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A hybrid density-functional-theory and molecular-dynamics simulation scheme was proposed [Ogata et al.,
Comput. Phys. Commun. 149, 30 (2002)] in which a total atomistic system is partitioned, in real space, into
the quantum (QM) region whose electronic structure is calculated with the density-functional theory and the
classical (CL) region treated with the interatomic potential for the molecular dynamics. In the scheme, the
link-atom method that uses hydrogen atoms for termination of the QM atoms is adopted to couple the QM and
CL regions mechanically. A proper choice of the QM region that retains the original atomic configuration is
limited in the link-atom method. In this paper we propose a coupling method, called the buffered-cluster
method, with the introduction of buffer atoms to minimize possible effects arising from the finiteness of the
size of the QM region. The buffered-cluster method is applicable to any reasonable choice of the QM region
in a wide range of ceramics and semiconductor materials. The accuracy of the buffered-cluster method is
analyzed by applying it to crystalline Si and alumina systems, to find little differences around the QM-CL
boundaries in both relaxed configuration of the atoms and recoil forces on them due to their trial displacements.
The insensitivity of the atomic forces to the choice of the QM region in the buffered-cluster method makes it
possible to rechoose the QM region adaptively during the hybrid simulation run for fast computation. The
hybrid simulation scheme with the buffered-cluster method is applied to analyze adsorption and dissociation
processes of an H,O molecule on a notched Si-slab system with or without strains, in which the H,O interacts
with the notch-bottom facet of Si(100)-(2 X 1) dimer structure. The QM region is chosen in the system to cover
the reaction region. Energy variations along the reaction paths show that the adsorption energy and the
dissociation barrier of the H,O molecule on the Si(100) facet in the system are sensitive to the stain. The
adsorption energy decreases substantially, while the dissociation barrier with H transferred to a nearby dimer
increases, when the system is stretched. We perform hybrid simulation runs with the buffered-cluster method
to study the adsorption and dissociation dynamics of the H,O molecule with the facet of Si(100)-(2 X 1) in the
nanostructured Si system at both stretched and unstrained conditions, in which the QM region is rechosen
dynamically to trace the reaction atoms. The probability of the H,O dissociation and the following H-transfer
path depend significantly on the strain applied to the system and on the initial conditions of the molecule.

DOI: 10.1103/PhysRevB.72.045348 PACS number(s): 68.35.Md, 73.22.—f, 82.20.Wt, 31.15.Qg

I. INTRODUCTION

Microscopic instruments such as the atomic force
microscope’ and the microelectromechanical —system?’
(MEMS) have advanced greatly in recent years. They have
enabled us to investigate various quantities of materials in-
cluding friction, fatigue, and failure at nanometer scales.!-?
Failures of the standard scaling relations have often been
observed for the quantities. The stick-slip process® occurs in
the friction between the nanosystems. The Hall-Petch law*
for the material strength based on the continuum mechanics
fails for nanophase materials.»® Computer-aided modeling is
therefore expected to play important roles to reduce costs
and times in both designing a variety of the nanosystems’®
and predicting their lifetimes.

One of the principal characteristics of the nanosystem is
concurrent coupling of the multiscale processes in it. For
instance, when we consider dynamical failure of the nano-
system under stress, internal stress related to its shape and
size will affect the electronic structure and hence the chemi-
cal reactivity in the nanosystem; on the other hand, produced
heat due to the chemical reactions will promote dynamic
deformation of the nanosystem. An efficient approach to treat

1098-0121/2005/72(4)/045348(17)/$23.00

045348-1

the multiscale processes theoretically is to hybridize proper
simulation methods.” In the hybrid approach, a simulation
system is partitioned in real space into multiscale regions. A
hierarchical set of theoretical calculation methods—for in-
stance, the electronic structure calculation, the classical ato-
mistic method, and the continuum method—is then applied
appropriately to the regions.!”

Many of the interesting processes in materials involve
chemical reactions between constituent atoms. Classical
(CL) atomistic methods such as the molecular-dynamics
(MD) method using an empirical interatomic potential fail
often to describe such processes. Interatomic interaction in
the reaction region should be calculated with a quantum-
mechanical (QM) method that can describe breaking and for-
mation of the atomic bonds. Heat produced in the reaction
region should be transferred correctly to the surrounding re-
gion. Therefore it is required to treat large-scale atomistic
systems with quantum accuracies. There have been growing
interests'? in developing hybrid QM-CL simulation schemes,
in which a reaction region treated by a QM method is em-
bedded in a classical system of atoms interacting via an em-
pirical interatomic potential.
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During the past decade, computationally efficient QM ap-
proaches based on density-functional theory!''!3 (DFT) have
advanced greatly. A hybrid QM-CL simulation scheme'* em-
ploying DFT for the QM calculation and the molecular me-
chanics for the CL calculation was therewith proposed for
simulation of biological molecules. In the scheme, plane
waves are used as the basis to solve the Kohn-Sham equa-
tions for valence electrons in the QM region. Independently,
Ogata et al.'">'® developed a similar hybrid QM-CL scheme
for materials simulation by employing real-space DFT in
which both wave functions and pseudopotentials are repre-
sented on uniform Cartesian mesh points in real space.!” The
DFT code'® is parallelized based on the spatial decomposi-
tion, and a few hundred atoms can be treated on thousands of
processors. Both hybrid schemes employ the link-atom
method to couple the QM and CL regions, and use H atoms
for termination of the chemical bonds broken artificially at
the QM-CL boundary. Different formulas are used to deter-
mine position of the termination-H atom as a function of that
of the QM and CL atoms in the broken bond. Ogata et al.'*%°
successfully applied the hybrid QM-CL simulation scheme to
Si systems with environmental H,O molecules to study
moisture effects on fracture initiation in Si. A partially
cracked Si system under tension (mode-I opening) with
crack walls of Si(110) was simulated with multiple H,O
molecules put around the crack front. Electronic structures
near the crack front are calculated with DFT. The DFT de-
scription is embedded in the system of classical atoms inter-
acting through an empirical potential. The simulation
results'®2% showed that the reaction of H,O molecules at the
crack tip of Si is sensitive to the stress intensity factor.* Such
a successful simulation required a careful choice of the QM
region. An inappropriate choice of the QM region resulted in
an unwanted deformation of the atomic configuration near
the QM-CL boundary.

Such sensitivity of simulation results to the choice of QM
region prevents the hybrid simulation scheme from being
applied to various engineering problems. Motivated by this,
we will introduce in this paper a coupling method between
the QM and CL regions without using the link atoms and will
demonstrate that the method is applicable to any reasonable
choice of the QM region in both Si and alumina systems with
accurate mechanical coupling between the QM and CL re-
gions. The insensitivity of our coupling method to changing
the QM region makes it possible to rechoose the QM region
dynamically in an adaptive way during the simulation run.

Reaction of H,O with Si surface is one of the fundamental
processes in producing computer chips to create thin insula-
tor (Si0,) films. Understanding the stress dependence of the
H,O reaction with Si is also essential in designing mechani-
cal components of MEMS,?! which are usually made of Si
and supposed to be used in corrosive environments such as
inside of human body. We will apply the hybrid simulation
scheme with our coupling method to absorption and disso-
ciation processes of an H,O molecule on a nanostructured Si
system under stress. Those atoms around the H,O will be
treated with the DFT, while the surroundings with the MD
method. We will show that the adsorption energy and disso-
ciation barriers of the H,O molecule on the Si(100) facet of
the system are sensitive to the degree of the stress. The ad-
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sorption energy decreases substantially, while the dissocia-
tion barrier with H transferred to a nearby dimer increases,
when the system is stretched. Hybrid simulation runs with
our coupling method will be performed at both stretched and
unstrained conditions to study the reaction dynamics of the
H,0 molecule with the buckling Si-Si dimers on the Si(100)
facet in the nanostructured Si system, in which the QM re-
gion is rechosen dynamically to trace the reaction atoms.
Dissociation of the H,O molecule and the H-transfer path
depend significantly on the strain applied to the system and
on the initial conditions of the molecule. We will demon-
strate that the H atom dissociated from the H,O molecule has
substantial probabilities to adsorb to a neighboring dimer in
the unstrained Si systems and that the H atom adsorbs with
high probabilities to the same dimer in the stretched systems.

In Sec. II, we will first explain the link-atom method in
the hybrid QM-CL simulation scheme and its limitation in an
appropriate choice of the QM region. Then we will introduce
a coupling method that overcomes the limitation. Various
analyses will be performed to demonstrate the proper me-
chanical couplings of the QM and CL regions in Si and alu-
mina systems. The hybrid simulation scheme with our cou-
pling method will be applied to reaction of an H,O molecule
with nanostructured Si in Sec. IIl. Concluding remarks will
be given in Sec. IV.

