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Empirical interatomic potential for Si-H interactions
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An empirical many-body interatomic potential has been developed to describe Si-H interactions. The
potential was fitted to various gas-phase silicon hydride species and interstitial sites of atomic hydrogen
in bulk silicon, and gives a reasonable description of hydrogen-terminated silicon surfaces. The potential
is computationally efficient and may be used, with caution, for molecular-dynamics investigations of Si-
H interactions on hydrogen-terminated silicon surfaces and hydrogenated amorphous silicon.

The chemistry of hydrogen and silicon has received in-
creased attention because hydrogen is an important com-
ponent in several device-processing steps such as
chemical-vapor deposition (CVD), reactive ion etching,
wet chemical cleaning, lithography, and annealing am-
bients such as forming gas. Hydrogen plays an important
role in the overall CVD growth mechanism from precur-
sors such as silane and disilane. Hydrogen in bulk silicon
can passivate dopants and deep-level defects. Hydrogen
passivation of the silicon surface prevents oxidation and
chemisorption of impurities over long periods of time.
Hydrogen termination of silicon surfaces prior to epitaxy
in ultrahigh vacuum has become increasingly popular
due to the relatively low desorption temperature of the
passivation layer. Epitaxial silicon layers have been de-
posited on hydrogen-terminated surfaces.!”> A low-
temperature Art-ion beam-induced (2X1) reconstruc-
tion from an initially dihydride-terminated Si(001) sur-
face has also been observed.* Many of these processes
occur on a time scale and crystal size scale which is
beyond the scope of a first-principles approach, but
which can be described with empirical force constants.
Silicon has been described previously by empirical poten-
tials,>% and hydrogen interactions with diamond surfaces
have been investigated.” We have developed an empirical
Si-H potential for molecular-dynamics simulations of the
hydrogen-terminated silicon surfaces and various gas-
surface interactions.

Before proceeding to develop a potential, it is pertinent
to ask whether a classical description of the silicon-
hydrogen system is reasonable. A look at the various
bonding configurations of silicon and hydrogen provides
a good start. The Si-H bonding in gas-phase molecules
and radicals is varied. Saturated molecules such as SiH,
and Si,H contain sp>-type bonds, whereas p-type bonds
are found in SiH and SiH,. The molecule Si,H, exhibits
7 bonding. Hydrogen adsorption on a silicon surface can
result in different reconstructions depending on coverage.
The hydrogen atoms on the surface are quite localized
even at low coverages. Scanning-tunneling-microscope
images at low coverages reveal the location of hydrogen
atoms® (or more precisely, the unpaired electron opposite
the hydrogen atom). This is in contrast to some metals
where a delocalized state of the proton has been observed
at low coverages.” The properties of hydrogen in bulk sil-
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icon depend on its charge state.’° An important position
is the bond-centered site of atomic hydrogen where it is
bonded to two silicon atoms.!! It is clear from this brief
description that some aspects, such as the dependence on
charge state, do not allow for a simple solution within a
classical adiabatic framework. Other aspects such as the
different types of Si-H bonds and the multiple bonding of
hydrogen in the bond-centered site can be modeled, par-
ticularly by making a special case for them. Finally, the
strongly localized bonding of hydrogen on silicon sur-
faces and the directional bonds on both the surface and in
molecules are features which readily permit a classical
description. It is clear from the above that this range of
silicon-hydrogen interactions provides a formidable chal-
lenge.

Empirical expressions for the Si-H potential have been
developed previously.!>!*> However, these potentials
were not tested over a sufficiently wide range of
configurations to determine their usefulness and limita-
tions. A classical potential with an expression similar to
the one described here was reported recently.!* An earlier
version of the potential described here can be found in
Ref. 15. Several interatomic potentials have been
developed to model silicon-silicon interactions.>® The
strong directional bonding in silicon is described by a
many-body term attached to a Morse-type potential. The
Si potential in Ref. 5 gives a good description of the
different allotropes of silicon and the Si(001) surface.
This has been extended to germanium and carbon,!® and
has also been used to describe the C-H interactions in hy-
drocarbons.” We have chosen this form to model the Si-
H interactions. The total potential energy is written as a
sum over pairs!’
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The valency of hydrogen is set by the parameters a, 3,
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and H in the many-body part of the potential. A high
value of @ and B=1 gives a monovalent nature to hydro-
gen while a=0 and H=—1 in the presence of two Si
atoms describes the bond-centered site in bulk Si. Here
F,, F,, and H are functions of the coordination N of the
ith Si atom. To obtain a continuous function for the
coordination, we write’

