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Modeling the interaction of hydrogen with silicon surfaces
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Abstract

We have mvestigated the prospects for developing model potentials for use 1 classical simulation of structural and dynamucal
properties of S1 surfaces mteracting with hydrogen The pomt of view adopted requires that only short-range two-atom and three-
atom interactions appear, and that these component functions should be fully transferable between small-molecule gas phase species
(e g SiH and H,) and S1 surfaces with arbitrary extent of hydrogenation Using the silicon Stillinger—Weber potential as a starting
pomt and guide, a moderately successful set of such mteraction functions was derived by non-linear parameter optimmzation This
set displays proper bonding geometries and valence saturation when apphed to several hydride species of intermediate molecular
weight (e g Si,H,, and Si1;0H,¢), and to dimerized Si1(100) i various stages of hydrogenation Molecular dynamcs simulations
show relatively large sticking probabilities for unpimnging H atoms at low icident energies, whereas H, at comparable energies
experiences only non-sticking collisions, both roughly 1n agreement with experrment Some shortcomings of the derived model have
been 1dentified, including deficient surface diffusion kinetics, however, possible improvement strategies have been 1dentified © 1998
Published by Elsevier Science B V

Keywords Ab mitio quantum chemical methods and calculations, Catalysis, Chemisorption. Density functional calculations,
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1. Introduction chemical bonding at the surface of crystalline

silicon, including both kinetic aspects and static

Silicon plays a central role in modern computing
and communications technology, so it is natural
that vast expermmental and theoretical resources
have been devoted to understanding its properties
(for a detailed review see Ref.[1]). As device
applications move inexorably to shorter and
shorter length scales, interface and surface charac-
teristics gain in relative importance. In particular,
1t 1s desirable to explore and analyze the nature of
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structures

The present paper concerns the development of
computer simulation models for the chemical inter-
actions of hydrogen with crystalline silicon. The
specific objectives are to determine the feasibility
of representing the admittedly complicated atomic
interactions by a relatively simple mathematical
format (just two- and three-atom interactions),
and to test that simple format in a classical molecu-
lar dynamics simulation routine.

Prior experience lends support to this approach.
The two-atom plus three-atom approximation has
attained modest success for pure silicon 1tself [2],
as well as germanium [3], both strongly covalent
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substances. Surface reaction of fluorine with silicon
also yields to this approach [4,5] Therefore,
encouraging evidence has been gathered on the
success of this approach in conveying valency and
bond directionality of the various elements
mvolved.

In fact, Carter and coworkers [6] have even
examined the modeling of crystalline silicon hydro-
genation by the two-atom plus three-atom approxi-
mation; however, their emphasis and tactics differ
from ours, as explained below. In addition, Murty
and Atwater [7] have proposed an alternative
representation for Si plus H potentials, but this
alternative is not confined to two- and three-body
contributions

In the following, Section 2 presents and moti-
vates the mathematical format employed. It also
states the data base of molecular properties used
to determine numerical parameters appearing in
the mathematical format, the procedure used for
their determination, and the two-atom and three-
atom interactions thus obtained. Section 3
describes several structural properties that were
investigated. Section 4 contains a description of
our molecular dynamics simulation procedure, as
well as several results obtained from its use.
Finally, Section 5 presents a discussion of several
1ssues related to our approach, and draws some
conclusions about 1ts extension and possible
1mprovement.

2. Model

The molecular dynamics simulation process to
be described below presumes to follow motions of
atoms moving on their Born—Oppenheimer
ground-state potential energy surface @ Our first
task 1s to create a physically and chemically sensi-
ble approximation for @ that 1s applicable to
arbitrary configurations of arbitrary numbers of
silicon and hydrogen atoms. We have assumed
that @ can be adequately represented by a linear
combination of two-atom and three-atom func-
tions, for all pairs and triplets present’

P :Z Usisi + 2 Up + Z Ugg + 2 VS
+ 2 Vi + ), vk + D vihn- (1)

Each of the component functions appearing here
must possess translational, rotational, and permu-
tational symmetries; in particular this forces the
pair potentials to depend only on scalar pair
distances.