II. IMPROVEMENT IN THE COUPLING METHOD

Let us consider a model system of crystalline Si to com-
pare our former and present coupling methods in the hybrid
simulation scheme. The system contains mutually nonover-
lapping regions of reasonable sizes to be treated with a QM
method; atoms in those QM regions are called the QM at-
oms. The rest of the QM atoms are the CL atoms. To make
formulation explicitly, we assume the empirical, classical in-
teratomic potential by Stillinger and Weber?> (SW) for the
CL calculation of Si. We choose the DFT as the QM method
by considering balance between the accuracy and computa-
tion speed, though any calculation method that predicts the
electronic structures of the atomic clusters such as the tight-
binding method?? may be used. In Sec. IT A, we will summa-
rize our former coupling method that connects the QM and
CL regions dynamically using the link atoms. Our current
coupling method will be introduced in Sec. II B with various
tests of its accuracy and stability.

A. Link-atom method

To describe the total energy of the hybridized system,
Ogata et al.'>'® followed the modular approach by Svensson
et al.** and Eichler et al.* and wrote it in a linear combina-
tion form. The Hamiltonian that predicts dynamics of all the
atoms is

H(Ry. Pyp) = HE "Ry Py) + 2 (Egﬁ[er‘EcclEsm ,

cluster
(1)

where R,; and P, represent sets of positions and momenta
of all the atoms, respectively. The Hg'®™ in Eq. (1) is the
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classical Hamiltonian for the total system composed of the
kinetic energy and the potential energy terms: HZ "
=Ein(Pa) +EX™(Ry). The last two terms on the right-
hand side of Eq. (1) may be understood as a quantum cor-
rection to the classical potential energy for the QM region.
We denote sets of positions of the CL and the QM atoms
as {rc} and {rqy}, respectively—that is, Ry ={rcp}+{rqm}-
The CL atoms contain the handshake'>!¢ (HS) atoms, which
are those atoms adjacent to the surface atoms of the QM
region in the total system; the positions of the HS atoms are
{rgi,l_CL}. In the link-atom method, the last two terms on the
right-hand side of Eq. (1) are functions of {rqy; and

S .

{r SM-CL :
Egn" = Egn (rom)sfromcL) - 2)
EQ™ = ES™ (rom)s{rom.cL)) - (3)

For both QM and CL calculations for the QM region in Egs.
(2) and (3), termination atoms are introduced at the dangling-
bond sites of the QM atoms corresponding to the broken
bonds at the QM-CL boundaries. The termination atoms are
hydrogen for the QM calculation, while they are silicon for
the CL calculation. The position of the termination-H atom is
determined from that of the corresponding HS atom and its
bonding-pair QM atom as follows. Let rgy(j;i) be the
positions of the QM atoms (j=1,2,...) bonding to the
target HS atom 7 at rgi,[_CL(i); depending on choice of QM
region, a plural number of different j may exist for the HS
atom i. The termination-H atom is placed at rH=,8rgls\,[_CL(i)
+(1=B)rom(j;i) for each (i,j) pair with scaling factor 8
=0.66. The value of S is determined by comparing the re-
laxed configuration of the free SiH, cluster and the crystal-
line configuration of Si with the diamond structure. For the
CL calculation of the QM region, termination-Si atoms are
set at the same positions of the HS atoms—i.e., rSi
=r8§4_CL(i). If the CL interatomic potential is a two-body
one, the HS atom at rgﬁ,[_CL(i) interacts with the QM atom at
rom(j;i) through the QM energy Egﬁter.

Figure 1 shows a schematic view of the atomic configu-
ration around the QM-CL boundary in the link-atom method.
In Fig. 1, the white spheres denote the CL atoms, while the
black spheres the QM atoms. The termination-H atoms are
set on the broken Si-Si bonds at the QM-CL boundaries.
Dotted lines are drawn between the termination-H atoms and
the relating HS atoms for the guide to the eyes. We note that
if a single HS atom corresponds to a plural number of
termination-H atoms, the termination-H atoms get close to
each other; the minimum interparticle distance is only
1.78 A in the case of Si crystal with the diamond structure.
Displacement of the HS atom—i.e., one of the CL atoms—
creates that of the relating termination-H atoms. And the dis-
placements of the termination-H atoms change the forces on
the QM atoms, which are calculated with the QM method.
Hence, at the QM-CL boundary, the HS atom interacts with
the QM atom through the QM force on the termination-H
atoms.
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FIG. 1. Close-up view of the QM-CL boundary in the hybrid
QM-CL simulation of crystalline Si with the link-atom method. The
black spheres correspond to the QM-Si atoms, while the white
spheres to the CL-Si atoms. The termination-H atoms introduced
for the QM calculation of the QM region with the link-atom method
are drawn to guide the eye.

The link-atom method has been the standard to couple the
QM region with the CL region in the hybrid simulation
scheme for biochemical molecules. For the scaling factor 8
which is used to determine the position of the termination H,
rH=,8rg§A_CL+(1 —-B)rom. in the QM calculation, Eichner
et al.® set B(a)=B_,/a with a=|rg&,CL—rQM| in order to fix
| —rom|=/B-,. Dapprich et al.? set a constant value to f3:
B(a)=,. Eichinger et al.'* proposed to take B(a)=p_,/a
+ 3, for improved mechanical coupling between the QM and
the HS atoms. Ogata et al.'>® assumed B(a)=g, and then
generalized it to*’ B(a)=By+ 3,a, demonstrating similar ac-
curacy with that in Eichinger et al.'*

By calculating the gradient of H in Eq. (1)
analytically with respect to the position r; of atom
i, we obtain the force F; on the atom as F;=—dH/dr(i)
=FES™+ Sauser Fort s —Fars™) with FE§"=—dEQ "™ or;,
Fgﬁf?rz—ﬁEgﬁter /dr;, and Fcclffferz— gﬁ“er /dr;. Note that
FES™ and FQ" cancel each other for the QM
atoms. Since JEGu""/ dron.c.=(0EGm"/ar)(drf/droy. o,
and IEQM "1 Ironi=(IEQM "1 rou) Mpixea+ (IEQa <1 or)
X (drtl/ drgm), the force on the termination H obtained in the
QM calculation contributes to both HS and QM atoms.

The electronic structure of the QM region is evaluated
with the DFT. Details of the DFT code have been explained
in Refs. 15, 16, and 18. The Kohn-Sham (KS) formulation is
adopted to calculate the total energy Egﬁm of the atomic
cluster. Only valence electrons are considered with the norm-
conserving pseudopotentials. The generalized gradient
approximation®® to the exchange correlation potential of the
electrons is adopted with the partial-core correction. Carte-
sian mesh points in real space are used to represent the KS
orbitals and Hartree potential. Derivatives of the orbitals are
evaluated with the sixth-order finite-difference method.!”
Data on the mesh points are spatially decomposed and stored
in compute nodes for fast computation on a parallel com-
puter. Numerical solutions of the KS orbitals and of the Har-
tree field are obtained on the mesh points with the multigrid
method?® for accelerated convergence in the self-
consistency-field iterations. Atoms with species H, Si, and O
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FIG. 2. (a) An example of the atomic cluster for the QM calcu-
lation in the hybrid QM-CL simulation of crystalline Si with the
link-atom method; the black spheres correspond to the QM-Si at-
oms, while the white spheres to the termination-H atoms. (b) Side
view of the minimum-energy configuration of the atomic cluster
obtained with the DFT (i.e., QM) method under the free-boundary
condition starting from the configuration shown in (a). The numbers
in { } denote the Mulliken’s overlap populations for the Si-Si bonds,
those in () the Mulliken’s populations for the atoms. (c) Same as
(b) but for the top view.

will be involved in the hybrid simulation in Sec. III. Finer
mesh points are used for the KS orbitals in the vicinity of the
O atom following the double-grid method.>* Fourier compo-
nents of the local and nonlocal pseudopotentials with wave-
lengths shorter than the mesh size are suppressed using the
King-Smith method.!3 The mesh size for Si is £=0.55 a.u.,
which corresponds to a cutoff energy of (7/h)*~ 33 Ry in
the plane-wave representation of the KS orbitals.

One of the most significant problems of the link-atom
method, which hinders its usage in a wide range of the en-
gineering problems, is that the most stable atomic configura-
tion is fairly sensitive to choice of the QM region in the total
system. In the former hybrid simulations of the nanostruc-
tured Si systems, the QM regions were chosen carefully after
various stability tests. If we choose an inappropriate set of
the QM atoms in crystalline Si, the atomic configuration near
the QM-CL boundary distorts significantly as the total en-
ergy H is minimized. To understand the reasons for it, we
consider an example of the atomic cluster to be used for the
QM calculation in the hybrid simulation of crystalline Si
shown in Fig. 2(a); the black spheres denote Si atoms and the
white spheres H atoms for termination. Note that H atoms at
the top and the bottom in Fig. 2(a) are sitting in close prox-
imity to each other. By relaxing all the atoms of the cluster in
Fig. 2(a) to find the ground state of it under the free-
boundary condition, we find significant distortion of the
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atomic configuration as shown in Figs. 2(b) and 2(c). Also
shown in Figs. 2(b) and 2(c) are the Mulliken’s atomic
populations®'*2 and overlap populations®'3? of the valence
electrons. We thereby find that those proximate H atoms
charge more positively—i.e., smaller atomic population—as
compared to other H atoms and that the overlap populations
between the proximate H atoms become negative, indicating
antibonding character. The facts demonstrate that the proxi-
mate H atoms have a tendency to repel each other. Since
positions of the termination-H atoms relate directly to that of
the CL atoms in the link-atom method, such repulsion de-
forms the crystalline structure significantly at the QM-CL
boundary. If the QM-CL boundary corresponds to Si{l11},
the termination H atoms are well separated from each other
and therefore the link-atom method can be used.

