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Abstract The Si(111)- 7 x 7 surface was theoretically
investigated using four different QM/MM surface models.
Although low-spin states turned out to be the ground states,
there also exist low-lying high-spin states. The energy gap
between the low-spin and the high-spin states per dangling
bond is nearly constant (~4 kcal/mol) regardless of the num-
ber of dangling bonds in the model clusters, showing that no
particular pattern of electron pairing among surface dangling
bonds exists. Natural orbital occupation numbers showed that
surface radicals due to dangling bonds have ideal open shell
configurations. In addition to this, optimized geometries of
the low-spin and the high-spin states are nearly identical with
each other, suggesting the possibilities of intersystem cross-
ings. So both low spin and high spin electronic configura-
tions are important in the descriptions of the Si(111)-7 x 7
reconstructed surface.

In contrast, geometric differences between pure QM and
QM/MM models are significant especially near the adatom
region, indicating that the QM/MM embedded model is nec-
essary to adequately represent the Si(111)- 7 x 7 surface
especially for small QM region models.

1 Introduction

Surface chemistry on semiconductor surfaces has gained
enormous popularity recently and the interest is still growing.
[1,2]. This may be partially due to the tremendous potential
of the new functionalities of synthetically modified surfaces.
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From the chemical point of view, the well-ordered silicon
surface provides a unique environment in which the tradi-
tional chemical knowledge can be applied.

One of the most well-studied and important silicon
surfaces is Si(111)- 7 x 7 reconstructed surface [3]. Schlier
and Farnsworth [4] first reported a 7 x 7 LEED (Low Energy
Electron Diffraction) pattern for the clean Si(111) surface.
After that, many structural models were proposed to account
for this observation. The widely accepted structural model for
this 7 x 7 reconstruction is DAS (Dimer-Adatom Stacking
Fault Model) [5]. It involves large reconstructions of atoms
within one (111) double layer. Before the reconstruction, the
bulk-terminated (111) surface has one dangling bond per sur-
face Si atom. The 7 x 7 reconstruction reduces these tri-
coordinated Si atoms from 49 to 19 in each unit cell yielding
two triangular subunits (faulted and unfaulted halves). The
remaining 19 dangling bonds for each unit cell are composed
of 12 adatoms, 6 rest atoms and 1 corner atom. The adatoms
are divided into two classes according to their position in the
subunits: the corner adatoms sit in the corners of the subunits
and the center adatoms sit in the center of the subunits. Each
center adatom has two neighboring rest atoms, but only one
for each corner adatom. A model of the adatom and the rest
atom is presented in Fig. 1. The rest atom is in para-position
of the adatom. As compared to rest atom, the adatom involves
three highly strained 4-membered rings which would reduce
its stability.

A considerable movement of atoms from their normal lat-
tice positions in the unreconstructed surface to the positions
in the (7 x 7) structure results in the surface being highly
strained. In spite of this, the (7 x 7) structure is very stable
and the transformation from the (2 x 1) cleaved surface is
irreversible.

Since the resulted (7 x 7) surface provides a number of
spatially and electronically nonequivalent reactive sites, the
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Fig. 1 The SIMOMM cluster
model of Si(111)- 7 x 7 surface
used in this paper

surface is expected to display diversities of adsorption config-
urations. Among these, an adatom coupled with one adjacent
rest atom has been considered an important paired reactive
site that can act as a strong dipole, making addition reactions
of alkenes with Si(111)- 7 x 7 possible [6].

In the case of Si(100)-2 x 1 surface where the surface Si
atoms dimerize with their neighboring atom yielding 2 x 1
reconstructed rows, a great deal of theoretical studies were
performed to understand the characteristics of these dimer
bonds. Redondo and Goddard [7] first showed that the dimer-
ized bond of 2 x 1 reconstructed surface should be consid-
ered as a singlet diradical. Therefore, a qualitatively correct
description of the surface dimer requires at least a general-
ized valence bond, GVB-PP (1) [8]. These conclusions were
further supported by high level multi-reference calculations
[9,10].

Detailed understanding of the characteristics of Si(111)-
7 x 7 surface is a prerequisite to properly study the surface
chemical adsorption reactions. In addition, appropriate
cluster design of the Si(111)- 7 x 7 surface is also impor-
tant to correctly describe the surface chemistry. In this paper,
the geometrical and the electronic structures of Si(111)-7 x7
surface were studied focusing on its multiconfigurational
aspects. Various combinations of the surface-reactive dangle
bond sites were systematically tested to analyze possible
interactions among the surface-dangling bonds and their
surface model dependencies.