In order to simplify the present task, we have
adopted at the outset the Stillinger and Weber
functions vgs, and v§ks for the pure silicon part
of our problem [2]. The first of these has the
following generic form-

{a(ﬁr‘p_l) exply/(r—a)] 1if r<a,

(2)
if r>a,

Usis1 (7’ ) =

where all five constants, o, f, p, 7, and a are
positive This pair interaction expresses the ten-
dency for covalent bond formation, but by itself
cannot control bonding directionality or valence
saturation. These latter attributes are enforced
through the three-atom interaction, which for con-
venience has been resolved into three components:

U§hs: =h(ry;, fias O0) Fh(r, 70, 00,00
Fhlry s gy O0p00)- (3)

Here the r,, are scalar pair distances in the triad
and 6, ,, 1s the vertex angle at ; subtended by /
and k. The Stillinger—Weber model assigns to /&
the functional form [2]

h("z.,a ks gj.l.k)
}“[Cos(ej L, ) +%]2 eXp[V(s)/(rl 7
— ;a(S)) o ),(3)/(”1( _ a(3))]

0 otherwise. (4)

if r<a®,

The three constants A, v*¥, and a® are positive
The use of finte-distance cut-offs in the pure
silicon interaction functions, along with the use of
a format that preserves continuity and differentia-
bility of all orders at those cut-offs, was motivated
by computational simplicity and efficiency This
becomes particularly important in many-atom sim-
ulations It is a strategy we have maintained in the
present extension to include hydrogen.

Frve functions in Eq. (1) remain to be deter-
mined. Known properties of several small mole-
cules provide a basis for selection. These mclude
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(a) the diatomics H, and SiH [8]; (b) H,+H,
specifically the geometry and energy of the trans-
ition state [9,10], (c) geometries and energies of
silicon hydrides SiH,, SiH;, S1tH,, and Si,Hg (refer-
ences below). Although it 15 impossible to fit all
attributes simultaneously and exactly, we have
attempted to identify the best overall fit under the
functional constraints adopted.

Our first step was to fix vyy(r) and vgy(r) using
known diatomic bond lengths, dissociation con-
stants, and normal-mode vibrational frequencies
[8]. The same generic functional form as shown 1n
Eq. (2) for vg,(r) was used, but with the possibility
of distinct numerical parameters. Note that if for
each pair of atoms the cut-off ¢ and the exponent
of the atom pair distance p are first chosen, the
other parameters can be calculated analytically to
reproduce the known properties of the diatomics
detailed 1n (a) above; this was used in the selection
procedure

The final parameter set selected appears in
Table 1. Fig. 1 shows plots of the three pair
potentials.

The equilibrium bond length for SiH, 1 52 A, is
close to the corresponding bond lengths i the
polyatomic silicon hydrides in (c) above.
Consequently, the task of the remaining three-
atom functions is to enforce bond angles and
valence saturation m these species. We have sup-
posed that the following generalizations of Eqs (3)
and (4) were applicable (1,7,k=Si,H):

Uf’j),k :hl.].k(rl.]’ rj,ks Hl,j.k) +hj.l k(r].n rl,kv Hj.l.k)
+hl.k,1(rl.kﬂ rk,p 91.’\.]) (5)

where, following earher convention, the middle

Table 1

Two-body mnteraction potential parameters Units are kcal mol
-1 '
and A

Atoms Ve
vy (=0, (B, r P —1)exp ifr<a,,
Y _axv)
o B b4 a P
S1 S 352477814 11 603192 2095100 3771180 4
HH 804 959233 0044067 3902767 28 4
Si H 428 902380 1359978 2537884 32 4

100 :
sof
H i SIH
ooy
v OF :le
(kcal/mol)f
-50 r "| ...'-.1”
[ ] S~
100 |- N ]
Il 1
0 1 2 3 4

Fig. 1 Si-S1, H-H, and Si-H pair potentials vs distance

letter of the triad subscript refers to the species at
the subtended angle vertex. The individual compo-

nent functions have been extended shightly in form
to

hk(r,, ¥y 91,1.k)

(‘)”1,1 el 140 c0s(0, )
+v, 0 c08(0,,1)°]

= eXP[Yf?),(k)/(”z.J —a,;.0)

+ V(l),].k/(r].k - a(z),],k)]

lf rl,] <Cl§f]).(k) and

(3)
r].k < a(l).J.k?