We may consider that both QM and CL methods give zero
forces to all the atoms in crystalline Si if all the atoms are
treated with the same method. Usually the hybridized system
treated with Eq. (1) has nonzero forces, called the ghost
forces,? on those atoms located at the QM-CL boundaries as
we have stated above, reflecting degree of inaccuracy in the
coupling method. The ghost forces produce unwanted defor-
mations in the Si system. We can easily think of two ways, at
least, to remedy this. We can cancel such a ghost force by
adding a fictitious force®® to keep the crystalline structure of
Si. Suppose we apply such a force-cancellation method to
the hybrid simulation of a fracturing Si system, in which the
QM region that includes bond-breaking sites evolves its size,
shape, and position. In the simulation, we must prepare a
table of the ghost forces by performing separate calculations
at every time we rechoose the QM region. Since the over-
head of such preparation calculations is substantial, the
force-cancellation method is not quite useful. Alternatively,
considering that the termination-H atoms should be well
separated for a proper coupling, we can choose the QM re-
gion so that all facets of the region assume Si{111}. However,
such a QM region will be generally much larger in size than
expected, resulting in slow simulation. For the hybrid
QM-CL simulation to have reasonable accuracy and compu-
tation speed, there should exist no such a restriction in the
choice of the QM region.

Another problem in the link-atom method is that it is ap-
plicable to the materials of limited atomic species with well-
defined chemical bonds. For example, when we have tried to
apply the link-atom method to the hybridized a-Al,O5 crys-
tal and set H atoms on the broken AI-O segments at the
QM-CL boundaries, we have found that some of the H atoms
have detached to form H, molecules. We have tried also to
use “virtual atoms” with nonintegral numbers of core charge.
However, we could not find proper atoms for termination
purposes in the case of the a-Al,O5 system.

In Sec. B we will introduce the buffered-cluster
method, which is applicable to any reasonable choice of QM
region in a variety of ceramic materials and requires little
overhead when the QM region is rechosen during the simu-
lation run.

B. Buffered-cluster method

We propose the buffered-cluster method for coupling of
the QM and CL regions in the hybrid simulation scheme,
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which requires no HS atoms and therefore no proximate
termination-H atoms in the QM calculation of the QM re-
gion. Details of the buffered-cluster method are explained
with its application mainly to crystalline Si, and various
kinds of analyses are performed to confirm accuracy, stabil-
ity, and portability of the method. Any reasonable choice of
QM region is acceptable in the hybrid simulation of crystal-
line Si with the buffered-cluster method. The algorithm to
rechoose the QM region adaptively during the hybrid simu-
lation run is presented also for Si systems.

We consider a Si system with its atomic configuration
around the QM-CL boundary assuming the diamond struc-
ture. In the buffered-cluster method, the cluster-energy terms
on the right-hand side of Eq. (1) are functions of positions of
the QM atoms {rqy} only:

E = E rou). @
Ecclﬁster — ECCIESter({rQM}) ) (5)

In both QM and CL calculations of the QM region in Egs. (4)
and (5), additional atoms are placed at the dangling-bond
sites of the QM atoms at the QM-CL boundaries to buffer
possible effects of the cutting bonds. We call those atoms as
the buffer atoms.

For the CL calculation of the QM region in Eq. (5), the
buffer atoms are Si to mimic the original bonds at the
QM-CL boundary. Starting from positions of either the cor-
responding CL-Si atoms or the buffer-Si atoms at the last
step, positions of the buffer-Si atoms are adjusted at every
time step in the simulation run to minimize the potential
energy Eoy™ under the constraint of fixing {rom}- Here, the
buffer-Si atoms interact only with the bonding-pair Si atoms
in the original system through the two- and the three-body
terms of the SW interatomic potential. An example of the
QM region in crystalline Si is shown in Fig. 3(a), in which
the black spheres denote the QM atoms and the white
spheres the CL atoms. Relating to the QM region chosen in
Fig. 3(a), the atomic cluster for the CL calculation contains
the buffer-Si atoms as depicted in Fig. 3(c). Note that the
positions of the buffer atoms in the buffered-cluster method
may differ from that of the corresponding CL atoms in the
total system, while the positions of the termination-Si atoms
in the link-atom method are the same as those of the HS
atoms as has been explained in Sec. IT A.

For the QM calculation of the QM region in Eq. (4), the
buffer atoms are either H or Si depending on the bonding
characteristics in the original system, as shown in Fig. 3(b):
the small spheres in grey denote the buffer-H atoms and the
large spheres in grey the buffer-Si atoms. The positions of
the buffer atoms (either H or Si) for the QM calculation are
determined by referring to those of the buffer atoms in the
atomic cluster for the CL calculation in Fig. 3(c). If a
buffer-Si atom located at r2™ connects to a single QM atom
at rqy in the atomic cluster for the CL calculation, we put a
buffer-H atom at r,=Brey"™ +(1— B)rom With the scaling fac-
tor B=0.66 in the atomic cluster for the QM calculation.

Otherwise, we put a buffer-Si atom at r, ="' in the atomic
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(b) buffered ea

cluster (QM)
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FIG. 3. (a) The QM atoms (black spheres) chosen in the hybrid
QM-CL simulation of crystalline Si with the buffered-cluster
method. Atoms 1, 2, and 3 are equivalent in the crystalline symme-
try; likewise, atoms 4, 5, and 6 are equivalent. (b) The atomic
cluster for the QM calculation of the QM region depicted in (a) with
the buffered-cluster method. The large spheres in gray labeled with
the Greek letters correspond to the buffer-Si atoms, while the small
spheres in gray to the buffer-H atoms. (c) The atomic cluster for the
CL calculation of the QM region depicted in (a) with the buffered-
cluster method. The white spheres denote the buffer-Si atoms.

cluster for the QM calculation. We note that positions of the
buffer atoms are not relaxed in the atomic cluster for the QM
calculation.

Since both ESKZ‘“ and Efjlﬂsm in Egs. (4) and (5) are inde-
pendent of the positions of the CL atoms {rc.}, the QM
atoms interact with the CL atoms through the classical inter-
atomic potential in H2 ™. Explicit formulas of the atomic
forces in the buffered-cluster method are the following. For

QM atom i, the force

Fi=- oH :_3E8Cyitem_ (m_m)
IrQm,i IrQmi cluster \ QM o
(6)
with

045348-5



SHUJI OGATA

buffer

IrQm.i Iromi Jeix tny 9y \Iromi/cL
(7)
and
IEG" _ ( aECCIES‘“) ' ®
Irqm,i Iromi / fix {r,)

The derivatives of the energies in Egs. (7) and (8) are ob-
tained analytically, while the last term (dry, ;/ drqm )¢y, for the
pair (i,j) in Eq. (7) is evaluated through explicit numerical
differentiation for the buffered cluster in the CL calculation.
For CL atom i, the cluster terms E&™" and Egi\’jm do not
contribute to the force; hence,

system
oEG

Fi=_ .
dreLi

)

In the buffered-cluster method, the positions of the buffer
atoms in the atomic cluster for the QM calculation are deter-
mined using the relaxed positions of the buffer atoms ob-
tained in the CL calculation. Therefore the computation
times to determine the positions of the buffer atoms for the
QM calculation are negligible as compared to the DFT (i.e.,
QM) calculation itself. If we were to minimize the DFT en-
ergy EQ\ of the atomic cluster through relaxation of the
buffer atoms in the QM calculation, there should appear vari-
ous surface reconstructions of the cluster, resulting in unde-
sirable deformations of the crystalline structure. Such a re-
construction of the surface of the cluster is suppressed in the
buffered-cluster method. We in fact apply the buffered-
cluster method to crystalline Si with various choices of the
QM region; the total number of the QM atoms ranges from 1
to 70. We use the hybridized Hamiltonian, Eq. (1), with the
buffered-cluster method and obtain the ground-state configu-
ration by moving all the atoms until the maximum atomic
force becomes smaller than 10~* Ry/a.u. It is found that the
maximum displacement of the atom from the crystalline po-
sition at the initial is about 0.03 A or smaller depending on
the choice of the QM region and that the maximum displace-
ment is not sensitive to the value of 8.

Let us analyze accuracies of the buffered-cluster method
from mechanical and electronical points of view. The follow-
ing four paragraphs explain the results of the analyses. The
target system is a crystalline Si under the periodic boundary
conditions; the Cartesian axes x, y, and z correspond to the
(100), {010y, and (001) directions, respectively. The system
contains the QM region of 29 Si atoms, whose close-up view
is shown in Fig. 3(a), with the black spheres denoting the
QM atoms. The atomic clusters for the QM and CL calcula-
tions are depicted in Figs. 3(b) and 3(c), respectively. The
positions of all atoms in the total system are relaxed.