2 Computational details

All-electron 6-31G(d) [11] basis set which has shown to pro-
vide quantitatively correct results in the studies of the similar
surface systems [12—15] was used throughout this work. As
discussed in the introduction, Si(111)- 7 x 7 surface carries
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radicals due to dangle bonds. Therefore, ROHF (Restricted
Open Shell HF) and CASSCF (complete active space SCF)
theories [16,17] were used as a reference wavefunctions for
the correct high-spin and low-spin states, respectively. Since
minimal active spaces for CASSCF are adopted, the wave-
function of the high-spin state becomes single configura-
tional. This is why ROHF wavefunctions were chosen for
the descriptions of the high-spin states. The active space
was designed such that all dangling bonds are included. In
order to recover the dynamic electron correlation, and to
ensure that all parts of the reaction path are treated equiv-
alently, single point energy evaluations with MP2 and multi-
reference second order perturbation theories were performed
for ROHF and CASSCF reference wavefunctions, respec-
tively [18-21]. The GAMESS (General atomic and molec-
ular electronic structure system) [22,23] program was used
for all of the computations.

In order to study surface size-effects, a hybrid quantum
mechanics/molecular mechanics (QM/MM) method called
SIMOMM [24] (surface integrated molecular orbital molec-
ular mechanics) was used. This approach embeds a smaller
QM cluster in a much larger MM cluster in order to reduce
or eliminate possible edge effects. MM3 [25-27] parameters
were used for the molecular mechanics optimization part of
the computations. All of the full geometry optimizations were
done without imposing symmetry unless otherwise specified.

3 Results and discussions

As discussed in the introduction, the Si(111)- 7 x 7 sur-
face contains a number of nonequivalent reactive dangling
bond sites. Among these, dangling bonds in close proximity
to each other can have the possibilities of pair interactions,
which would affect the surface characteristics. Accordingly,
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four different QM models and their corresponding SIMOMM
models of the Si(111) 7 x 7 surface were designed to system-
atically analyze these effects. The results of each model are
discussed in order. The reference MM region of SIMOMM
model for all the calculations is presented in Fig. 1. The cor-
responding QM regions are presented in Fig. 2.

3.1 9-Si model: one adatom + one rest atom

A simplest possible model that represents an adatom and
a rest atom pair is 9-Si model as shown in Fig. 2a. This
model shall be referred to as 9-QM, which can be consid-
ered as the corner adatom and its rest atom pair model. In
addition to this purely quantum mechanical 9-Si model, a
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Fig. 2 QM part of SIMOMM models. The numbers and the numbers
in parenthesis are from SIMOMM and pure QM calculations, respec-
tively. The numbers in italic are the values of high-spin states. Bond
lengths and torsional angles are in Angstrom and degree, respectively.
a 9-Si model, b 16-Si model, ¢ 12-Si model, d 13-Si model

SIMOMM model is designed, where the 9-Si QM region
is embedded in Sip47H140 MM region (see Fig. 1). This is
referred to as 9-SIMOMM. Since these two models contain
two dangling bonds, 2 electrons and 2 orbitals CASSCF was
used for the correct-singlet spin state. ROHF wavefunction
were adopted for the description of triplet state, since only
one configuration state function is possible out of two orbi-
tals. Corresponding MRMP2 and MP2 single point energy
evaluations were done, respectively, to recover dynamic elec-
tron correlations and the results are presented in Table 1. The
two second-order Perturbation theories shall be referred to
as PT2. The PT2 singlet-triplet energy gaps (AEs_7) of 9-
QM and 9-SIMOMM models are calculated to be 7.28 and
7.34 kcal/mol, respectively, with the singlet state being the
ground state. Note that PT2 usually recover more electron
correlations from the lower spin states than the higher ones
due to the intrinsic correlations of the same spin electrons in
the higher spin states. Since the singlet—triplet gap is small,
the intersystem crossing between these two different spin
states can be an important effect on the surface chemical
reactions. Since AEg_7 of the 9-QM and the 9-SIMOMM
are nearly identical, the effect of SIMOMM cluster on rela-
tive energies is minimal.

