense of transition state theory is a direct one, withoub 2.53 A.  For the isolated dimer of Fig. 1(c) the
exchange between the ad-dimer and the surface atoms situation is reversed, illustrating the increased bonding
even a breaking up of the surface dimers. In a previougs the ad-dimer row. The dimers in the ad-dimer row
paper we estimated that0.9 eV was an upper bound for are buckled (buckling angld1°). Dynamic buckling
the activation energy associated with this rotation [11]at higher temperature will make the ad-dimer rows
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features marke® in Fig. 4(b). These are dangling bonds
on surface atoms created by breaking substrate dimer
bonds in order to form new bonds to the ad-dimer. These
dangling bonds are reactive sites for the adsorption of
adatoms (or ad-dimers), and adsorption at these positions
results in an extra binding energy. Such dangling bond
sites are not created in the ad-dimer structures 1a and 1b.
The identification of substrate dimers and ad-dimers in
dilute rows from the STM images is relatively straight-
forward. In addition, features are observed which seem
to correspond to single adatoms bonded to the end of an
ad-dimer (row) [5,20]. According to the discussion in the
previous paragraph, such structures are possible intermedi-
ates in the growth of a dilute dimer row. However, since
such features are visible in the empty state images only [5],
one has to be careful. Once again, the LDOS can be used
o ) to interpret these observations. The most simple symmet-
FIG. 3. (a) The structure of an infinite dilute ad-dimer row, (ic structure of this kind, consisting of just one ad-dimer

with Si-Si bond lengths in A.  (b) The formation of a dilute - . P
ad-dimer row. The stable ad-trimer, enclosed by the bIackand two single adatoms, is shown in Fig. 4(c) [20]. Its en-

box, acts as a growth nucleus which promotes one-dimension&fgy is within0.1 eV of that of a row of two ad-dimers,
growth as indicated by the gray circles. (c) The formation ofSO it is relatively stable. The most prominent features in
an epitaxial ad-dimer row. Insertion of an adatom, indicated bythe LDOS of the highest occupied states, cf. Fig. 4(d), are

the arrow in (b), leads to the breaking of substrate dimer bondghe - states of the ad-dimer and the substrate dimers. In

and the formation of the stable epitaxial structure enclosed b . .
the black box. P ¥nhe LDOS of the lowest unoccupied states, cf. Fig. 4(e),

the 7* states of the dimers and the states of the two

single adatoms are observed. We can rationalize these re-
appear symmetric, corresponding to the experimentaults in simple terms. The single adatoms gré-like hy-
observations [5]. bridized; twosp? hybrids contribute to the bonding with

We propose the following mechanism for the formationthe substrate, the thirdp? hybrid is filled with two elec-
of this structure. An isolated ad-dimer with the lctrons (i.e., a lone pair), and the, state is empty. The
structure is only metastable. However, it can be stabilizedbne pair has more character than the state of the ad-
by an extra adatom. The adatom plus ad-dimer structurdimer (which has morg, character) and is thus found at
represented schematically in Fig. 3(b) has0a5 eV  alower energy. Inthe LDOS, the lone pair state is clearly
lower total energy than an isolated adatom at its globaVisible at a lower energy, cf. Fig. 4(f). The lone pairs do
energy minimum position [10] plus an isolated ad-dimernot stick out of the surface such as thestates do, which
with structure la or 1b. Ad-dimers with structure la ormakes adatoms almost “invisible” near an ad-dimer in a
1b do not bind an extra adatom, and therefore canndilled state STM image. One could, for instance, easily
act as growth nuclei. The stable ad-trimer acts as a
nucleus promoting one-dimensional growth, as shown
schematically in Fig. 3(b); a fourth adatom can form an
ad-dimer with the third, etc. We have encountered such
one-dimensional growth in our study of Al adsorption (a)}
on Si(100) and called the mechanism, by analogy with
polymer addition reactions, surface polymerization [19].
In contrast to Al, Si ad-dimers in these rows are not at (¢
positions which are most favorable for isolated dimers.
Whereas a finite row of two Si ad-dimers is calculated to
have no net binding energy with respect to two isolated
ad-dimers in their minimum energy positions, rows of
length N = 3 ad-dimers have a positive binding energyFiG. 4. (a),(b) The LDOS of the highest occupied states of
and thus represent a structure which is stable with respetiie metastable ad-dimer 1c is dominated by dangling bonds on
to separation in individual ad-dimers. surface atoms, marked, which are preferential adsorption sites
There is a chemically intuitive reason for the stabilityfor adatoms or ad-dimers. (c) Structure which corresponds to

. A an ad-dimer plus two single adatoms. (d) The LDOS of the
of the ad-trimer as shown in Fig. 3(b). The LDOS of ayishest occupied states (at energy) corresponding to this

single ad-dimer in structure 1c, at an energy correspondstructure. (e) The LDOS of the lowest unoccupied states. (f)
ing to the highest occupied states, is dominated by th&he LDOS at the energy,. — 0.5 eV.
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