Electronic populations. We analyze how the atomic struc-
ture and the electronic populations in the QM region come to
resemble those of bulk Si. We denote those QM atoms that
are adjacent to the buffer atoms in the atomic cluster for the
QM calculation as the outer QM atoms, the rest of the QM
atoms, as the inner QM atoms. Bond lengths and Mulliken’s
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overlap populations®? of the Si-Si bonds in the QM region
are the following. For bonds connecting between the inner
QM atoms, the bond distances are 2.345 A and the overlap
populations are 0.900. The last digits fluctuate among differ-
ent bonds. These values agree with the bulk values to within
1%. For bonds connecting between the outer and inner QM
atoms, the bond distances are 2.392 A and the overlap popu-
lations are 0.83. The difference in the overlap population
between the two cases indicates that the strengths of the
bonds that involve the outer QM atoms may differ by several
percent from the bulk values. As for the Mulliken’s atomic
populations,® they are 4.00-4.09 for the inner QM atoms,
while 4.17 for the outer QM atoms. Such differences of sev-
eral percent in the atomic population accord with the similar
degree of difference in the overlap population mentioned
above. We may therefore state that few effects of the finite-
ness of the QM region exist in both atomic structure and
electronic populations.

Local stiffness. We analyze the degree of homogeneity of
mechanical stiffness in the hybridized Si system. We calcu-
late the recoil force felt by a given atom when the atom is
shifted from the equilibrium position by a given amount.
Proper coupling between the QM and CL regions corre-
sponds to agreement of the recoil forces between the QM and
CL atoms in the same crystalline symmetry. Atoms 1, 2, and
3 aligning in the (101) direction in Fig. 3(a) are equivalent in
the crystal symmetry—similarly, atoms 4, 5, and 6 in the
{010) direction. Atoms 1 and 4 are located near the center of
the QM region, atoms 2 and 5 at the QM-CL boundary; and
atoms 3 and 6 in the CL region. Figure 4 compares the recoil
force F; on atom i as a function of the displacement dr; from
the equilibrium position in three different directions: panels
(a)—(c) in Fig. 4 for the set of atoms 1, 2, and 3; panels
(d)—(f) for the set of atoms 4, 5, and 6. As we see in Fig. 4,
the recoil forces agree to within a few percent among atoms
1(4), 2(5), and 3(6) in all three directions of dr; for dr;
<0.1 A. For dr;>0.2 A, the recoil forces may differ by
about 10% at most depending on the direction. The differ-
ences at large dr; originate mainly from inaccuracy of the
SW interatomic potential that we use in the present analyses,
which was constructed to reproduce the elastic properties of
the Si crystal at small displacements of the atoms.

Electronic states relating to dangling bonds. The buffered
cluster shown in Fig. 3(b) for the QM calculation has dan-
gling bonds on the buffer-Si atoms labeled as
{a,B,v,8,e,p}. We demonstrate that electrons correspond-
ing to the dangling bonds are localized well on the buffer-Si

atoms. Figure 5 depicts charge density on the (101) plane
that contains buffer-Si atoms « and 8. We observe in Fig. 5
a substantial density of the electrons at the dangling-bond
sites of atoms « and B (at the left of atom « and at the right
of atom B). A total of 12 electrons exist relating to the 6
buffer-Si atoms {«, B, v, 8, e, ¢} in Fig. 3(b). Figure 6 (top)
shows the energy levels of the KS orbitals in DFT near the
Fermi level. Five doubly occupied and six unoccupied orbit-
als that emerge due to the existence of the dangling bonds
are confirmed through visualization to be localized at the
buffer-Si atoms. A contour plot of such a surface orbital just
below the Fermi level is drawn in Fig. 6 (bottom), in which
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FIG. 4. Variations of the force on atom i when it is shifted by dr;
from its equilibrium position to various directions in the hybrid
QM-CL simulation of crystalline Si shown in Fig. 3(a) with the
buffered-cluster method. Atoms 1 and 4 are the QM atoms at
around the center of the QM region, atoms 2 and 5 the QM atoms at
the QM-CL boundary, and atoms 3 and 6 the CL atoms. The direc-
tion of dr; is parallel to (101, (010), (101}, (010}, (100), and (001)
in panels (a), (b), (c), (d), (e), and (f), respectively.

white regions mean positive values while black regions
negative values. We here note that the five occupied surface
states contain 10 out of 12 electrons relating to the six
buffer-Si atoms and that the remaining two electrons mix
with other electrons at the lower-energy states to create an
additional state. If the QM region is large enough in size so
that the buffer-Si atoms are separated well from the center of
the region, those surface states cannot cause significant ef-
fects on the electronic structures at the center of the QM
region.

Sensitivity to a Fermi-level shift. We may insert atoms in
actual hybrid simulations—for instance, oxygen atoms in the
oxidation simulation of a Si substrate. In those cases, the QM
region should be composed of the inserted atoms and sur-
rounding Si atoms. Relating to charge transfers between the
QM atoms, the Fermi level may shift and the electronic
structures of the surrounding Si may change. That is, the
occupation of the surface states near the Fermi level men-
tioned in the previous paragraph may change by insertion of
the atoms. It is hoped, for robust hybrid simulation, that the
bonding characteristics between the Si atoms at the periph-
eral of the QM region do not change much with such a
Fermi-level shift. To confirm this, we temporarily shift the
Fermi level of the buffered cluster in Fig. 3(b) for the QM
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FIG. 5. Contour plot of density of the valence electrons on the
lattice plane that contains atoms « and B and is perpendicular to
(101) obtained in the DFT (i.e., QM) calculation of the atomic
cluster shown in Fig. 3(b). The higher the density, the whiter the
gray scale.

calculation in the hybrid simulation so that total number of
the electrons changes by -2, —1, 1, and 2. In all four cases,
we relax all atoms in the total system. We thereby find that
the maximum displacements of the atom due to the Fermi-

1.0 ‘ . . |
— -2-0 [ . i
3 30| —
g 40} |
> -5.0 [ |Fermi levelf- - -+ |
o
GC) B80T oret®®® J
q) 00000

70or ouo-“'. B

_8.050 éO . ) . .y

FIG. 6. (top) Diagram of the eigenvalues obtained in the DFT
(i.e., QM) calculation of the atomic cluster shown in Fig. 3(b).
(bottom) Contour plot of the KS orbital for the state just below the
Fermi level on the lattice plane containing atoms «, B, 7y, and &
obtained in the DFT calculation. The higher the value, the whiter
the gray scale; zero corresponds to the gray scale of the
background.
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FIG. 7. (a) Time evolution of displacements of atoms 1, 2, and 3
in Fig. 3 projected to the (010) direction in the hybrid QM-CL
simulation of crystalline Si with the buffered-cluster method. Ini-
tially atom 2 is shifted by 1.0 a.u. toward the (010) direction. (b)
Time evolution of the total Hamiltonian A and the CL energy of the
total system HZ™.

level shift are quite small: they are (0.025 A,
0.013 A,0.0074 A,0.019 A) for changes by (-2,-1,1,2).
Similarly, negligible variations of the atomic forces are ob-
served in recoil-force analyses.

The total energy H in Eq. (1) with Egs. (4) and (5) of the
hybridized system should be conserved during a simulation
run if the time step is small enough. A hybrid simulation run
is performed with a time step of 0.67 fs starting from the
configuration with atom 2 in Fig. 3(a) shifted by 1.0 a.u.
from the equilibrium crystalline position toward the (010)
direction. Figure 7 (bottom) compares the time evolutions of
H'™/N and H/N. While HX'"/N oscillates by about
0.0005 eV, variation of H/N is as small as 0.0001 eV, show-
ing conservation of H/N with high accuracy. The time evo-
lutions of positions of atoms 1, 2, and 3 during the run are
depicted in Fig. 7 (top). As we see in Fig. 7 (top), the oscil-
latory behaviors of atoms 1 and 3 are quite similar to each
other. Atom 1 belongs to the QM region and atom 3 to the
CL region; atoms 1 and 3 are located at mutually symmetric
positions with respect to atom 2. The similarity of the oscil-
latory behaviors of atoms 1 and 3 indicates homogeneity of
the local stiffness in the hybridized system.

The hybrid QM-CL simulation scheme with the buffered-
cluster method will be applied to various exothermic pro-
cesses in materials such as the crack propagation and fric-
tion. In the hybrid simulation run of such a process, the
reaction region may move and increase in size as the simu-
lation proceeds. Adaptive rechoosing of the QM region dur-
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ing the simulation run will be required for fast simulation.
Since virtually no limitation exists in choosing the QM re-
gion in the buffered-cluster method, automatic rechoosing of
the QM region is possible during the simulation run with
simple algorithms. We here give an example of the algorithm
to be applied to the hybrid simulation about the reaction of
an H,0 molecule with a nanostructured Si in Sec. III B. The
algorithm which will be applied at a regular interval of 10 fs
in the simulation run, consists of following six steps (i)—(vi).

