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We have developed an empirical tight-binding model for use in molecular-dynamics simulations

to study hydrogen-silicon systems.

The hydrogen-silicon interaction is constructed to reproduce

the electronic energy levels and vibration frequencies of silane (SiH4). Further use of the model in
the studies of disilane (SizHe) and of hydrogen on the Si(111) surface also yields results in good
agreement with first-principles calculations and experiments.

I. INTRODUCTION

Hydrogenated silicon systems have been intensely
studied for their importance in device technology and
also for their array of interesting physical phenomena.
Hydrogen is commonly used for passivating dangling-
bond defects in hydrogenated amorphous silicon systems?!
as well as in hydrofluoric-acid-etched crystalline silicon
surfaces.? It has been found in experiments that the hy-
drogen causes changes in the electrical and optical prop-
erties, as well as the surface structures.® Nevertheless,
the physical mechanism underlying these phenomena is
still far from being completely understood. Due to the
complexity of the systems, theoretical studies have been
a great challenge.

First-principles techniques such as local-density-
functional formalism for the problem have been devel-
oped and have produced some significant results.*”7 How-
ever, the computational cost is prohibitive for large sys-
tems. Even though recent breakthroughs such as the
Car-Parrinello method® have made molecular dynamics
possible within the local-density-functional regime, the
simulation is still limited to a small number of atoms (~
130 atoms for the H-Si system’) and to short times (a
few picoseconds).

On the other hand, there are a few empirical classi-
cal interatomic potentials for hydrogen-silicon systems
that have been proposed.®1? These potentials have been
used to build a computer model of amorphous silicon
hydrides.®!! Computational cost is not a problem here,
but the reliability of the classical potentials in treating
the dynamics of hydrogen-silicon systems is still an open
question.

Several years ago, Allan and Mele extended the em-
pirical tight-binding scheme, which has been quite suc-
cessful for pure silicon systems,'? to the study of hy-
drogenated Si surfaces.!® The advantage of the tight-
binding potential over the classical empirical potentials is
that the quantum-mechanical bonding nature of the sys-
tem is taken into account through the underlying elec-
tronic structure rather than through ad hoc N-body
potentials.®11:14717 The tight-binding scheme is compu-
tationally efficient since it uses a minimal basis for the
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electronic calculations and the Hamiltonian matrix ele-
ments are parametrized. With the Chadi tight-binding
model!® for silicon-silicon interaction and a hydrogen-
silicon interaction derived from the silane molecule,!3
Allan and Mele have produced some reasonable results
for the T'=0 properties of the hydrogenated silicon sur-
faces. However, the tight-binding model used by Allan
and Mele has some drawbacks when considered for use
in molecular-dynamics simulations. Firstly, the symmet-
ric and antisymmetric bending modes of silane (SiHy)
predicted by their model are about 30% smaller than
those of the experimental data. Secondly, the model is
constructed in the harmonic regime and is not adequate
for use in molecular-dynamics simulations that study the
properties of the system at high temperatures, where the
anharmonic effects on the dynamics of hydrogens are very
important. Furthermore, because of the large amplitude
of the zero-point motion of the hydrogen atom, anhar-
monic effects are not negligible even at very low temper-
atures.

In this paper, we propose an improved tight-binding
model designed for use in molecular-dynamics simula-
tions of the hydrogen-silicon systems. The hydrogen-
silicon interaction is also derived from the silane (SiH4)
molecule proceeding in a way similar to that of Allan
and Mele. However, our model includes anharmonic in-
teractions and also reproduces accurately the vibration
frequencies of the silane molecule. Further tests on disi-
lane molecules and H on the Si(111) surface suggest that
the model has very good transferability.

