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Abstract. We present a novel empirical tight-binding model of the hydrogen-silicon system 
suitable for realistic molecular-dynamics simulations. The hydrogen-silicon and hydrogen- 
hydrogen interactions = consaucted to reproduce the electronic levels and vibrational 
frequencies of silane ( S i b )  and hydrogen molecules, respectively. The potential functions 
are rescaled with an exponential factor in addition to the simple inverse square law. This 
smoouls the potential change at some appropriate cut-aff distances, which is a prerequisite 
condition in realistic molecular-dynamics simulations. The application of this model to other 
molecules and surfaces yields excellent agreement with the experimental results, proving the 
good transferability of OUT model. 

1. Introduction 

The hydrogen-silicon (€-Si) system has been intensively studied not only for its importance 
in device technology but also for its many interesting physical phenomena from the 
theoretical aspects. The hydrogen is generally known to passivate the surfaces and the 
dangling bonds in hydrogenated amorphous silicon. The hydrogen thus changes the 
elechical and optical properties 111. The hydrogen atom plays a crucial role in the 
polycrystalline silicon growth at low temperature 121. The hydrogen atom is also known 
to act as a surfactant to supress the Ge atom segregation in Si-Ge epitaxial growth [9. 
Despite the fact of their abundant appearance in many H-Si systems, the physical mechanism 
underlying these phenomena is still far from being completely understood. Part of the reason 
is the lack of a realistic theoretical model to describe such complex systems. 

First-principles approaches within the local-density approximation have been 
successfully applied to hydrogen in bulk Si and Si surfaces [MI. The accurate molecular- 
dynamics (MD) simulations with the local-density approximation by Car and Parrinello 
(cp) have made progress for further understanding of hydrogenated amorphous Si 17, 81. 
However, this method is limited to a small number of  atoms (( 100 atoms) and the 
computational cost is stdl high for some dynamical properties. Classical potentials have 
been proposed in hydrogenated amorphous Si [9, 101. Even though the computational cost 
is low in this approach, the reliability cannot be guaranteed. 

A few empirical tight-binding (TB) models have been proposed 111, 121. Since the 
TB scheme uses the valence electrons only in the electronic-structure calculations where the 
overlap integrals are empirically fiaed to the first-principles calculations or experiments, both 
accuracy and efficiency are achieved. Although the TB model of Mm eta1 1121 takes account 

0953-8984/94/459561+10$19.50 0 1994 IOP Publishing Ud 9561 



9562 Eunja Kim et al 

of the anharmonic effect by implementing the universal binding-energy curve in the fitting 
procedure, the simple inverse-scaling law of the distance still causes undesirable effects in 
describing particularly the hydrogen dynamics and absorption and desorption process. A 
model with smooth potential cut-off is generally required in a typical MD simulation. 

Goodwin, Skinner and Pettifor (GSP) [13] have proposed a transferable TB total-energy 
scheme by introducing an exponential factor into the distance scaling in the silicon system. 
This has been successfully applied to many complex systems [14, 151. In this paper we 
propose a new TB model for the H-Si system by introducing an exponential factor into 
the distance scaling similar to GSP scheme such that the potential cut-off is smoothed so 
as to apply for a more complex system. We expect that this model is transferable to 
many complex systems such as hydrogen dynamics in hydrogenated amorphous Si and the 
absorption-desorption reaction in the chemical-vapour-deposition process or at hydrogenated 
Si surfaces. 

2. Fitting procedure for H-Si and H-H interactions 

The total energy in an empirical TB scheme can be written as 

Here the first term represents the band-structure energy which can be constructed from 
the TB Hamiltonian H7g and the second term is the repulsive ion-ion interactions. The 
diagonal term of H, is equal to the atomic energy levels and the off-diagonal elements are 
constructed via the Slater and Koster empirical TB scheme 1161. 

For the H-Si system, there are three types of interacting parameter, Si-Si, H S i ,  and 
H-H. For S i s i  pairs, we choose the GSP total-energy scheme. The elements of the HTB 
matrix are determined by 

where the 
table 1. The repulsive interaction term has a similar form 

(1) are the overlap integrals at equilibrium distance ro. These are listed in 

The total energy from this model reproduces well the universal binding-energy curves of 
various phases generated by the first-principles calculations [17]. The main idea of this 
scheme is to improve the transferability by introducing an exponential factor into the distance 
scaling, in contrast with the previous inverse square law of Chadi [RI.  