(i) Count the coordination number (N_) of each Si atom.
Here atoms within radius of 3.1 A (1.32 times the equilib-
rium bond distance) from the target atom are regarded as the
coordination atoms.

(ii) (For the compressed region) If a CL-Si atom has
N.>4, then it is converted to the QM-Si atom.

(iii) (For the expanded region) If a CL-Si atom has
N.=4 and at least one of the four Si-Si distances is larger
than 2.85 A (1.2 times the equilibrium bond distance), then
the atom is converted to the QM-Si atom.

(iv) Those CL-Si atoms within radius of 3.0 A from the
external atoms—e.g., O and H in H,O in the reaction
simulation—are converted to QM-Si atoms.

(v) Those CL-Si atoms located between separated QM
regions are converted to QM-Si atoms. To this end, we in-
troduce the classical hop distance (CHD) for a pair of QM-Si
atoms. The CHD is defined as the minimum number of clas-
sical Si-Si bonds in which at least one of the two atoms in
the bond is a CL atom, among all possible paths connecting
between the two QM atoms. The CHD’s for all pairs of the
QM atoms are calculated. If the CHD for a pair of QM-Si
atoms is larger than zero, the CL-Si atoms on the corre-
sponding path are converted to QM-Si atoms.

(vi) Those QM-Si atoms at the peripheral of the QM re-
gion may be converted to CL-Si atoms if all four Si-Si bond
lengths around the QM atom are within 10% of the equilib-
rium value (2.35 A), for fast simulation.

The buffered-cluster method gives reasonable accuracies
not only for covalent materials as Si in which the empirical
interatomic potential is relatively short ranged but also for
ionic materials such as alumina in which the empirical inter-
atomic potential is long ranged. In the hybrid QM-CL simu-
lation of the a-Al,O; system with the buffered-cluster
method, we adopt the variable-charge interatomic potential®*
for the CL calculation, in which the atoms have the effective
charges determined dynamically following the generalized
electronegativity equalization principles. The proper cou-
pling between the QM and CL regions in crystalline
a-Al,O5 is realized with the buffered-cluster method when
the QM region is chosen so that the outer QM atoms (i.e., the
QM atoms connecting to the CL atoms) are Al. Double layers
of the buffer atoms are set in the atomic clusters for the QM
and CL calculations. In the atomic cluster for the QM calcu-
lation, the first buffer layer consists of O atoms and the sec-
ond buffer layer of Al and “virtual” atoms. The virtual atom
has the core charge Z,,.=0.5|e| with the nonintegral number
0.5 of electrons. The positions of the buffer atoms are deter-
mined from those of the buffer atoms in the atomic cluster
for the CL calculation.

Figure 8(a) shows an example of the QM region chosen in
crystalline @-Al,O5. In Fig. 8(a), the black (gray) spheres
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FIG. 8. (a) An example of the QM region in the hybrid QM-CL
simulation of a-Al,O5 with the buffered-cluster method. The small
spheres without shines denote the CL atoms, in which the black
corresponds to Al and the gray to O. The large spheres connected
mutually with the bonds denote the QM atoms, in which the black
corresponds to Al and the gray to O. Atoms 1(4), 2(5), and 3(6) are
equivalent in the crystalline symmetry. (b) The atomic cluster for
the DFT (i.e., QM) calculation of the QM region depicted in (a) in
the hybrid QM-CL simulation with the buffered-cluster method.
The buffer atoms are shown by the dark-gray spheres without
shines for Al atoms, the bright-gray for O atoms, and the white for
the virtual atoms.

denote O (Al) atoms; the QM atoms are indicated with
shines and connecting bars. The buffered atomic cluster for
the QM calculation is depicted in Fig. 8(b), in which the
dark-gray spheres without shines are the buffer-O atoms, the
bright-gray spheres the buffer-Al atom, and the white spheres
the virtual atoms. In crystalline a-Al,03, each Al atom has
six O atoms while each O has four Al atoms, as the coordi-
nation atoms.>* We may temporarily call the Al-O line seg-
ment the bond, irrespective of the electronic structure. The
virtual atoms are set at the broken Al-O bonds on the second
buffer layer with the scaling factor 3, in an analogous way to
the buffer-H atom in the Si system. The g for the virtual
atom is 0.57. Figure 9 shows results of the analyses of the
recoil force on atom i €{1,2,...,6} labeled in Fig. 8(a), in
which atom i is shifted temporarily by dr; from the equilib-
rium position in three different directions in a similar way as
in the Si case in Fig. 4. Atoms 1(4), 2(5), and 3(6) in Fig.
8(a) are equivalent in the crystalline symmetry. Atoms 1 and
4 are located at around the center of the QM region, atoms 2
and 5 at the QM-CL boundary, and atoms 3 and 6 at the CL
region. We thereby find in Fig. 9 that high degrees of the
mechanical coupling between the QM and CL regions are
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FIG. 9. Variations of the force on atom i when it is shifted by dr;
from its equilibrium position to various directions in the hybrid
QM-CL simulation of a-Al,03; shown in Fig. 8(a) with the
buffered-cluster method. The atoms 1 and 4 are the QM atoms at
around the center of the QM region, atoms 2 and 5, the QM atoms
at the QM-CL boundary, and atoms 3 and 6, the CL atoms. The
direction of dr; is parallel to (2110), (0110), (0001), (2110,
(0110), and (0001) in panels (a), (b), (c), (d), (¢), and (£),
respectively.

realized in the hybridized a-Al,O5 crystal with the buffered-
cluster method.

The buffered-cluster method differs from the link-atom
method in two crucial points: (i) Not only H but Si is used as
the buffer atom in the case of the Si system. (ii) The posi-
tions of the buffer atoms are determined by using the relaxed
configuration of the corresponding buffer atoms in the CL
calculation, not by referring to the positions of the HS atoms.
Introduction of other species than H is necessary to reduce
artificial deformation originating from mutual repulsion be-
tween the proximate H atoms in the crystalline Si system; for
the a-Al,O5 system, H atoms cannot be used to terminate the
broken bonds at the CL-QM boundary. A simple connection
of the buffer-Si to the HS-Si in the Si system would result in
less accuracy in the mechanical coupling between the QM
and CL atoms as compared to the buffered-cluster method
since the relaxed configuration of the buffer-Si differs sub-
stantially from the crystalline one and the strength of the
bond between the buffer-Si and the QM-Si differs from that
of the two QM-Si atoms.

In the buffered-cluster method, we have an option to satu-
rate the buffer-Si further by H atoms for the Si system. For
the a-Al,O; system, however, the QM cluster cannot be
saturated by, e.g., H atoms. Therefore, the buffered-cluster
method without such saturation may be considered as a
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simple and universal method applicable to both Si and
a-Al,O5 systems.

We note that the long-range Coulomb interaction between
the CL and QM atoms is considered through the CL potential
of the total system E¢ "™ [see Eq. (1)]. For the Si system, the
SW potential that we adopt has no atomic charges and hence
the Coulomb interaction is ignored in practice. For the
a-Al,O5 system, the Coulomb interaction is calculated with
the atomic charges in the variable-charge potential,** which
vary dynamically.

III. APPLICATION: REACTION OF H,0 WITH
NANOSTRUCTURED SILICON

The hybrid QM-CL simulation scheme with the buffered-
cluster method may be applied usefully to various phases of
atomistic processes of engineering interests in nanostruc-
tured materials. The MEMS is a complex nanosystem com-
posed of electronic and mechanical components in submi-
crometer ranges, which is made of a Si-based material and
fabricated using semiconductor processing techniques such
as directional etching. Despite the growing expectation of its
usage in sensing, control, and medical applications, the
MEMS may exhibit unwanted failure due to the accelerated
corrosion resulting from high-frequency stress variations of
the components. For instance, while the stress corrosion
cracking is not observed for the bulk Si in an oxidizing en-
vironment, it is observed?' for Si-MEMS. Since the MEMS
is expected to be used in mission-critical applications, its
lifetime prediction is crucial. Theoretical understanding of
chemical reactions of environmental molecules with nano-
structured Si systems under stresses will be useful in design-
ing the MEMS.

The stress dependence of the oxidation reaction of Si is
also a principal theme of active researches, with the intention
of exploiting the information to realization of advanced com-
puter and memory chips. A CMOS field-effect transistor
(FET) with gate SiO, length on the order of 10° nm, corre-
sponding to several atomic layers, has been targeted. The
gate dielectrics of the FET are usually produced through the
wet oxidation or the deposition processes. Controlled pro-
duction of such an ultrathin oxide layer requires detailed
knowledge about the dissociation and oxidation processes of
water molecules on the nanostructured Si under various ex-
ternal stresses relating to the three-dimensional fine struc-
tures of the system.