II. TIGHT-BINDING MODEL FOR
HYDROGEN-SILICON INTERACTION

In an empirical tight-binding (ETB) scheme,'8724 the
total energy is written as

Etot = Ebs+U: (1)

where

o= enx )
n,k
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is the band-structure energy consisting of a summation
of occupied one-electron eigenenergies calculated by the
Slater-Koster-type empirical tight-binding method?® and
U is a short-ranged repulsive potential energy. U may
be determined by subtracting Fys from FEyo for a sim-
ple special case where data are known either from first-
principles total-energy calculations or from experiments.
The success of this ETB model in studying the anhar-
monic properties of Si (Ref. 19) could be attributed to
the incorporation of detailed accurate total-energy infor-
mation.

In a Si-H system, one needs to consider interaction
parameters for three types of pairs, Si-Si, Si-H, and H-
H. For Si-Si pairs, we use the nearest-neighbor tight-
binding potential model previously developed!® in which
the tight-binding parameters are taken from Chadi’s
work!® and the repulsive potential is derived from the
first-principles total-energy calculation results of Yin and
Cohen.?® The tight-binding parameters are given as fol-
lows:

E, = -13.08 eV, E, = —6.63 eV,
Viso(r) = —1.938 (ro/r)? eV,
Vipo () = 1.745 (ro/r)? eV,

Vopo (7) = 3.05 (ro/r)? eV,

Vppr (1) = —1.075 (ro/r)? eV,

where r is the interatomic distance and r;=2.36 A is the
nearest-neighbor distance of silicon in diamond structure.
Molecular-dynamics studies using this potential have
produced a quantitative description of the temperature-
dependent frequency shifts and phonon linewidths of the
phonons in crystalline Si.!°

For Si-H pairs the tight-binding parameters are fitted
to the occupied eigenvalues and the symmetric bending
mode vibration frequency of the silane (SiH4) molecule,
proceeding in a way similar to that of Allan and Mele.!3
We obtained
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E,=—-8.0¢eV,

Viso = —3.63 eV, Vipo = 4.63 eV.

The bond-length dependence of the hopping param-
eters is also assumed to follow the 1/r? scaling law.%°
Unlike the previous work of Allan and Mele,!3 we do not
require the model to reproduce the eigenvalues of the
antibonding states in silane. We believe that the eigen-
values of the empty states are not well described with
a minimal basis set for Si. This is consistent with the
fact that the Chadi model gives a poor description of the
conduction bands in crystalline Si. Thus we obtain re-
sults which are higher than the experimental values. We
think further improvement of the basis set by including
extra orbitals for Si will bring the empty states lower
towards the experimental value. However, since the an-
tibonding states are far away from the Fermi level, this
will not strongly affect the energetics of the system. We
find that V;,, is now much larger than Allan and Mele’s,
providing more realistic bond-bending forces. This im-
provement will be important for the bond-bending modes
where only the tight-binding term is contributing to the
restoring force.

We use the universal binding curve?” to parametrize
the total energy per bond E., of the silane (SiHy)
molecule as a function of Si-H bond length.

Eiot = —Eo(142)e™*, 2 = (r—dog)/ls, where Eg=3.355
eV and dy=1.48 A are the experimental values of bond
energy?® and equilibrium bond length of silane, and the
scaling length [,=0.4264 A is fitted to the vibration fre-
quency (271.4 meV) of the symmetric stretching mode
of silane with the procedure that will be described in
the next paragraph. The repulsive potential between the
hydrogen-silicon pair is then determined by subtracting
the bond-length dependence of FEys of silane from the
above universal binding curve. The significance of this
formulation is that anharmonic information is included
in the two-body repulsive potential as well as the tight-
binding term. This is essential for use in a molecular-
dynamics simulation. Since Allan and Mele make the
expansion of the two-body repulsive potential only up
to the second order, their model is not adequate for a
molecular-dynamics simulation.

Due to the light mass of the hydrogen atom, we find

Comparison of calculated SiH4 eigenvalues (in €V) and bending mode frequencies (in

meV) with experiment (Ref. 31) and other theoretical calculations (Ref. 13).