\0 otherwise, 6)

where the atom in parentheses m y,; (, is the third
atom 1n the triad, the one that does not participate
in the “leg” under consideration. Notice that
unequal parameters are permitted along the dis-
tinct “legs” of a species-asymmetric triad. This
change allows a different rate of decay of the radial
part for each “leg” and was mtroduced as a
response to the fact that mn certain molecules the
difference in atom bonding distances 1s quite
important, eg. Si-H (149 A) vs S-S1 (233 A)
i disilane.

Note that £ is separable into an angular and a
radial component of the mteraction. This is the
third constraint in the form of the potential being
adopted, the first bemng the restriction to three-
and two-body interactions and the second being
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the short range of the potential introduced by the
cut-ofls.

The three-body function v$)y was first mndepen-
dently fixed, using the data (b) above. This is a
symmetrical triad case for which all A-function
“legs” are identical. Table 2 shows the numerical
values that were assigned to the parameters.
Subsequently, the SiH,, SiH;, and SiH, data
allowed simultaneous optimization of hgyy and
hys.u (the first has the single Si at the end of a leg,
the second at the vertex common to the two legs),
with parameter values also reported in Table 2.
This fixes all but Aggy and kg, 50, the final stage
mvolves the properties of disilane, S1,Hg, to com-
plete the task Again, results appear m Table 2.
The remaining free parameters in these stages were
subjected to non-linear optimization; however, the
results were not unique due to “ruggedness” of
the parameter hypersurface. Consequently, the col-
lection of optima was examined individually to
identify which was chemically the most valid;
see Table 2.

Table 3 shows bond distances, angles, and ener-
gies for the four silicon hydnde molecules
employed as mnput Entries contain both the experi-
mental input data and the results obtained by
potential energy minimization for our model after
1its functions were all determuned. Agreement, as
expected, is not perfect but is sufficiently close to
encourage further use of the model.

3. Structural properties

Beyond simply providing an adequate fit to the
molecular input data, the model must demonstrate

Table 2

its ability to produce reasonable predictions in new
and different situations. Consequently, several ele-
mentary tests were devised to assure the model’s
chemical validity, at least at a coarse level of
description. We regard successful performance in
these tests as a necessary prerequisite for molecular
dynamics smmulation of surface properties.
Moreover, we have found some sets of parameters,
and subsequently discarded them, that fit the input
data as well as the ones shown 1n Tables 1 and 2
but perform poorly when subjected to the tests
described below.

Two types of test were performed: searches for
minmimum-energy structures and dynamical simula-
tions. In the rest of this section the structural
studies will be described; note that among these
we 1nclude all those that render some information
about structural properties even when the tech-
nique used to locate potential energy minima was
that of a simulation. The dynamical studies, both
the tests and the simulations that were used only
as a means to characterize the model, will be
described in Section 4 as will the methodology
behind the simulations.

