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Abstract

The interaction between Si ad-dimers on the Si(100) surface has been studied by total-energy calculations with a three-particle
Stillinger- -Weber potential. We have found a strong attractive interaction between neighboring Si ad-dimers located in neighboring
on-top and deep-channel positions in adjacent substrate dimer rows. This should result in a four-atomic block consisting of two
dimers as an important elementary object of the Si(100) kinetics. © 1997 Elsevier Science B.V.
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1. Introduction

The Si(100) surface is one of the most important
surfaces from a technological as well as a scientific
point of view. During the last decade it has been
studied intensively with both experimental and
theoretical methods. It is well known that the
Si(100) surface reconstructs to form rows of
dimerized atoms, yielding a p(2 x I ) unit cell. This
surface 1s always stepped because it is virtually
impossible to cut the crystal exactly along the
(001) plane. Moreover, even the ideal surface (the
surface without steps) is unstable with respect to
step creation [1.2]. The steps play a very important
role in crystal growth, acting as sinks for incoming
Si atoms in epitaxial growth. However, even the
most fundamental questions about elementary
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processes of the initial growth of Si on Si(100). as
well as that of step kinetics are not fully under-
stood yet.

The p(2 x 1) structure of the Si(100) surface is
characterized by two types of “channels”, the “on-
top channels” which are on top of the substrate
dimer rows, and the “‘deep channels™ in between
the dimer rows. At present, a realistic scenario of
initial stage of the Si(100) growth is the following
[3-6]: Two Si ad-atoms which diffuse along
the on-top channel can easily find one another
and form a dimer (ad-dimer). At temperatures
T <100 C this dimer is moving (and rotating) in
the on-top channel [3,7]. After annealing at tem-
peratures above 125°C. most of the Si-blobs are
found in the deep channels as follows from filled
state STM images (although it is at present not
fully clear whether or not this is indeed the lowest
energy channel ). Thus, at room temperatures and
above the Si ad-dimers play a key role. The main
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Si(100) 504 atoms E=-1833.399 eV
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Fig. 1. Four different adsorption configurations for two Si ad-dimers on the Si{100} surface. The sizes of atoms are proportional to
their = coordinate. and the gray-scale corresponds to the layer's number (light gray for top ad-dimers to black for the deepest fifth
layer of the substrate). The ad-dimers on the slab are indicated with thick circles. (a) Two dimers are situated *“far” from one another;
(b) the ad-dimers arc close to one another lying in the nearest deep channels: (¢) the ad-dimers occupy the nearest neighboring
positions. one in the decp channel. and the second in the nearest top channel. so that the two dimers occupy a compact (2 x 2) region
(this block of four Si ad-atoms has the lowest cnergy and should be considered as the “elementary object™): (d) the dimers are

situated in the same deep channel.

Si(100) 504 atoms E=-1833.168 eV
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goal of the present study is to investigate the
interaction between the ad-dimers.

In our calculations we use the empirical
Stillinger-Weber (SW) potential [8]. because it
was carefully tested with bulk Si properties. leads
to correct the value of the melting point of Si
crystal, and it describes properly not only the Si
diamond structure, but the structure of the Si
liquid phase as well (the calculated structure
factors for the Si liquid phase are in reasonable
accordance with experimental data). For the
Si(100) surface, the SW potential gives the p(2 x 1)
reconstruction. Besides, the Stillinger-Weber cal-
culations [3] reveal that the energetically most
favorable configuration corresponds to the
ad-dimer sitting in the deep channel, i.e. between
the substrate dimer rows. Although at present it
is not fully clear whether or not this is indeed the
lowest energy channel for a single ad-dimer, it
holds true for a step with kinks which always is
ended with dimers sitting in deep channels.

An alternative approach [9,10] based on “first-
principle” quantum mechanics, gives the Si dia-
mond structure and the p(2 x |) reconstruction as
well and, moreover, it correctly predicts the buck-
ling of dimers on the Si(001) surface.
Unfortunately, this method can be used for systems
containing a relatively small number of atoms
only. Furthermore, the “‘first-principle” method
predicts that a position in the on-top channel is
the most favorable one for an ad-dimer. This,
however, seems to disagree with the available
experimental data [3,6] discussed above.