For the H-Si system, we adopt a similar scheme to the GSP. The respective parameters 
are also shown in table 1. In this system, the energy levels and the vibrational frequencies 
of silane ( S i b )  are used for the fittings. The significance of this formulation is that 
the potential change is smooth at the cut-off distance, which is required in realistic MD 
simulations, and the quantitative accuracy is improved. Figure 1 shows the total-energy 
curve of the H-Si interaction. One can see that both the band-structure energy and the 
repulsive potential energy smoothly approach zero at cut-off 2.186 A and the total energy 
shows an equilibrium at 1.48 A with the binding energy 3.73 eV, as compared to the 
experimental value 3.355 eV. For the H-H system, the energy levels and the stretching 
frequency of the Hz molecule are used for the fittings. These are listed in table 1. Figure 2 
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Table 1. The TB potential parameters of the B S I  system 

S i s i  H-SI H-H 
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shows the total-energy curve of the H-H interaction. The band-structure energy which is 
determined only with ssu electrons and the repulsive potential energy smoothly approach 
zero at cut-off 1.6 A. The total energy shows an equilibrium at 0.742 A with the binding 
energy 4.44 eV, as compared to the experimental value 4.45 eV. 
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Figure 2. The tofalenergy curves of the H-H interaction. The band-smcture potential energy, 
repulsive potepid energy (dashed lines) and total energy (solid line) are smooth at the cut-off 
distance 1.6 A. The inset shows a well defined equilibrium at 0.742 8, with binding energy 
4.44 eV. 

3. Results and discussion 

Table 2 shows the calculated energy levels and the typical vibrational frequencies of the Si& 
molecule from our model. In order to calculate the vibrational spectra, we performed the MD 
simulations. Once the velocity-velocity autocorrelation function is calculated, the Fourier 
iransformations are taken to get the vibrational spectra. We run MD with a microcanonical 
ensemble at room temperature for 25 picoseconds which will give a resolution of 0.001 
meV. We do not require the model to reproduce the energy levels of the antibonding states. 
The energy levels of the antibonding states are not well described with a minimal basis set in 
the TB scheme. In the H-Si system, the antibonding states are far away from the Fermi level 
and do not strongly affect the bonding character of the system. This restriction is similar to 
Min et al's procedure 1121. Although our bonding states are somewhat sacrificed compared 
to Min et al's model, we improved the asymmebic bending frequency from 103 to 108 
meV where the bending frequencies are solely determined from the change of Vvc(€-Si). 
The difference of V,,, and V,, determines the accuracy of the asymmetric bending mode. 
Our Vw(H-Si) value is a little larger than M m  et ul 's  value. 

We now check our model with a different molecule in order to see the transferability. 
The fully relaxed SizHs molecule is shown in figure 3. Since the electronegativity of the Si 
atom is a little larger than that of the H atom, charge is transferred to the Si atom, producing 
the contraction of the Si-Si bond from 2.35 to 2.31 A. The H-Si bond length lengthens to 
1.49 from 1.48 A. The bond angle between H atoms is 107" and the bond angle between Si 
and H atoms is 11 1.8". as compared to the tetrahedral angle 109.5". These values are in good 
agreement with electron-diffraction experimental results [20]. The calculated energy levels 
are in better agreement with experiments than Min et ai's results. We note that the bending 
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Table 2 The energy levels and the vibrational frequenaes of the S a  molecule. 

Levellmodes present m m  Min er d [121 Experimenta 

Eigenvalues 
a; (eV) -3.34 -2.84 -4.1 

a: (ev) 
Frequencies 
symmetric bending (meV) 121 122 . 121 
Asymmetric bending (meV) 108 103 113 
Symmetric stretching (meV) 276 276 270 
Asymmetric smching (meV) 284 271.7 

a [I21 and references therein. 