The mmimum-energy structure for a set of four
hydrogen atoms should consist of two intact H,
molecules, weakly interacting with each other.
Indeed thus is the result of the energy minimization
for the model constructed Ewidently, valence satu-
ration is assured for the model potential, at least
for pure hydrogen

Several cases with an arbitrary number of silicon
and hydrogen atoms in both arbitrary as well as
plausible mitial configurations were studied They

Three-body mteraction potential parameters Units are kcal mol ~! and A

-k , , ", v

(ke dY=2, [+ sy 08(8, 1)+, 14 €03(8, 14)°] exp[ ey i ]

Giy—204) (s —Apik)

7 H v T Yk X
S1-S1-S1 166 666667 6 000000 9 000000 2514120 2514120 3771180
H-H-H 403 005000 0132587 —0 299700 1 500000 1 560000 280
H-Si-H 100 633157 7 200000 10 800000 2212406 2 212406 320
S-H-H 557 667194 —2 939390 1 800000 0 558821 3328492 320
S1-Si-H 17 110500 12 000000 18 000000 1 848715 2539432 340
S1-H-S1 2000 000 —0 400000 —0 600000 2 400000 2 400000 340




Table 3

Molecular parameters from experiment and from the model
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Molecule Energy (kcal mol ~%) Bond length (A) Symmetry Angle (deg)
Exp This work Exp This work Exp This work Exp This work

SiH, 302 82 302 50 1 484 1470 Ty T 109 47 109 47
SiH; 214 0P 22273 148 1471 Csy Cyy 111 2¢ 106 31
SiH, 144 4° 145.06 148 1474 Cyy Csy 92 4° 102 61
S1,Hg 500.1%¢ 500 10

Si-S1 2.331¢ 2.325

Si-H 14924 1470

Si-Si-H 110 3¢ 1122

H-Si-H 108 62 106 6

* Based on enthalpy of formation given mn Ref [11]
* Based on enthalpy of formation given m Ref. [12]
¢ Based on enthalpy of formation given in Ref [13]
4 Ref [14]
¢ Ref [15].
T Ref [16]
g Ref [17]

confirmed that the model being described here
sustains a tetravalent Si and a monovalent H The
lowest energy structure was always the one
expected.

Two large molecules were specifically mvesti-
gated, Si,H,, and Si;;H,,, since they are suitable
mtermediates between small molecules (which were
being used as input) and a macroscopic surface
(which is a primary goal of study). The result of
the minimizations, i.e. the equilibrium structures
in this model, are shown in Fig. 2; these structures
are qualitatively close to the ones previously calcu-
lated by other authors using quantum chemistry
techniques [15]

The model also accurately reproduces the struc-
ture of a S1(100) 2 x 1 surface that remains dimer-
ized but is otherwise fully hydrogenated (see
Fig. 3). The Si-Si-H angle is 112°, only slightly
higher than the reported 108-111° [18]. The
binding energy of one H, 72.6 kcalmol !, is
in the range of reported binding energies,
61.5 kcalmol ~! (an indirect measurement [19])
and 89.9 kcal mol ~! (ab imitio calculation for a
small cluster [20] and that of the H;Si-H bond in
silane [21])

The partially hydrogenated (100) surface is not

as well described by the model. A known character-
istic of this surface is that 1t is energetically favor-
able for two H atoms to be bonded to the two
silicon atoms of the same surface silicon dimer
rather than to silicon atoms of different dimers.
This observation has been attributed to the fact
that a dimer n-bond needs to be broken when an
H binds to the surface [22]. The model described
here does not reproduce this phenomenon, and
given the short range of the interactions there is
no thermodynamic preference for the relative posi-
tion of two hydrogen atoms on the surface.

One of the obvious attributes expected of any
model of the type considered is that the insertion
of an H atom into the interior of a perfect Si
crystal should be energetically costly. We have
verified that our specific model possesses this char-
acteristic. In particular, we find a mechanically
stable structure, lying 101 kcal mol ~! above the
energy of the H bonded to the surface. Its configu-
ration is that of a hydrogen atom symmetrically
bridging two silicon atoms with an Si-H distance
of 1.55A, with correspondmg distortion in the
slab. Coincidentally, its energy agrees exactly with
result of an ab nitio quantum mechanical calcula-
tion by Van de Walle [23].
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Fig 2 Si,H,, and S1,0H,¢ equilibrium structures predicted by
this model The S1 atoms are dark and the H atoms are hight
The molecules are shown to scale In the first molecule all the
S1-S1 distances are 2 33 A, the Si—H distances are 1 47 A when
the S1 18 attached to three H atoms, and 1 52 A when attached
to only one H atom. All the S1-Si-S1 angles are 109 4°, the
H-S1-H angles are 106 7°, the S1—S1—H angles are 112 2° when
the H shares the S1 with other H atoms and 109 6° when it does
not In the second molecule all the S1—S1 distances are 2 34 A,
the Si—H distances are 1.47 A when the S1 1s attached to two H
atoms and 1 52 A when attached to only one H atom. All the
S1-S1—S1 angles are 109 8°. the H-Si—H angles are 102 8°, the
S1-S1-H angles are 111 4° when the H shares the St with another
H atom and 109 6° when 1t does not