Motivated by those, in the present section, we study the
initial stages of the H,O reaction with a nanostructured Si
using the hybrid QM-CL simulation scheme with the
buffered-cluster method. The initial stages include adsorption
and dissociation processes of the H,O molecule on the Si
system, which may vary qualitatively depending on the de-
gree of strain applied to the system. We will consider a
notched Si-slab system with the bottom facet of the notch
assuming the Si(100)-(2 X 1) dimer structure and will put an
H,O molecule above the facet. In Sec. III A, we will calcu-
late the potential energy as a function of the distance be-
tween the H,O and the facet using the hybrid QM-CL simu-
lation with the buffered-cluster method. Both strained and
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unstrained systems will be considered to understand the de-
pendence of the adsorption energy on the strain. Since those
static data are not enough to predict the reaction dynamics,
we will perform the hybrid QM-CL simulation for reaction
dynamics of the H,O molecule with the nanostrucutured Si
in Sec. III B.

A. Static analyses

We prepare a Si-slab system with dimensions (L,,L,,L;)
=(108.6 A,27.1 A,70.6 A). Periodic boundary conditions
are assumed in the x and y directions, while the free-
boundary condition in the z direction. The diamond crystal-
line structure is assumed to the system; the x axis corre-

sponds to the (110) direction, y axis to {110, and z axis to
(001). Then a notch with x width ~16 A and z height ~36 A
is inserted at the middle of the system. The bottom of the
notch assumes a facet with (001) structure and two sidewalls

of the notch with (110) structure. Additionally, facets with
(111) structure are created at the corners between the bottom
and the two sidewalls of the notch, which act to stabilize the
initial crystalline configuration around the corners. We pre-
pare another system by removing one more atomic layer
from the bottom of the notch in the Si-slab system explained
above. In both systems, we initially create symmetric (1
X 1) Si-Si dimers on the bottom of the notch and then per-
form a MD simulation with the velocity dumping method
using the SW interatomic potential to obtain the relaxed
atomic configuration. The dimers are perpendicular to the x
direction in one system, while they are perpendicular to the y
direction in the other system.

To prepare stretched systems we first expand both systems
uniformly by 4% in the x direction and then relax their
atomic positions by the MD simulation with the velocity
dumping method until the maximum atomic force becomes
smaller than 10™*Ry/a.u. To characterize stress distributions
in the stretched systems, we draw the atomic virial stresses>
o, in the systems in Fig. 10: (a) for the system with the
dimers oriented perpendicularly to the x direction and (b) for
the system to the y direction. In the stretched systems, a
stress concentration is observed at the bottom of the notch.
The maximum magnitude of o, is about 8 GPa at the center
of the notches in the stretched system, which is about 4 times
larger than the averaged magnitude of 2 GPa at the low-x
and high-x ends of the system. Interestingly stress variations
near the bottom of the notch differ significantly between the
two systems as seen in Figs. 10(a) and 10(b), which is a
reflection of different combinations of the stretch and dimer
directions between the two systems.

Up to this point, we have four different systems. In two of
the four systems the dimers are perpendicular to the x direc-
tion; one is the unstrained system, the other is the stretched
system in the x direction. In the other two systems, the
dimers are perpendicular to the y direction; one is the un-
strained system, the other is the stretched system in the y
direction. Since atomic configurations at the center of the
notch bottom in the two unstrained systems are the same, we
choose to consider the following three systems: (i) the un-
strained system with the dimers oriented perpendicularly to
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FIG. 10. (Color) The atomic virial stresses o, in the 4%-
stretched Si system with the notch obtained with the classical MD
simulation. (a) For the system with Si-Si dimers at the bottom of the
notch oriented perpendicularly to the x direction. (b) For the system
with Si-Si dimers at the bottom of the notch oriented perpendicu-
larly to the y direction.

the x direction, (ii) the stretched system with the dimers ori-
ented perpendicularly to the x direction, and (iii) the
stretched system with the dimers oriented perpendicularly to
the y direction. For each of the three systems, we choose the
QM region at the bottom of the notch and perform the hybrid
QM-CL simulation run with the velocity dumping for struc-
tural relaxation until the maximum atomic force becomes
smaller than 10~* Ry/a.u. Figure 11 depicts the QM regions
with the surrounding Si atoms: (a) for the unstrained system,
(b) for the stretched system with the dimers oriented perpen-
dicularly to the x direction, and (c) for the stretched system
with the dimers oriented perpendicularly to the y direction.
In Fig. 11, the small spheres denote the CL-Si atoms, while
the large spheres the QM-Si atoms; bonds are drawn to guide
the eye. We observe in Fig. 11(a) the formation of buckling
(2X1) dimer structure on the bottom of the notch in the
same way as has been observed on the Si(100) surface.>® We
note that stretching the notched system acts to weaken the
degrees of the buckling and that the buckling almost disap-
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FIG. 11. (a) Close-up view of the QM region in the hybrid
QM-CL simulation of the unstrained Si system containing the notch
with the buffered-cluster method; the black spheres correspond to
the QM-Si atoms. (b) Same as (a) but for the 4%-stretched Si sys-
tem with dimers at the bottom of the notch oriented perpendicularly
to the x direction. (c) Same as (a) but for the 4%-stretched system
with dimers at the bottom of the notch oriented perpendicularly to
the y direction.

pears in Fig. 11(b) in which the dimers are perpendicular to
the stretch direction (i.e., x direction). The disappearance has
resulted since an increase in the interdimer distance by about
10%, from 3.9 A to 4.3 A depicted in Figs. 11(a) and 11(b),
flattens the up-down behavior of the dimer atoms in the z
direction without changing lengths of the Si-Si bonds in the
dimers significantly. The 10% increase in the interdimer dis-
tance, which is substantially larger than 4% of the system
stretching, is related to the stress concentration at the bottom
of the notch (see Fig. 10).

1. Adsorption of H,0

It is well known®’ that the H,O molecule adsorbs to the
down atom of the Si-Si dimer on Si(100) surface to form the
Si-O bond. We add an H,O molecule to the QM region in the
hybridized system shown in Fig. 11. The total potential en-
ergy of the hybrid system is minimized using the hybrid
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FIG. 12. Variations of the potential energy as a function of the
distance rg;—q between the O atom in H,O and the down atom of
the Si-Si dimer on the (100) facet obtained in the hybrid QM-CL
simulation of various Si systems with the buffered-cluster method.
Solid curves with open circles, triangles, and solid circles corre-
spond to the unstrained system [see Fig. 11(a)], the stretched system
with the notch in which dimers are perpendicular to the y direction
[see Fig. 11(c)], and the stretched system with the notch in which
dimers are perpendicular to the x direction [see Fig. 11(b)], respec-
tively. The dashed curves with triangles and circles correspond to
the stretched surfaces with dimers oriented perpendicularly to the y
and x directions, respectively.

simulation scheme with the buffered-cluster method under
the constraint of fixing the Si-O distance rg;.o. Before start-
ing detailed analyses of the potential energy profile, we have
separately checked the dependence of the force felt by the O
atom on the size of the QM region when the H,O is set at
rsi.0o=2.8 A. We have considered two different sizes, 33 and
61 Si atoms, of the QM region, to find only a 5% difference
in the force. We have therefore judged that the present choice
of QM region containing 33 Si atoms is appropriate. We
decrease rg.o in a stepwise manner starting from rg; o
=3.1 A; the total potential energy is calculated at each rg;
with relaxation of the atomic positions.

In Fig. 12, we plot the total potential energies of the three
hybridized systems as functions of rg.o with the solid
curves. The zero-energy state is set to the case of rg. g
=3.1 A. For the unstrained system, we obtain the adsorption
energy of about 0.7 eV, in agreement with the known
value®®% for the Si(100) surface, as plotted in Fig. 12 by the
solid curve with open circles. Close-up views of the atomic
configuration at the adsorption state are shown in Fig. 13(a)
for the unstrained system. Distances between the atoms are
d(0-Si3)=2.11 A, d(Sil-H1)=2.87 A, and d(Si2-H2)
=3.16 A; the overlap populations are p(Sil-H1)=0.16 and
p(Si2-H2)=0.13. Therefore weak bonds are formed for the
pairs Sil-H1 and Si2-H2 in Fig. 13(a), which is reasonable
since dangling bonds exist at Sil and Si2. We observe in Fig.
12 substantial dependences of the adsorption energy on the
strain applied to the notched systems; the adsorption energies
become about a half, 0.3-0.4 eV, due to the stretching. For
the stretched system with the notch in which the dimers are

perpendicular to (110)—i.e., the x direction—the energy
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FIG. 13. (a) Close-up views of the atomic configuration of the
H,0-adsorbed Si(100) facet in the unstrained Si system at the
ground state. (b) Same as (a) but of the atomic configuration at the
metastable state.

curve in Fig. 12 has a local minimum at rg;.=2.9 ATt is
known that buckling of the dimer is essential for the H,O
molecule to adsorb to Si(100) surface. As we have seen in
Fig. 11, the buckling almost disappears when the system with
the dimers oriented perpendicularly to the x direction is
stretched by 4% in the x direction. A slight variation in the
buckling behavior has created the local-minimum structure
in the energy profile in Fig. 12. As references, we plot addi-
tionally in Fig. 12 variations of the total potential energies in
the cases of Si(100) surfaces with uniform stretching by 4%
in the x direction; the dimers are perpendicular to either the x
(the dashed curves with closed circles in Fig. 12) or y (the
dashed curves with closed triangles) direction. In the surface
systems, no stress concentration exists and hence relatively
small modifications of the adsorption energy result from the
4% stretching.