-0.53 -1.93 -5.4 
-12.60 -12.71 -12.7 
-18.08 -18.23 -18.23 

8 

modes are in excellent agreement with experiments which are important in identifying the 
various hydrogen-bonding species in many real systems. Since we calculate the vibrational 
frequencies from MD simulation, we get higher values in the stretching frequencies than 
the frozen-phonon calculations, which was observed in previous work [12]. Furthermore, 
the highest stretching frequency of S i b  is used in the fittings. This will overestimate the 
stretching frequencies of other species of similar molecules. We emphasize that the bending 
modes are well reproduced to be comparable with experimental results. The stretching 
frequency of the S i s i  bond is 52 meV. The fact that the energy levels, molecular structure 
and vibrational frequencies are decribed well in the SizHs molecule proves the transferability 
of ow model. 

e si 
O H  

si 

9 
107(108. 

Figure 3. The fully relaxed disilane molecule. The 
angles between atoms deviate from the tetrahedral angle 
1099. The values in parenthepes are  om experiments 
1191. lengths are in units of A. 

Figure 4. The fully relaxed disilene molecule of non- 
planar form. The hydrogen bond length k m e s  longer 
compared to that of the S i  molecule. The S i S i  
bond length becomes longer than the Si crystalline 
bond length. The values in pantheses are fi?m GVB 

calculations [20]. Bond lengths a in units of A. 

We further apply this model to the disilene Si& molecule. Figure 4 shows the fully 
relaxed geomehy from the steepstdescent relaxation. The S i s i  distance of this non-planar 
form is 2.50 A which is larger than that of the generalized-valence-bond (GVB) calculation 
[ZO] but another calculation shows this value as 2.52 A [U]. The stretching frequency of 
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Table 3. The energy levels and the vibrational frequencies of the SirHs molecule with the fully 
relaxed geomew. 

’ Levellmodes Resent m m  Min e: d [I21 ExperlmenF 

Eigenvalues 
a, (eV) 
e, (eV) 
e. (ev) 
a. (ev) 
a, (eV) 
Frequencies 
Symmetric bending (AI) (meV) 
Asynunehic bending (E) (meV) 
Twist (meV) 
Wagging (meV) 
Symmetric svetching (meV) 
Asymmetric stretching (mew 

-10.49 
-12.15 
-12.79 
-16.74 
-18.50 

113 
105 
67 
88 
272 
281 

-11.07 
-12.28 
-13.23 
-16.65 
-18.71 

75 

55 

276 

-10.7 
-12.1 
-13.3 
-17.3 

112 
105 
62 
78 
265 

1121 and references therein. 

Table 4. The relaxarions of surface layers of monohydride and aihydride surfaces. ‘Ideal’ 
means bulk s t r u c ~  and H S i  bonds in the S i  molecule. ‘Clean’ and ‘ H  mean the clean 
surface-and the H-terminated surface, respectively. The notations are from figure 5. All units 
are in A. 

Monohydride Trihydride 

Ideal Relaxed Ideal Relaxed 

present ?B Min et d [I21 KI [61 Presentm KimI23l 

Clean dlz 0.78 0.76 0.76 0.57 2.35 231 2.35 

H dH 1.48 1.51 1.50 1.54 1.48 150 1.41 
diz 0.78 0.78 0.81 0.72 2.35 2.34 2.35 

dn 2.35 2.38 2.4 0.78 0.79 0.85 

dD 2.35 2.35 2.37 2.32 0.78 0.78 0.81 

(a) monohydride @) trihydride 
Figure 5. Slab geometry of hydrogenated Si(ll1) surface: (a) monohydride, (b) uihydride. 

the S iS i  bond is 42.5 meV which is less than that of the Si& molecule, as expected 
from the larger bond lengths between Si atoms. The respective bond lengths and bond 
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Frequency (meV) 
Figure 6. Local phonon spectra of the monohydride surface. H indicates the top 
and Si 1 the f i s t  surface Si layer. 

, hydrogen layer 

angles are shown in figure 4. The out-of-plane angle in this form is 24", as compared 
to 18" from the GVB calculations. We note that the planar form is a degenerate state of 
this non-planar form, in contrast with the previous GVB calculation that the energy of the 
non-planar form is 65 meV lower than that of the planar one. We expect that there exists a 
potential barrier between these two forms. Both the non-planar and planar forms are singlet 
states. The bonding states are -17.28, -15.95, -12.04, -11.56, -10.54, and -7.83 eV. 
The symmebic bending frequency of the Si& molecule is 113 meV, as compared to 110 
meV from the experiment [22]. These calculations also prove the good transferability of 
our model. 