However, the effect of SIMOMM on structure is signifi-
cant. The three bonds directly attached to the adatom, Siy
are increased by 0.04 A, while the distance between Si; and
Sis is reduced by 0.15 A in 9-SIMOMM. Furthermore, the
torsional angle of Si;—Si3—Sig—Sig is reduced by 19.4° in
9-SIMOMM model. As compared to these, the differences
in geometric data near the rest atom are minimal. These
results can be expected, since the adatom is more strained
than the rest atom so that it is more affected by SIMOMM
model. In short, such large QM/MM effects on adatom
geometries suggest that QM/MM model is equally necessary

Table 1 Relative energetics in kcal/mol between the low-spin and the
high-spin states

AE (CASSCF — ROHF)  AE (MRMP2 — MP2)

9-QM 0.029 —7.28 (3.64¢)
9-SIMOMM 0.045 —7.34 (3.67)
16-QM —0.063 —8.93 (4.46)
16-SIMOMM 0.014 —8.82 (4.41)
12-QM - -
12-SIMOMM 0.0087 —8.60 (4.3)
13-QM 0.017 —10.75 (3.58)
13-SIMOMM 0.024 —10.88 (3.63)

CASSCF wavefunction and MRMP2 energy correction were adopted
to describe the low-spin states, while ROHF wavefunction and MP2
were adopted for the high-spin states

CASSCEF (2,2)/6-31G(d) was used in all the model systems except
13-QM and 13-SIMOMM, where CASSCEF (3,3)/6-31G(d) was used
Numbers in the parenthesis are EGPD (Energy Gap per Dangling bond)
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when one also deals with the chemical adsorption reactions
at this particular site. The CASSCF (2,2) NOON(Natural
Orbital Occupation Number) values of the singlet state of 9-
SIMOMM, which is a good measure of multi-configurational
character, are 1.00 and 1.00. These values clearly indicate that
the two dangling bonds are ideal radicals with singlet config-
uration being slightly more stable than the triplet, further sub-
stantiating that CASSCF (2,2) is the minimal correct wave-
function for the singlet ground state of this model. As a result
of small AEg_7, the geometric data between the singlet and
the triplet states are nearly identical within the same model,
further increasing the possibilities of intersystem crossing.
It can be also concluded that the surface radicals are highly
local so that their spin configurations would not affect surface
geometries.

The Mulliken population analysis shows that the charges
on the adatom and the rest atom of 9-SIMOMM are —0.04
(—0.05) and —0.14(—0.20), respectively (see Table 2). Note
that the numbers in the parenthesis are the corresponding
values of 9-QM. The adatom is nearly neutral, while the rest
atom is negatively charged. The bare 9-QM model overem-
phasizes the negative charge on the rest atom, which would
significantly distort the surface reactivity toward the
incoming adsorbates.

3.2 16-Si model: double layer model of one adatom + one
rest atom

An improved model for the pair of an adatom and a rest atom
would be the double layer model as shown in Fig. 2b, where
the next layer is also included in the model as compared to
Fig. 2a. This model is denoted as 16-QM. The correspond-
ing 16-SIMOMM model is designed where the 16-Si QM
region embedded in Sip47Hj40 MM region. Again, the same
CASSCEF (2,2) wavefunction was adopted to describe the two
dangling bonds.

Table 2 Mulliken Charges of adatoms and rest atoms in their low-spin
states

Adatom Rest atom
9-QM —0.05 —-0.2
9-SIMOMM —0.04 —0.14
16-QM —0.01 —0.09
16-SIMOMM 0.0 —0.06
12-QM - -
12-SIMOMM —0.04 —0.04
13-QM 0.0 —0.18
13-SIMOMM 0.04 —0.13

CASSCF (2,2)/6-31G(d) was used in all the model systems except
13-QM and 13-SIMOMM, where CASSCF (3,3)/6-31G(d) was used
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The PT2 AEs_7 of 16-QM and 16-SIMOMM are
calculated to be 8.93 and 8.82kcal/mol, respectively, with
the singlet state being the ground state. These energy differ-
ences are slightly increased by about 1 kcal/mol as compared
to the 9-Si model.

Again, the effect of SIMOMM on structure is significant.
The distance between Si; and Sis and the torsional angle
of Si;—Si3—Sig—Sig are reduced by 0.14 A and5.3°, respec-
tively, in 16-SIMOMM.

Overall, the improvements by 16-SIMOMM models over
9-SIMOMM are not significant indicating that 9-SIMOMM
can be considered as already a good model for the adatom-rest
atom pair. However, the improvements by 16-QM over 9-QM
are relatively great showing that a large model is required,
when only pure QM model is adopted.