N:—(Sl 2 fc(r’j N!——(Sl 2 fc(rij)
j=(H) j=(si)
and
N=N§{=(Si)+N§i=(Si) , 4)
l, ry<R—D
L —2sin ﬂrij_R ]-—lsin 37 7y R
fc(rij)= 2 16 2D | 16 2D >
R—D<r ;<R +D ®)
0, ry>R+D .

For nonintegral values of N, the values of F,, F,, and
H are determined by cubic spline fits. The cutoff function
Sel(r;;) terminates the potential at first-nearest-neighbor
interactions. This function with two sinusoidal terms
gives a smoother termination of the potential because at
the cutoff points » =R —D and R +D it possesses a con-
tinuous third derivative. This leads to better energy and
momentum conservation at minimal computational ex-
pense, since at any given time the fraction of atom pairs
within the cutoff region is quite low.

For Si-Si and H-H interactions, the potentials of Refs.
5 and 7 (potential I) were used, respectively. A combina-
tion of the three potentials is used to determine the po-
tential energy and forces for the different triples such as
Si-Si-H, H-Si-H, etc., as shown in Fig. 1. One could, in
principle, derive a separate set of coefficients for each of
the triples. It was found that a single Si-H potential gives
a reasonable description in most situations, the exception
being the Si-H-Si triple. The values of 7 and 8 depend
only on the atoms i and j. The values of «, B8, H(N) (or
h), ¢, and d are those of the potential indicated between
atoms i and k in Fig. 1.

Numerical values for the parameters were obtained by
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FIG. 1. The combination of the potentials used for different
triples. I is the Si-Si potential, IIa and IIb are parts of the Si-H
potential, and III is the H-H potential.
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fitting the potential to the various silicon hydride mole-
cules and interstitial hydrogen sites in bulk silicon. The
Si-H bond energy of 3.42 eV for silane was obtained from
the heat of formation at 0 K,'® the values of 4.63 eV for
Si cohesive energy'’ and 2.375 eV for hydrogen,'®
neglecting the zero-point energy correctlon The Si-H
bond length for silane was taken?® as 1.476 A. The pa-
rameters were also adjusted to give a reasonable fit to the
stretch and bend modes of various silicon hydride mole-
cules. The value of 8 was taken to be the same as that of
the H-H potential.” The potential was cut off at 2.00 A.
The parameters of the Si-H potential along with the Si-Si
(Ref. 5) and H-H (Ref. 7) potentials are listed in Table I.
The interstitial sites of atomic hydrogen in bulk Si were
used to determine the values of the parameters in column
IIb of Table I. It is noted that the parameters in the po-
tential were not systematically optimized.

The predicted bond lengths, angles, and some vibra-
tional wave numbers for the Si,, H, molecules and radi-
cals are shown in Table II. The properties of the Si, di-
mer and the H, molecule are also included. The
geometry and vibrational properties of most molecules
are fairly well reproduced. The bond length in disilane is
0.07 A higher than the experimental value of 2.33 A.
Due to the neglect of long-range interactions, the poten-
tial does not distinguish between eclipsed and staggered
forms of disilane. The experimental value for the rota-

TABLE 1. The parameters used in the Si-H interatomic po-
tential along with the Si-Si and H-H potentials. The symbol 4 is
used for H (N) in columns I and IIb.