We now apply this model to the hydrogenated Si(ll1) surface. The hydrogenated 
Si(ll1) surface sustains an ideal (1 x 1) structure. We construct a supercell of 72 atoms 
(3 x 4 x 6 layers). The periodic boundary conditions are applied along the x and y directions 
with the top and bottom layers saturated by hydrogens so as to form an ideal (1 x 1) structure. 
The equilibrium shuctures are obtained by the steepest-descent method. For a trihydride 
surface, we added two more layers on both ends where the terminated layers are saturated 
by three hydrogens per silicon atom, having a supercell of 96 Si atoms. Table 4 shows the 
calculated values of the relaxations of different layers. The top two Si layers are allowed 
to relax. The first layer for a clean Si(ll1) surface shows contraction whereas the second 
layer expands to compensate the contraction of the lirst layer. With H absorption, these 
relaxations are recovered to an ideal configuration and the hydrogen bond length becomes 
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h 

3 
f;i 

Figure 7. Local phonon spears of the Uihydride surface. H indicdtes 
and Si 1 the first surface Si layer. 

the top hydrogen layer 

longer than the fitted value 1.48 A. The vibrational frequencies of hydrogens on this surface 
can be obtained from MD simulations. In MD all the atoms are allowed to move. The average 
temperature is about 300 K. We calculate the vibrational spectra from the Fourier transform 
of the velocity-velocity autocorrelation function. In this case, specific atoms can be chosen 
in the calculation so that the local vibrational spectrum can be obtained. We show in figure 
6 the local vibrational spectra of a monohydride surface. The resolution of these spectra 
is about 1 meV. The top H surface shows clearly the bending mode at 80 meV and the 
stretching at 281 meV. The extra mode at 64 meV is also observed from the experiment. 
We see that this mode is bulk related, which can be clearly seen from the consecutive Si 
layer spectra. This was also identified from the previous work [12]. 

We further calculate the vibrational spectra of the lIihydride surface. Figure 7 shows 
the local vibrational spectra of the trihydride surface. The top hydrogen layer shows several 
hydrogen-related peaks. It is clear that the peaks at 276 and 281 meV are the s y ~ n ~ n ~ t r i c  
and asymmetric stretching frequencies, respectively. Although the peaks at 105 and and 115 
meV can be identified to be asymmetric and symmetric bending frequencies, respectively, 
it is not clear where the peak at 55 meV originates from. In order to clarify this, we 
replaced the H atoms by deuterium atoms. All the hydrogen-related peaks should be scaled 
down by a factor of f i  by the replacement of deuterium atoms. Shown in figure 8 are 
the vibrational spectra of the deuterated surface. As expected, the stretching and bending 
modes are scaled down by a factor of approximately d? although the asymmetric bending 
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Figure 8. Local phonon spectra of the trideuteride surface. D indicates the top 
and Si 1 me f i s t  surface Si layer. 

deuterium layer 

mode is not clearly seen. This peak may be visible if we run MD long enough so that good 
statistical time averages can be taken. We note that the peak at 55 meV is scaled down to 42 
meV. Therefore, this peak is clearly a hydrogen-related peak. We speculate that this peak 
is a twist mode (67 meV) in the Siz& molecule. Because the bulk peaks are involved near 
this frequency, the peak position can be shifted by the mode interactions. In fact, the m(r) 
is 70 meV in the bulk Si crystal. This bulk mode may couple to the twist mode, shifting 
the frequencies from 67 to 55 meV, although the coupling may not be strong because they 
are not completely in in-plane polarization. 

4. Conclusion 

We have constructed a transferable TB scheme for the H S i  system. The overlap integrals 
of H S i  and H-H interactions are empirically fitted to the SiH4 and H2 energy levels and 
vibrational frequencies for Si-H and H-H interactions, respectively. The application of this 
method to other molecules, and SizH+, and the hydrogenated Si(ll1) surface shows 
the good transferability of OUT model. We expect that this model can be applied to more 
realistic MD simulations. 
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