3.3 12-Si model: two adatoms

The closest adatom pair appears at the junction of the faulted
and the unfaulted halves of DAS model. A 12-QM model was
designed to represent this pair as shown in Fig. 2c. The cor-
responding 12-SIMOMM model was also designed, where
the 12-Si QM region embedded in Six47H1490 MM. CASSCF
(2,2) for singlet state geometry optimizations on the pure 12-
QM model yielded unphysical structures, in which the two
radicals Si; and Sig formed a o bond. In contrast, the same
geometry optimizations with 12-SIMOMM yielded proper
structures for the two adatoms. The three directly attached
bonds to the adatom as well as the Sij—Sis distances are
nearly identical to those of 9-SIMOMM and 16-SIMOMM
indicating that SIMOMM method provides consistent mod-
els regardless of the design of SIMOMM model.

Again, the singlet and the triplet structures are nearly iden-
tical due to the energetic near degeneracy. The PT2 AEg_r
of 12-SIMOMM models are calculated to be 8.60kcal/mol
with the singlet state being the ground state. It is slightly
increased by about 1 kcal/mol as compared to the pair of an
adatom and a rest atom of 9-SIMOMM. Nonetheless, they
are quite similar indicating that regardless of adatom or rest
atom, the A Es_7 mostly depends on the number of dangling
bonds.

In this particular model for the two adatoms, pure QM
model failed to provide physically meaningful structure,
while it is seen that the SIMOMM model consistently yielded
proper geometries regardless of types of dangling bonds.

3.4 13-Si model: one adatom + two rest atoms

As compared to the the corner adatom that has only one
near-by rest atom, the center adatom has two rest atoms.
13-QM model was designed to model this situation (see
Fig. 2d). The corresponding 13-SIMOMM was also designed.
Since these two models contain three dangling bonds, three
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electrons and three orbitals active space was used for the
correct-doublet spin state. For the calculation of quartet state,
ROHF quartet calculations were performed. The PT2 AEp ¢
of 13-QM and 13-SIMOMM models are calculated to be
10.75 and 10.88 kcal/mol, respectively, with the doublet state
being the ground state. The doublet state CASSCF (3,3)
NOON of the 13-SIMOMM are 1.01, 1.00 and 0.99. As in
the other model studies, these values further indicate that the
three dangling bonds are ideal radicals with doublet con-
figuration being slightly more stable than the quartet. In
order to compare these results with other models, it would
be more useful to consider the energy gap per dangle bond
(EGPD). Accordingly, the EGPD of the 9-SIMOMM and
13-SIMOMM are 3.68 and 3.63 kcal/mol, respectively. The
values show that the energy gap due to the dangling bonds is
nearly additive indicating that the paring interactions among
dangling bonds are negligible.

As seen in the earlier models, the effect of SIMOMM
on structure is significant. The three bonds directly attached
to the adatom, Si; are increased by about 0.04 10%, while
the distance between Si; and Sis is reduced by 0.15 A in
13-SIMOMM. Furthermore, the torsional angle of Si;—Siz—
Si7—Sig is reduced by 20.34° in 13-SIMOMM model.

4 Conclusions

The reconstructed Si(111)- 7 x 7 surface was theoretically
investigated using four surface QM/MM models, focusing on
possible pair interactions among the surface dangling bonds.
Although low-spin states turned out to be ground states, the
energy gap between the low-spin and high-spin states is mini-
mal in all of the model calculations. The EGPD (Energy Gap
per Dangling bonds) from all model calculations is about
4 kcal/mol showing that the energy gap due to the dangling
bond is nearly additive. All CASSCF calculations yielded
nearly half-filled orbitals of active space showing that the
dangling bonds have ideal open shell configurations.

The optimized geometries between the low-spin and the
high-spin states is nearly identical, increasing the chance
of intersystem crossing between different spin states, which
may become an important factor in certain surface chemical
reactions. So both low spin and high spin electronic configu-
rations are important in the descriptions of surface chemical
reactions.

In contrast, geometric differences between pure QM and
QM/MM models are significant especially near the adatom

region. In some test calculations, the small QM model failed
toyield physically meaningful structures, showing that proper
design of the cluster model is important. The geometric data
among the four different SIMOMM models are nearly identi-
cal showing that the SIMOMM model is able to provide the
geometric constraints of sub-surface layer to the top most
layer consistently regardless of the QM/MM model.
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