Parameter Si-Si Si-H H-H
I Ila 1Ib 11
(Ref. 5) (Ref. 7)

A (eV) 1830.8 323.54 80.07
B, (eV) 471.18 84.18 31.38
A A7) 2.4799 2.9595 4.2075
nAY 17322 1.6158 17956
a(A or A) 5.1975 4.00 0.00 3.00
B 3 3 1
R@ (A) 2.35 1.475 0.74
c 0.0216 0.70  4.00
d 0.160 0.27 1.00
h —0.59826 —1.00
R (A) 2.85 1.85 1.85  1.40
D (A) 0.15 0.15 0.15 0.30
7 078734  1.00 1.00
8 0.635 . 0.804 69 0.804 69
Fi(1) 1.005
F,(2) 1.109
F,(3) 0.953
Fi(n),n>4 1.000
F,(1) 0.930
Fy(2) 1.035
F,(3) 0.934
Fy(n),n>4 1.000
H(1) —0.040
H(2) —0.040
H(3) —0.276
H(n),n>4 —0.470
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TABLE II. Properties of some Si,, H, molecules. Vibrational wave numbers in cm™
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!, The bond energy of H, includes the zero-

point energy. The asterisk (x) indicates a theoretically calculated value. The dagger (1) indicates properties that were fitted to the

Si-H potential.

Si-H Expt./ Ref. Si-H Expt./ Ref.
potential theory potential theory

SiH, . SiH
asin 1.475 A 148 A 18" asin 1.51 A 1.51 A 20*!
Egn 3.42 eV 3.42 eV 18¢ Egu 3.10 eV 3.14 eV 21t
Orsin 109.5° 109.5° 18" v 2034 2042 21
v 2100 2186 21
v, 985 972 21 SiH,
v 2151 2189 21t dgin 1.51 A 1.51 A 20*1
Vs 913 913 21" Esin 3.42 eV 3.49 eV 18"

On.sin 92.3° 92.1° 26!
Si,Hg . . A, sym stretch 2136 2032 26
agin 148 A 149 A 22 A, bend 878 1004 26
Agisi 240 A 233 A 22
Ousisi 109.4° 110.3° 22 SiH,
A, Si-H stretch 2110 2163 23 asin 1.48 A 1.48 A 20*"
A,, SiH; bend 894 920 23 Egn 321 eV 3.25 eV 18°
Ay, Si-Si stretch 387 432 23 Busim 106° 110.5° 27
A, torsion 0 91 20* Inv. barrier 0.21 eV 0.23 eV 27t
E, Si-H stretch 2150 2155 23 v 2051 1955 26
AH? 0.96 eV 1.00 eV 18"

H,
Si,H, . . P 0.74 A 0.74 A 18
asin 1.48 A 1.48 A 20* Eun 475 eV 475 eV 18
asisi 2.36 A 217 A 20* v 4400 4400 28
Opsisi 106.0° 118.9° 20*
Ou.sin 106.0° 112.8° 20* SiH,SiH

asisi 237 A 239 A 20*
Si, ag.u(l) 148 A 148 A 20*
agisi 2.30 A 224 A 24* asiu(2) 1.51 A 1.51 A 20*
Egsi 2.66 eV 3.13 eV 18 Bsisi(1) 109.5° 114.2° 20*
v 469 518 25 Opsisi(2) 92.3° 89.1° 20*

tion barrier is about 0.05 eV.2®> The predicted wave num-
ber of the torsion mode therefore vanishes; for this wave
number a small value of 91 cm™! has been estimated.?’
The energy differences for the decomposition reactions of
disilane are listed in Table III. The values for the Si,H,
and SiH;SiH decomposition reactions deviate by about
0.7 and 0.4 eV, respectively. There is reasonable agree-
ment between the values calculated from the potential
and the experimental/theoretical estimated values for the
other reactions. It is noted that these are the energy
differences between the products and disilane but not the
activation energies for the reactions. The Si-Si bond
length in disilene is also larger than the experimental
value. The inadequate description of the 7 bonding in
this molecule accounts for this large difference. The
bond angle and the inversion barrier in SiH; are 106° and
0.21 eV, respectively. The corresponding experimental
values are 110.5° and 0.23 eV, respectively.?’” There are
no metastable structures for the SiH, and SiH; molecules.
Most of the vibrational wave numbers are within 15% of
the experimental values.