4. Molecular dynamics simulation

It was mentioned earlier that we have performed
several molecular dynamics simulations studying
an Si(100) 2 x 1 surface mteracting with hydrogen.

Fig 3 Structure of the fully hydrogenated S1(100) 2 x 1 surface
predicted by this model The size of the slab 1s the the same as
that for which the molecular dynamuics studies were performed
The S1-H distances are 1 52 A, and the S1-S1-H angles are 112°

In this section we present the methodology used
and the results obtained.

Unless specifically mnoted, all simulations
employed an mitial configuration of 216 silicon
atoms in a primary cell of 23.0252A x
23.0252 A x infimity with periodic boundary condi-
tions in the short directions x and y. The crystalline
silicon slab at the center of this infinite column
consisted of six layers of 36 atoms each. The slab
was crystallographically oriented to expose (100)
faces at the top and bottom of the slab, i.e. normal
to the z-direction. The lowest silicon layer was
rigidly fixed at bulk crystal positions throughout
the simulations All other atoms execute undamped
classical motion subject to the potential energy
function described above. The minimum energy
configuration of the top layer 1s a reconstructed
p(2 x 1) pattern composed of 18 silicon dimers of
bond length 2.42 A.

The total energy is conserved throughout the
sumulation. Initial positions and momenta were
selected in the following way. Positions were
chosen such that all the silicon atoms were located
at therr mmmimum energy sites. Momenta were
chosen at random from a Boltzmann distribution
at twice the desired temperature. Classical equa-
tions of motion for the system of movable atoms
(the 180 S1 plus the necessary H atoms) were
mtegrated using the velocity Verlet algorithm [24]
The time step length and length of the runs
depended on the particular applhications, but in all
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cases it was checked that the final result converged
with respect to these parameters.

The structural results described in Section 3,
that 1s the structure of the fully hydrogenated
surface, the respective energies of two H atoms in
different positions on the surface, and the structure
of an H atom embedded n the slab were obtained
by simulated annealing. This was performed by
first giving the system some energy (300 K) and
letting it evolve for 1 ps. After this preparation
period it continued evolving, but every so often all
the atom velocities were scaled downward by 0 99
until the total kinetic energy was negligible. The
static configuration thus obtamned is what was
reported earlier. This procedure was repeated for
many initial states to ensure that the global mini-
mum energy configuration was determied.

In the case of a hydrogen atom embedded in
the slab, the z direction (previously infinite in
extent) was given periodic boundary conditions
corresponding to eight layers Hence the prim-
ary cell adopts dimensions 23.0252 A x
23.0252 A x9.504 A. This simulation was started
at 0 K and the initial position of the H was slightly
displaced from the geometric midpoint in a cavity.
The final configuration was described 1n Section 3.
The stability of this metastable minimum was
mvestigated by relaxing the boundary condition in
the - direction and letting the slab evolve at 300 K;
under this circumstance the H remained firmly
bonded to its bridge site