After we have obtained the adsorption state of the H,O at
rsi.0=2.1 A in the unstrained system, we search metastable
states around the adsorption state. Figure 13(b) depicts the
metastable state found in the unstrained system. For the
stretched systems with the notch, we do not find such a meta-
stable state. The metastable state in the unstrained system is
0.3 eV higher in the potential energy than the adsorption
state; the metastable state has a shallow energy barrier of
0.1 eV along the path toward the adsorption state in Fig.
13(a). At the metastable state, interatomic distances are
d(0-Si3)=2.17 A, d(Sil-H1)=4.14 A, and d(Si2-H2)
=3.00 A; the overlap populations are p(Sil-H1)=—-0.02 and

p(Si2-H2)=0.14. The weak bond between Sil and H1 atoms

observed at the adsorption state in Fig. 13(a) is broken at the
metastable state in Fig. 13(b), which is accompanied by a
slight increase in the degree of bonding between Si2 and H2
atoms.

2. Dissociation of H,0

In the previous subsection we have found that the adsorp-
tion energy of H,O decreases significantly when the notched
Si system is stretched. It is known that the H,O molecule
dissociates and that the resulting fragments (H and OH) ad-
sorb to the dangling-bond sites of the dimers on Si(100)
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(a)—(c): barrier 0.4eV
Q=1.5eV

(d) (a)—(d): barrier 0.6eV
Q=1.2eV

FIG. 14. (a) Atomic configuration of the H,O-adsorbed Si(100)
facet in the unstrained Si system. (b) The dissociated state with H
and OH adsorbed to the same Si-Si dimer. (c) The dissociatied state
with H adsorbed to the first-nearest-neighbor dimer. (d) The disso-
ciated state with H adsorbed to the second-nearest-neighbor dimer.

surface when the surface is exposed to a moisture
environment.*>*3 Since a plural number of the dimers exist
in the vicinity of the adsorption site of Si(100), various dis-
sociation processes can be imagined. The dissociation pro-
cess involving a single dimer on Si(100) has been considered
to be the most probable.’®3? It is interesting to compare the
energy barriers and the dissociation energies of various dis-
sociation processes with their dependences on the strain ap-
plied to the system.

We depict in Fig. 14 three dissociation processes of the
adsorbed H,O at the bottom facet of the notch with
Si(100)-(2 X 1) dimer structure in the unstrained Si system.
The configuration of the QM atoms chosen in the hybrid
simulation is depicted in Fig. 14(a) for the adsorbed state, in
Figs. 14(b)-14(d) for the three dissociated states. Since the
direct interaction between the H,O and the sidewalls of the
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notch is ignored in the present choice of the QM region, such
a simulation for the unstrained Si system may correspond to
considering a Si(100) surface. The three processes consid-
ered are dissociation on the same dimer—that is, from (a) to
(b) in Fig. 14; dissociation to the first nearest-neighbor
dimer, from (a) to (c); and dissociation to the second nearest-
neighbor dimer, from (a) to (d).

In the case of the dissociation on the same dimer, we
perform the hybrid simulation of atomic relaxation with the
constraint of fixing the distance between the H and Si atoms
of the dimer. By decreasing the Si-H distance in a stepwise
manner we find that the energy barrier is 0.15 eV and the
dissociation energy from the adsorbed state is Q=1.8 eV, in
agreement with the value in Ref. 38. In the case of the dis-
sociation to the first-nearest neighbor dimer, the barrier is
0.4 eV and the dissociation energy is Q=1.5 eV. In the case
of the dissociation to the second-nearest-neighbor dimer, the
barrier is 0.6 eV and the dissociation energy is Q=1.2 eV.

From the thermodynamic point of view, the small barrier
and large dissociation energy Q are favorable for the disso-
ciation process to occur. We find through the explicit calcu-
lations mentioned above that the dissociation process on the
same dimer corresponds to the case with the smallest barrier
and the largest Q. The fact does not necessarily mean that the
dissociated fragments (H and OH) adsorb always to the same
dimer. We recall that the adsorbed H,O may have a kinetic
energy of 0.7 eV, which is larger than or nearly equal to the
barriers of 0.15, 0.4, and 0.6 eV for the three dissociation
processes considered. We may expect that all the three dis-
sociation processes may occur depending on the initial set-
tings.

We perform similar analyses of the dissociation processes
of the adsorbed H,O on the 4%-stretched Si systems with the
notch. For the stretched system with the dimers oriented per-
pendicularly to the x direction [see Fig. 11(b)], we obtain the
barriers of 0.05, 0.6, and 0.6 eV and dissociation energies
0=1.6, 1.4, and 0.4 eV for dissociations on the same dimer,
to the first-nearest-neighbor dimer and to the second-nearest-
neighbor dimer respectively. For the stretched system with
the dimers oriented perpendicularly to the y direction, the
barriers are 0.1, 0.4, and 0.8 eV and the dissociation energies
are 0=1.7, 1.5, and 0.5 eV for dissociations on the same
dimer, to the first-nearest-neighbor dimer and to the second-
nearest-neighbor dimer, respectively. The barrier for the dis-
sociation on the same dimer decreases when the system is
stretched, while it increases for the other two processes. The
increases in the barrier can be understood by remembering
that the interdimer distances increase significantly due to the
stretching, as depicted in Fig. 11. Only in the dissociation
process on the same dimer are the adsorption energies rang-
ing 0.3—0.4 eV larger than the barriers ranging 0.05-0.1 eV.
We therefore expect that dissociation of H,O will occur with
high probabilities on the same dimer in the 4%-stretched Si
systems with the notch. In the next subsection we will per-
form hybrid simulation runs to investigate the dynamics of
the adsorption and dissociation processes of H,O on notched
Si systems with or without strains.

B. Reaction dynamics

As we have explained in Sec. IIT A, all three dissociation
processes [from (a) to (b), from (a) to (c), and from (a) to (d)
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in Fig. 14] may occur in the unstrained Si system from the
viewpoint of thermodynamics. Such energy-based consider-
ations cannot predict the dissociation dynamics and the re-
sulting final states. One might guess that dissociation to the
second-nearest-neighbor dimer occurs with a negligible
probability from following reasons. For the process to occur,
detailed conditions about the internal coordinates of the H,O
such as the rotational angles and the bond lengths need be
matched with the conditions at the transition state since the
adsorption energy (~0.7 eV) and barrier (~0.6 €V) are
similar. If the conditions do not match, the kinetic energy
~0.7 eV of the H,O will diffuse to the surrounding atoms.
Considering the Arrhenius-type thermal activation processes,
we may predict that the adsorbed H,O will dissociate readily
at ~100 K only through the dissociation process on the same
dimer (the barrier is 0.15 eV). Here an attempt frequency of
~10" Hz is assumed.

If the dissociation to either the first-nearest-neighbor or
second-nearest-neighbor dimer occurs with finite probabili-
ties, the H,O-exposed Si(100) surface would have a large
fraction of partially saturated dimers at the initial stage. De-
tailed processes of the dissociative adsorption of water mol-
ecules have attracted much attention because of their impor-
tance in wet oxidation in silicon-based device technology.
The oxidation barrier for the Si-Si dimer with only a single
OH adsorbed to one of two dangling-bond sites has been
calculated to be** ~2.1 eV, which is smaller by 0.3 eV than
the corresponding value*** for the case with both H and OH
adsorbed to each of the two dangling-bond sites of the Si
-Si dimer. It means that the oxidation processes are promoted
substantially by the existence of a dangling bond on the OH-
adsorbed dimer. The dissociative adsorption of H,O on
modified Si(100) surfaces that are partially saturated by the
water fragments—i.e., H and OH—has also been
investigated,39 to find that the dissociation becomes smaller
than that on a clean surface. It is therefore interesting to
investigate through theoretical simulation if the dissociation
to either the first-nearest-neighbor or second-nearest-
neighbor dimer occurs in realistic settings and its depen-
dence on the applied stress. We will perform the hybrid
QM-CL simulation runs of the H,O reaction with the
notched Si system with or without strains. It is essential to
have both reacting atoms and surrounding atoms in realistic
settings. We will show that dissociation to the second-
nearest-neighbor dimer in fact occurs in the unstrained sys-
tem.

The simulation systems are the same as have been used in
Sec. III A for analyses of the energy profile; both unstrained
and 4%-stretched Si systems with the notch are considered.
The QM region chosen in the system contains 33 Si atoms
and a single H,O molecule. The H,O is set above the down
atom of a Si-Si dimer on the bottom facet of the notch with
rsio=3.1 A. The positions of all atoms are relaxed with the
constraint of r¢; o=3.1 A. Figures 15(a) and 18(a) show the
initial configurations of the QM atoms in the unstrained and
the 4%-stretched Si systems, respectively: the black, the
white, and the gray spheres correspond to Si, H, and O at-
oms, respectively.