In the present study the substrate was modeled
by a five-layer slab, each layer has the 10x 10
structure, so in total the substrate contains 500
atoms. We apply the periodic boundary conditions
along the surface, and also couple the atoms of
the lowest layer to their ““ideal” positions by
springs with the elastic constant equal to that of
the pairwise part of the SW potential. All atoms
are allowed to move and the system relaxes to a
nearest minimum of the total potential energy (for
detail see Refs. [18,21,22]). The system without
ad-atoms exhibits the p(2 x 1) reconstruction with
a distance between the atoms forming the dimer
of 2.40 A. The additional Si atoms were then
positioned on this slab.

Table |

Configuration  AE(eV) h(A) adimer(/&)

Our  Zhang Our  Zhang Our

et al.[3] et al.[3]
In the deep channel
F-F - 0.97  0.96 2.40
D D* 0.78  0.79 1.49 136 2.45
In the top channel
B-B 082 0.86 1.35  1.35 241
D D 091 092 1.86  1.85 2.40

To test our program, we first repeated calcula-
tions for the configurations previously studied in
Ref. [3]. 1.e. the configurations with 502 atoms,
where a single ad-dimer is placed on the five-layer
slab at different positions. We confirmed that the
most stable dimer configuration corresponds to
the dimer situated in a deep channel and oriented
along it. The results of the calculation are summa-
rized and compared with those of Ref.[3] in
Table 1. A slight difference between our and Zhang
et al.’s [3] results may be accounted to different
boundary conditions (periodic boundary condi-
tions in the present study versus free-boundary
conditions in Ref. [3]).

2. Interaction between dimers

To study the interaction between the ad-dimers,
we calculated the energies of several configurations
(all containing 504 atoms) having two dimers
adsorbed on the five-layer Si slab. The first config-
uration, where the dimers are situated “far” one
from another, see Fig. 1a, is used as the reference
configuration. The next three configurations shown
in Fig. Ib-d, describe two dimers which are situ-
ated close to each other. Namely, Fig. Ib corres-
ponds to the situation when both dimers are in
the neighboring deep channels (i.e. in the most
favorable sites for a single dimer according to the
SW calculations) and are close to one another.
Comparing the energies of configurations of
Figs. la and b, one can see that these two neighbor-
ing dimers strongly repel each other, the energy of
repulsion 1s 0.23 eV.
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On the other hand, when the dimers occupy the
nearest neighboring channels, one lying in the deep
channel and another in the top one, see Fig. lc,
so that the position of the second dimer is quite
unfavorable from the single-dimer point of view,
these two dimers exhibit a very strong attraction,
the interaction energy is —0.58 eV. This can be
understood [11] if we recall that the substrate
atoms below the ad-dimers, undergo a local derec-
onstruction, their positions are close to those in
the ideal diamond structure as is immediately clear
from Fig. 1. The dereconstruction, obviously,
increases the system energy. But when the two
dimers cover a compact (2x2) region on the
surface, an essential part of the dimerization energy
1s recaptured owing to reconstruction of the newly
created top layer.

Finally, when two dimers occupy the same deep
channel, see Fig. 1d, they weakly attract one
another with the interaction energy of —0.1eV.
Besides, we calculated the energy of interaction
between two dimers when both of them are lying
in top channels. In this case the dimers are repelling
with the energy of 0.0l eV when they are in the
same channel, and with the energy of 0.18 ¢V when
they occupy the adjacent top channels. Note that
the result that the configuration of Fig. Ic¢ corres-
ponds to the mmimum of the system potential
energy. agrees with the *first-principle” calcula-
tions of Ref. [10].

ev B

AE

Nq

Fig. 2. Energy difference Eq. (1) of the dimers’ row oriented
perpendicularly to underlying substrate rows, versus the length
of the row. The row begins with an ad-dimer in the on-top
channel. Observe the large decrease in energy when the last
dimer is added to fill the row completely.