Hydrogen termination of the silicon surface results in

different reconstructions depending on coverage. A clean
Si(001) surface exhibits a (2X 1) reconstruction with the
dimer bond along the (110) direction. The Si-Si intera-
tomic potential gives a dimer bond length of 2.37 A. The
structures of hydrogen-terminated Si(001) surfaces as de-
scribed by the potential are shown in Fig. 2. For a hy-
drogen coverage of one monolayer (ML), the surface re-
tains a (2X1) reconstruction with hydrogen atoms ter-
minating the dangling bonds of silicon. The Si-Si dimer
length increases to 2.43 A. A similar lengthening of the

TABLE III. The energy differences AH for disilane decom-
position. The asterisk (&) indicates a theoretically estimated
value.

Reaction Potential Literature Reference
Si,Hg—>2SiH; 3.27 eV 321 eV 18
Si,H¢—Si,Hs+H 3.73 eV 3.78 eV 18
Si,H¢—Si,H,+H, 2.70 eV 2.04 eV 20*
Si,H¢— SiH,SiH+H, 191 eV 2.32 eV 20*
Si,H¢—SiH,+SiH, 2.03 eV 2.27 eV 20*
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(a)

©)

FIG. 2. The different hydrogen-induced reconstructions of
the silicon surface. (a) The (2X 1) monohydride structure with
a hydrogen coverage 6=1 ML, (b) the (3 X 1) structure with al-
ternate monohydride and dihydride units at 6=1.33 ML, and
(c) the (1X1) dihydride structure with 6=2 ML. The dimen-
sions are according to the Si-H potential.

dimer bond was also reported in the semiempirical®® and
ab initio cluster calculations.’® The H-Si-Si bond angle
was found to be 112.4° compared to the values of 110.2°
(Ref. 31) and 114.7° (Ref. 29) reported in the literature.
The wave number of the symmetric stretch mode was
2144 cm ™! compared to the experimental value of 2099
em™ 130 At a coverage of 1.33 ML, a (3X1)-
reconstructed surface consisting of alternate monohy-
dride and dihydride units is obtained.®3? The H-Si-H an-
gle in the dihydride units was found to be 109.5° in
agreement with the first-principles calculations.* At a
coverage of 2 ML, the surface reverts to a (1X1) struc-
ture. There is strong repulsion between H atoms bonded
to neighboring Si atoms. A canted-row structure was
found to have a lower energy than the symmetric dihy-
dride structure. The H-Si-H angle in the canted-row
structure is about 106°, compared to 100° in the sym-
metric structure. The Si surface atoms are displaced by
about 0.16 A from their bulk positions in the canted-row
structure. Although the difference of 0.02 eV/(1X 1) pair
is small, it is significant that a symmetry-breaking dis-
placement produces a structure close in energy to the
symmetric structure. Such a canted-row structure was
shown to be the lowest-energy structure using the local-
density approximation in Ref. 33. A somewhat larger
difference of 0.18 eV/(1X1) pair and a Si surface-atom
displacement of 0.6 A was reported in these calculations.
At low coverages, hydrogen atoms have been observed
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experimentally to pair up.® The difference in energy be-
tween an isolated H atom and a H atom in a dimer pair
was found to be 0.015 eV, with the isolated atom having
lower energy. This difference, albeit small, is contrary to
the experimental observation. Using the configuration-
interaction method, it was shown in Ref. 31 that the H
atom in a dimer pair had a lower energy by ~0.05 eV.
The driving force for a pairing of H atoms thus appears
to be small. A 1-ML hydrogen coverage on the Si(111)-
1X1 surface gave a Si-H bond length of 1.48 A and a
stretch mode of 2137 cm™!. The experimental value for
the stretch mode is 2084 cm ™ 1.3 An interesting result is
the possibility of formation of a bond-centered Si-H-Si
site on the surface. Although this has never been ob-
served for silicon, such a bridge-bonded site was recently
observed experimentally on the GaAs surface.* It is not-
ed that none of the surface properties were fitted to the
potential, and the above results may be considered as pre-
dictions of the potential.