For the unstrained system with the notch, we perform five
simulation runs with different initial velocities for the H,O
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FIG. 15. Time evolution of configuration of the QM atoms in
the hybrid QM-CL simulation of the dissociation process of H,O in
the unstrained Si system with the buffered-cluster method.

molecule. We set the same velocity v to 2H and O atoms of
the H,O; the magnitude of v corresponds to temperature 7
=600 K of the O atom—i.e., %movzzngT. The initial ve-
locities in the five runs are (v,,v,,v,)=(0 m/s,0 m/s,
—-680 m/s), (0 m/s,-200 m/s,—650 m/s), (0 m/s,
200 m/s,—650 m/s), (=200 m/s,0 m/s,—650 m/s), and
(200 m/s,0 m/s,—650 m/s). Since the O and H atoms
move during the simulation run, expansion of the QM region
becomes necessary. We apply the algorithm explained in Sec.
IT at every 10 fs to rechoose the QM atoms adaptively in the
total system. Step (iv) in the algorithm, which decreases the
number of the QM atoms, is skipped in the present simula-
tion. The time step is 0.67 fs. No temperature control is per-
formed. In two of the five runs, we find that the H,O disso-
ciates to H and OH and that H adsorbs to a dangling-bond
site of the second nearest-neighbor dimer, which corresponds
to the process from (a) to (d) in Fig. 14. In the other three
runs, the H,O adsorbs simply to a dangling-bond site of the
dimer without dissociation.

The time evolution of the atomic configuration in the dis-
sociation run of the unstrained system with (vx,vy,vz)
=(0 m/s,0 m/s,—680 m/s) is depicted in Fig. 15. The QM
region expands at 40, 70, 210, 390, and 450 fs with addition
of 2, 1, 3, 3, and 3 QM-Si atoms, respectively, as the simu-
lation proceeds. Figure 16(a) shows the time evolution of the
averaged value of the kinetic energies of the three atoms (2H
and O) in the dissociation run and, correspondingly, the Mul-
liken charges of the atoms in Fig. 16(b). As we observe in
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FIG. 16. (a) Time evolution of the averaged kinetic energy of O,
H1, and H2 atoms in energy units in the hybrid QM-CL simulation
of the dissociation process of H,O in the unstrained Si system de-
picted in Fig. 15. (b) Same as (a) but of the Mulliken charges of the
atoms.

Figs. 15 and 16, the H,O molecule collides with the down
atom of the dimer and starts bouncing at 80 fs; then the
molecule approaches the transition state of the dissociation
process to the second-nearest-neighbor dimer and takes al-
most zero velocities at 200 fs; finally a single H atom disso-
ciated from the H,O adsorbs to a dangling bond of the
second-nearest-neighbor dimer at 400 fs. The kinetic ener-
gies of the three atoms (2H and O) diffuse gradually to the
surrounding atoms. Such low velocities of the three atoms
observed at 200 fs in Fig. 16(a) have resulted since the ad-
sorption energy is similar to the barrier in the dissociation
process to the second-nearest-neighbor dimer. The Mulliken
charge of H1 becomes negative when H1 adsorbs to the dan-
gling bond and forms the Si-H bond at 400 fs as seen in Fig.
16(b). Separately we perform a hybrid simulation run for a
similar unstrained Si system with increased x width ~40 A
of the notch. We use the same initial settings of rg;
=3.1 A and (vy,0y,v,)=(0 m/s,0 m/s,-680 m/s) to under-
stand possible effects of the two sidewalls of the notch on the
dissociation process through diffusion of the reaction heat.
The same dissociation process of the H,O to the second-
nearest-neighbor dimer is then observed, indicating insensi-
tivity to the location of the sidewalls.

Snapshots of the configuration of the QM atoms in the
adsorption run of the unstrained system with (v,,vy,v,)
=(0 m/s,200 m/s,—650 m/s) are depicted in Fig. 17. The
QM region expands at 40, 60, 70, and 250 fs with the addi-
tion of 2, 1, 2, and 2 QM-Si atoms, respectively. As we see in
Fig. 17, the H,O molecule collides with the down atom of
the dimer and then approaches the transition state at 200 fs in
a similar way as in the dissociation run in Fig. 15. The H,O
molecule is unable to pass the transition state and returns
back to the adsorption state. Oscillatory behavior of the H,O
molecule with transitions between the adsorption state [see
Fig. 13(a)] and metastable state [see Fig. 13(b)] is observed
at times after 300 fs.

We investigate the dependence of the reaction dynamics
of the H,O molecule with the notched Si system on the strain

PHYSICAL REVIEW B 72, 045348 (2005)

unstrained Si
(a)200fs

FIG. 17. Time evolution of configuration of the QM atoms in
the hybrid QM-CL simulation of the adsorption process of H,O in
the unstrained Si system with the buffered-cluster method. The Si
-0 distance is rg;.o=3.1 A at the initial.

applied to the system. We consider two 4%-stretched Si sys-
tems with the notch; dimers on the bottom of the notch are
perpendicular to the x direction in one system, while they are
perpendicular to the y direction in the other system. Initially
the H,O molecule is set at rg; o=3.1 A above the down atom
of a dimer, in a similar way to the case of the unstrained Si
system. For each system, we perform five simulation runs
with the same initial velocities of the H,O molecule as that
in the simulation runs for the unstrained system. In all runs,
we find that the H,O molecule approaches the down atom of
the dimer and dissociates and that the resulting H and OH
adsorb to the same dimer. Figure 18 depicts close-up views
of the QM region in the stretched system at the initial and
120 fs. At the initial, the dimers are perpendicular to the x
direction and the velocity of the H,O is (v,,v,.v,)
=(0 m/s,0 m/s,—680 m/s). The QM region expands at
40 fs with addition of one QM-Si atom. Since the barriers of
the H transfer toward nearby dimers increase substantially in
the stretched system, the dissociation of the H,O molecule
on the same dimer has resulted.

Through a series of hybrid simulation runs mentioned
above, we have demonstrated that the H atom dissociated
from the H,O molecule has substantial probabilities to ad-
sorb to a nearby dimer in the unstrained Si systems. Stretch-
ing the notched system lowers the probabilities of H adsorp-
tion to a nearby dimer.

IV. CONCLUDING REMARKS

In this paper we have demonstrated the limited applica-
bility of the link-atom method in the hybrid QM-CL simula-
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FIG. 18. Time evolution of configuration of the QM atoms in
the hybrid QM-CL simulation of the dissociation process of H,O in
the 4%-stretched Si system with the buffered-cluster method. At the
initial, the Si-Si dimers are perpendicular to x direction and rg;.o
=3.1 A.

tion scheme. For the Si system, H atoms are used in the
link-atom method for termination of the broken Si-Si bonds
at the QM-CL boundary. Depending on the choice of QM
region in the crystalline Si system, the termination-H atoms
may approach too close to each other, resulting in significant
deformation of the crystalline configuration at the QM-CL
boundary. To overcome this problem, we have proposed the
buffered-cluster method to couple the QM and CL regions,
which is applicable to any reasonable choice of QM region
in a wide range of ceramics and semiconductor materials.
The accuracies of the buffered-cluster method have been
analyzed by applying it to crystalline Si and alumina sys-
tems. We have thereby found little differences between the
QM and CL atoms in the same crystalline symmetry in re-
spect to the equilibrium positions and recoil forces of the
atoms. The insensitivity of the buffered-cluster method to the
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choice of QM region makes it possible to rechoose the QM
region adaptively during the simulation run for fast simula-
tions.

The buffered-cluster method has been applied to adsorp-
tion and dissociation of an H,O molecule on the notched
Si-slab system. The QM region has been chosen to include
the reaction region, and the molecule has reacted with the
bottom facet of the notch with Si(100)-(2 X 1) dimer struc-
ture. We have found that the adsorption and dissociation en-
ergies of the H,O molecule with Si(100) facet are sensitive
to the strain applied to the system. The adsorption energy
decreases, while the dissociation barrier with H transferred to
a nearby dimer increases, when the system is stretched. The
hybrid simulation runs with the buffered-cluster method have
been performed to study the dynamics of the adsorption and
dissociation of the H,O molecule on the notched Si-slab sys-
tem under both stretched and unstrained conditions. In the
simulation run, the QM region has changed adaptively to
trace the reaction processes. The dissociation probability of
the H,O molecule and the resulting H-transfer path have
depended significantly on both the strain and initial settings
of the molecule, demonstrating the importance of taking into
account realistic conditions in the simulation. We have dem-
onstrated that the H atom dissociated from the H,O molecule
has substantial probabilities to adsorb to the neighboring
dimer in unstrained Si systems and high probabilities to ad-
sorb to the same dimer in stretched systems.
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