Now let us compare the simulation results with
the available experimental data. The molecular
beam epitaxy experiments [ 12, 13] for temperatures
around 500 K show that at an initial stage one-
dimensional dense-dimer rows oriented perpendic-
ular to the substrate dimer rows, grow into long
strings. This is in agreement with our prediction
based on the interaction between the dimers.

To check this conclusion in more detail, we
made a series of simulations for a dimer row of
increasing length, the row being oriented perpen-
dicular to the underlying substrate rows. We calcu-
lated the energies E(N,) of configurations of
500+ 2Ny atoms, N4 being the number of dimers
in the row. In Fig. 2 we plot the energy differences

AE(Ng)=E(Ng)—E(Ng 1), (1)

Ng=1 corresponds to one dimer in the on-top
channel and Ny=10 and is the maximum number
of dimers in our system, when the row closures
into ring. Adding one dimer at a time, we see that
the energy AE(Ny) oscillates with the length. It
reaches local minima for the configurations with
even number of dimers, the end dimer at the
growth side occupying the deep channel. Thus, the
simulation predicts that a dimer in the deep chan-
nel should work as a “‘nucleus”™ which then adds
itself more and more blocks of two ad-dimers.

This conclusion is confirmed by the fact that the
energy gain of adding a dimer block to the row,
e.g. AE(3)+AE(4) is bigger than the energy gain
AE(1)+AE(2) of adding one block to the slab.

The interaction energies between the ad-dimers
can also be extracted from a statistical analysis of
the step edge roughness [6,16]. The approach is
as follows: the concentration of kinks of various
lengths is compared with that predicted by a simple
Boltzmann distribution. This analysis of the rough-
ness of the step edges gives an attractive interaction
energy of 0.38 eV between two neighboring dimers
within a row, whereas an attractive interaction
energy of 0.12 eV between dimers in adjacent dimer
rows is found [14]. These numbers are in reason-
able agreement with the theoretical calculations
(0.58eV vs 038eV and 0.1eV vs 0.12eV,
respectively).

To summarize, the main result of this section is
that a block of two dimers forms an energetically
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favorable configuration: such a block has lower
energy than a configuration with the two dimers
apart. Also, for a block it 1s more tavorable to
lengthen a row. rather than staying alonc.

3. Step with two kinks

We have calculated the energies of four configu-
rations which model the Si(100) surface containing
a single surface step. Recall that the p(2x1)
structure exhibits two types of steps. the so-called
A-type steps which are running parallel to the
dimer rows of the upper terrace. and the B-type
steps oriented in the perpendicular direction. We
choose the A-type step because these steps are
more stable, the STM pictures show that A-type
steps ure almost straight. while the B-type steps
arc always ragged. First we prepared the corre-
sponding initial configuration to model the A-type
step with two kinks. We choose an odd (five)
number of dimers in the step. in accordance with
the results of dimer-row simulations described
above, and also taking into account that the
experimental data show that the kinks on the
A-type step are always ended by deep-channel
dimers. The relaxed configuration shown in Fig. 3a
1s used as the reference configuration. Next we
calculated the energies of three other configura-
tions presented in Figs. 3b-d.

In the configuration of Fig. 3b we released from
the step the last (end) dimer, and put it into the
deep channel “*far™ away from the step. Comparing
the energics of Figs. 3a and b we see that this
process requires an energy AE=1.09 ¢V.

Next, we release the second dimer from the step
end. 1.e. the dimer which occupies the untavorable
top channel. and again put it into the deep channel
“far” away from the step. As seen from Fig. 3c.
this process costs AE=1.96¢V and. therclore,
secems to be quite expensive.

Last, we removed from the end of the step the
“elementary” four-atomic block. ie. two c¢nd
dimers simultaneously, and put them into adjusted
decp channels. again “far” away from the step.
The resulting relaxed configuration is presented in
Fig. 3d. Comparing with the reference configura-
tion of Fig. 3a one sees that this process needs an

energy of AE=1.50eV. We see that this is more
expensive than removing the end dimer of the step
(b). but checaper than removing the ‘“‘near end”
dimer (¢).