The interstitial positions of hydrogen in silicon have
been studied extensively using first-principles techniques.
The important sites of atomic hydrogen can be found in
Ref. 35. All the energies mentioned below are with
respect to H atoms in free space and bulk Si atoms. The
minimume-energy site has been shown to depend on the
charge state of hydrogen.!® For both neutral H and HY,
the bond-centered (BC) site is the minimum-energy
site.!%!! The set of parameters (labeled IIb in Table I) in
the potential were adjusted to produce a minimum energy
of atomic H at the BC site. The Si-H bond length in this
site is 1.54 A and the second-nearest-neighbor atoms are
displaced by 0.10 A. The bridged Si-H bond length in the
radical H;Si-H-SiH; is 1.58 A. This increase is due to the
free motion of the SiH; units in the outward direction.
The Si-H bond lengths of 1.58 and 1.72 A were obtained
in the BC site and the radical, respectively, in ab initio
cluster calculations.!! The energy at the BC site is 1.26
eV compared to 1.05 eV in Ref. 36. A site near C (on the
line between C and 7) was found to be 0.2 eV higher in
energy compared to the BC site. This site was reported
to be the saddle point for H diffusion between BC sites!®
with an activation energy of about 0.2 eV. Among the
other sites, the antibonding site 4B was not a metastable
site. At both the tetrahedral interstitial T and the hexag-
onal interstitial H sites, the H atom did not interact with
any Si atoms. While this is clearly an oversimplification,
ab initio calculations have shown that there is very little
relaxation of Si atoms when a H atom is placed at these
sites.!!3” In the H, molecule oriented in the { 100) direc-
tion at the tetrahedral interstitial site, the H atoms were
too far from the Si atoms to interact. The energy per H
atom was therefore 2.38 eV, the same as in the free H,
molecule. A value of 1.92 eV per H atom and an increase
of 0.03 A in the H-H bond length for the H, molecule
was reported with the local-density approximation.3
The energy per H atom in the H} complex (H atoms in
adjacent BC and AB positions) was 1.50 eV compared to
1.65 eV in Ref. 36.

There are several dynamic situations where one could
apply the classical potential described here. A brief
analysis of the strengths and weaknesses of the potential
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is thus appropriate. An area of considerable interest is
the low-temperature chemical-vapor deposition of silicon
from precursors such as SiH, and Si,H,. The potential
might be used to study the dissociative adsorption of
these molecules on the Si(001) surface. However, one
must be more cautious with the dissociation of these mol-
ecules in the gas phase because of the inadequate descrip-
tion of the Si,H, molecule and the presence of ionized
species. Situations where a Si-H-Si configuration is im-
portant must be interpreted cautiously. Although the
bond-centered site in bulk Si is reasonably described, the
potential predicts unusually high stability for bridge-
bonded hydrogen in small molecules such as H;Si-H-
SiH;. This metastability can be removed by substituting
potential III for IIb (with a consequent loss of the
description of bridge-bonded sites). Hydrogen-
terminated silicon surfaces are fairly well described by
the potential. Thus the potential may be used to study
various physical vapor deposition techniques such as
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molecular-beam epitaxy and sputter deposition of silicon.
Another area of application might be modeling of hydro-
genated amorphous silicon. This seems reasonable, since
the Si-H bond lengths and the stretching and bending
modes in hydrogenated amorphous silicon are not very
different from those of the SiH, molecule and the
hydrogen-terminated silicon surface.®

An empirical interatomic potential has been developed
to describe the Si-H interactions. The potential gives a
reasonable description of the various gas-phase species
and hydrogen-terminated silicon surfaces. The potential
is computationally efficient and may be used, with cau-
tion, for molecular-dynamics investigations of the pro-
cessing of hydrogen-terminated silicon surfaces and hy-
drogenated amorphous silicon.
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