Mode Experiment Allan and Mele (Ref. 13) Present work
a; —4.10 —-5.17 —2.84

iy —5.40 —4.95 —1.93

tF —12.70 —12.59 —12.71
af —18.20 —18.82 —18.23
Symmetric 121 71.7 122
Bending

Antisymmetric 113 72.6 103

Bending
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Comparison of calculated SizHe eigenvalues (in eV) and the frozen phonon calcula-

tion result of hydrogen vibration frequencies in disilane molecule (in meV). With the consideration
of the zero-point energy, the stretching mode frequency should decrease by about 5 meV.

Present

Experiment Allan and Mele (Ref. 13) calculation

ag —-10.7 —-10.93 —-11.07
eq —12.1 —12.38 —~12.28
€u —13.3 —12.85 —13.23
Ay —-17.3 —-17.27 —16.65
a, ~19.18 —18.71
Stretching 248 276
Wagging 78 75
Twist 62 55

that it is important to include the zero-point motion of
the hydrogen atom in our molecular-dynamics simula-
tion to obtain an accurate description of the experimen-
tal phonon frequency shifts and phonon linewidths for
the hydrogen vibration. Because of the large amplitude
of the hydrogen zero-point motion, we have found that
the frequency of the stretching mode frequency of silane
obtained from the molecular-dynamics simulation at low
temperature is shifted to lower frequency by about 5 meV
compared to that obtained by frozen-phonon calculations
performed with small displacements. Since we want to
use our model in a molecular-dynamics simulation, we
choose to include the large vibration amplitude of hydro-
gen at the earliest stage in the fitting of the stretching
mode of hydrogen in silane for consistency. For fitting
the parameter /,, simulation is performed for a hydrogen
atom moving in a potential well given by the universal
binding curve, with an initial distortion amplitude es-
timated from the zero-point energy of hydrogen in the
given well. The parameter [, is adjusted such that the
frequency of the hydrogen obtained from the molecular-
dynamics simulation is equal to 271.4 meV. For com-
parison, the frozen phonon calculation with a small dis-
placement would give 276.5 meV, which would be 5 meV
higher than the experimental value.

In this paper the hydrogen-hydrogen interaction is ne-
glected. This approximation is adequate for systems
where the H-H interatomic distances are large [for ex-
ample, the monohydride phase on Si(111) where the H-H
distance is 3.84 A]. H-H interaction may be needed for
systems where the hydrogen atoms are much closer to
each other, for example in cases where dihydride and tri-
hydride phases exist.

III. RESULTS AND DISCUSSION

Results of the energy levels and vibrational frequen-
cies of the silane (SiH4) molecule calculated by the above
tight-binding model are listed in Table I in comparison
with experimental data and the previous tight-binding
calculation of Allan and Mele.!® The eigenvalues of the
bonding states (af and t]) agree very well with the ex-
periment, while the eigenvalues of the antibonding states
(t3 and a7) are higher than the experimental values. We

attribute the poor results for the antibonding states to
the use of only sp® orbitals for silicon atoms. If one in-
cludes also d orbitals to represent the electronic states
of silicon atoms, the antibonding energy levels would be
lower than the present values. Judging from past ex-
perience with silicon and carbon systems, an accurate
description of the bonding states should be sufficient for
studying the structural properties of the system. The
bending mode frequencies are decided solely by the TB
parameters and not related to the two-body potential.
The symmetric bending mode is in excellent agreement
with experiment, while the asymmetric bending mode is
about 10% less than the experimental value. Results for
the disilane (SioHg) molecule are summarized in Table II
with the experimental vibration frequencies.?®

Having established the model, we proceed to calcu-
late the electronic properties, surface relaxations, and the
phonon vibration frequencies of the hydrogenated Si(111)
surface. We have chosen a slab in the (111) direction
which has 12 Si layers in the case of the monohydride
surface. Two hydrogen layers are added on the top and
bottom of the slab (Fig. 1). We have used 120 and 55
k points, respectively, in the irreducible part of the first
Brillouin zone to calculate the surface electronic density
of states and band-structure energy E,s. The conver-
gence of the above k-point samplings has been verified

dy
T dj2
(111) ds3

S = @ s:

FIG. 1. Surface geometry of the monohydride Si(111) sur-

face.
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TABLE III. Surface relaxations of the monohydride
Si(111) surface compared with the first-principles calculation
result. “Ideal” corresponds to the case without any surface re-
laxations. All lengths are in angstroms. Interplanar spacings
du, di2, and d23 are defined in Fig. 1. The asterisk denotes
the sum of the covalent radii of Si and H. We take this to
be the bond length between Si and H in the silane (SiHs)
molecule.

Present First-principles Ideal
calculation calculation (Ref. 6)
dy 1.49 1.54 1.48*
di2 0.81 0.72 0.78
d23 2.35 2.32 2.35
dy2,clean 0.79 0.57 0.78
dy3,clean 2.39 2.35

to be enough for both the clean Si(111) surface and the
monohydride surface.

Shown in Fig. 2 is the local electronic density of states
(LDOS) for the Si(111) monohydride surface. The ar-
rows indicate the prominent hydrogen-related peaks. The
LDOS’s have a characteristic three-peak feature below
the Fermi energy, with the peak at the lowest, medium,
and highest energy having s-like, sp-like, and p-like char-
acters, respectively. It compares quite well with the re-

Si(l) - H Si(Il-H

1l v

LOCAL DENSITY OF STATES (ARBITRARY UNITS)

-4 0 -12 -8 -4 0
ENERGY (eV)

-12 -8
ENERGY (eV)

FIG. 2. Local electronic density of states for the monohy-
dride Si(111) surface from the present ETB calculation (left)
compared with the first-principles result (Ref. 30) (right).
The top-row figure corresponds to the hydrogen layer and
the outermost Si layer. The second-row figure corresponds to
the second Si layer, and so on.
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TABLE IV. Hydrogen vibration frequencies on the mono-
hydride Si(111) surface in meV. Our result for the stretch-
ing mode includes the zero-point motion of hydrogen. The
first-principles calculation is a small amplitude calculation in
which case the frequency would decrease upon consideration
of the zero-point motion of hydrogen.

Present First-principles Experiment

calculation  calculation (Ref. 6)
Stretching 270 245 257
Wagging 74 71 77

sults from more-accurate self-consistent calculations.3?

Results of surface relaxation of the monohydride
Si(111) surface are presented and compared with first-
principles calculation results in Table III. In our calcu-
lations, the hydrogen layer and two outermost Si layers
are allowed to relax in the (111) direction only. For the
monohydride Si(111) surface, the present tight-binding
model predicts slightly outward relaxation of the top
layer of silicon, in contrast with the first-principles calcu-
lation result, which shows slight contraction. The equi-
librium bond length between hydrogen and silicon of the
monohydride phase is 1.49 A from the tight-binding cal-
culation, which is smaller than the first-principles result
of 1.54 A6

Finally, the vibration frequencies of hydrogen on the
monohydride Si(111) surface are presented in Table IV.
The frequencies of the stretching and wagging modes pre-
dicted by the present tight-binding model are in excellent
agreement with experimental data and first-principles
calculation results. For the trihydride Si(111) surface,
the symmetric bending mode frequency 93 meV is about
15% lower than the experimental value 108 meV. Since in
the trihydride phase the distance between the hydrogen
pair is smaller (about 2.2 A), the neglect of the H-H inter-
actions may cause the underestimation for the bending
mode frequencies.

To summarize, we have established an empirical tight-
binding model for the study of the silicon hydrogen sys-
tem. Our model gives good results for the hydrogenated
Si(111) surface. In particular, the vibrational frequencies
of hydrogen are reproduced in a satisfactory way. The
simplicity of the model makes it applicable for study in a
problem where a large system has to be considered, such
as surface problems and amorphous silicon.
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