Now let us recall that the two dimers situated
in the adjusted deep channels (see Fig. 1b),
strongly repel each other. while those for the
“elementary™ block (Fig. 1¢). on the contrary, are
attracting. so that the transition from the configu-
ration of Fig. 1b to the configuration of Fig. lc
leads to an energy gain of AE,=0.2340.58=
0.81 eV. Thus, it is easy to conclude that if we will
remove from the step end the “elementary” block
of two dimers and left it to remain as a whole
block (not allowing to dissociate into separate
dimers). this process will cost only AE=
1.50 0.81 =0.69 eV. Consequently the process of
removing of the whole “elementary”™ four-atomic
block should be the most favorable one.

This result is in agreement with the high temper-
ature STM data of Si(001) [11,15.17]. In these
experimental  high temperature studies it was
shown that the step motion of Si(001) always
occurs in units of two dimers, i.e. four surface
atoms. For a clear illustration see the STM photo-
graphs in Ref. [15]: kinks in step edges always end
in between two dimer rows in the underlying
surfacc. Besides. Pearson et al. [11] measured the
kink diffusion coefficient in the temperature
interval of 520 700 K. According to their results,
itis equal to D=vexp [—(0.974+0.12eV)/kT]. the
prefactor v being in the range 4x10% to
3x10°s ', e it is characterised by a very small
prefactor as could be expected for the concerted
motion of a large block.

4. Discussion

In summary, we showed that the energetically
most favorable equilibrium configurations are
obtained when ad-dimers join into pairs. thus
forming blocks of four ad-atoms.

A natural question then is i such a block can
be considered as the clementary unit during the
kinetic processes. In connection with this we have
to emphasize that the Si dimers should not be
considered as “‘molecules™ slowly interacting with
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Fig. 3. (a) Half-covered Sif 100) surtace with the A-type step and two kinks: (b) the end dimer from the step 1s released and put into
the deep channel “far™ away from the step: (¢) the dimer second from the step end. is taken out and put into the deep channel “far™
away from the step: (d) the “elementary™ block of four St atoms is taken away from the step. the block is then split into two dimers
which are put into the neighboring deep channels “far™ away from the step.
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a pairwise potential. The three-atomic contribution
to the interaction potential plays, via the substrate,
the dominant role in the formation of the blocks
and their dynamics.

The question above cannot be answered posi-
tively on the basis of the present work. We were
able to calculate the energies of stable configura-
tions only. But to estimate a rate of kinetic pro-
cesses, we need to know also the energies of saddle
(unstable) configurations. Such type of calculation
may be done in a relatively simple way for the
case of motion of a single atom or dimer (c.g. see
Ref. [19]), but becomes quite complicated for the
case of a concerted motion of four atoms in three-
dimensional space. Besides, the zero-temperature
saddle energies may differ essentially from real
values of activation barriers at nonzero temper-
atures because of several factors (for detail see
Ref. [20]).

More reliable results may be extracted from
Langevin-type simulations. But the following two
factors make the feasibility of this type of simula-
tion questionable for the system under consider-
ation. First, trio interaction takes more computer
time than a conventional pairwise interatomic
potential used usually in molecular dynamics simu-
lations. The second and more important point is
that the concerted motion of the four-atomic block
is expected to be characterised both by a lower
activation barrier, as well as by an Arrhenius
prefactor much lower than for single-atomic diffu-
sion [11]. Pearson [11] obtained experimentally
quite small preexponential factors like that of
10° s~ ! for the dynamics of kinks, which was seen
to be governed by dimer blocks. Therefore, the
concerted motion becomes dominant only at low
enough temperatures. But the lower the temper-
ature, the longer the simulation needed time to
observe at least one diffusion event for the four-
atomic block. The simulation times available for
us in the present work, were about 107 '"s, and
that certainly is too short for study of the concerted

diffusion. However, we hope to overcome this
problem in future work.
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