A molecular dynamics simulation used as a test
is that of the sticking probability of an H atom
impinging on the Si(100) 2x1 surface at low
temperature. The goal was to obtain a model
potential that did not inadvertently produce
unphysical surface-H atom interactions for con-
figurations far from the equilibrium one. The
related, secondary goal was to obtain a model
potential that closely reproduced the near unity
sticking probability measured experimentally [25].
In the unit mesh on the surface, see Fig. 4, a point
grid was established At the beginning of each
trajectory an H atom was located in one of those
grid points at a distance from the surface large
enough to ensure that there were no interactions
between the H and the surface. In all the runs
reported n detail here, the slab was imtially at

|
\
/
|

X

Fig 4 Top view of the S1(100) 2 x 1 surface (wire frame) The
pomt grid (see text) was established within the shaded region
The area surrounding a dimer, enclosed by the rectangle, 1s the
one shown m Figs 5-7

0 K and the H approached the surface with normal
incidence. Runs with different angles of approach
were also examined but they did not provide
significant additional information. In all cases the
runs were long enough that the H either escaped
from the field of interaction with the surface or
was firmly bound to the surface. Three different
sets of 116 runs were considered; they differed
from each other by the initial velocity of the H.
Fig. 5 shows the results of these runs. In Fig. 5a
the initial velocity corresponds to a kinetic energy
of 2 kcal mol “!, Fig. 5b 1 kcal mol ! and Fig. 5c
0.2 kcal mol ~1. In these cases the sticking prob-
ability 15 78%, 86% and 78% respectively, and
though they are not as high as reported experimen-
tally (virtually unity), they were high enough to
give credibility to the model.

The different initial conditions help in under-
standing which features of the potential give rise
to the scattering (non-sticking) of the H mm some
trajectories. For 2 kcal mol ! incident energy we
notice that most of the scattered trajectories are
located in a triangular region to the outside of the
dimer (see Figs.5 and 6) and that this region
appears smaller in the 1 kcal mol ~! case and yet
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Fig. 5 Results of the normal incidence H sticking probability
studies The open circles mdicate the position where each H
was located at t=0 The closed circles mmdicate the position of
each S1 mn the sihicon dimer. The crosses indicate the mitial
posttion of the H atoms that scattered from the surface, 1¢ did
not stick Total imncident kinetic energy (1 the = direction). (a)
2 0 kcal mol %, (b) 1.0 kcal mol ~%, and (c) 0.2 kcal mol ~*

S N

]
x A

Fig. 6 Schematic figure showing the regions associated with the
different behaviors exhibited when an H atom mmpinges onto
the Si(100) surface Solid circles represent the position of the
two S1 atoms of a dimer. The triangles and lines are described
1 the text

even smaller n the 0 2 kcal mol " case. This sug-
gests that energy transfer 1s mefficient in this region
and that the H atoms that impinge upon the
surface do indeed get close to the surface; however,
during the interaction time they do not lose enough
kinetic energy to allow them to remain bound
Thus, this effect is purely kinetic; even though in
this region the H atoms experience the largest
attractive force to the slab, the transfer of energy
1s not fast enough to guarantee a sticking event.
This may well represent qualitatively correct
dynamics. Another feature of the model that
appears in these runs is the behavior in the perime-
ter around a complete dimer (see Fig 5 and the
solid line region in Fig. 6). In this region the model
potential exhibits a small energy barrier between
the binding site and the vacuum. This explanation
18 supported by the fact that the higher the mcident
energy is, then the more likely it is that the H
binds to the surface when incident in this region.
The presence of this energy barrier almost certainly
represents an error in the model potential.
Moreover, note how in the absence of this thin
region, the sticking probabilities increase to 88%,
88% and 84% respectively. The last feature 1s
another region of low-energy-transfer-rate, that of
the line between the dimerized atoms, perpendicu-
lar to their bond (see Fig. 5 and the broken line
in Fig. 6). This 1s reflected by the fact that at
2 kcal mol ! the H atoms scatter from the surface
and at 1kcalmol ~' they bind to it. The beha-
vior of atoms approaching this line with
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0.2 kcal mol ~! of kinetic energy is that of atoms
that cannot overcome a barrier and, therefore,
scatter; this indicates the presence of a small (less
that 1 kcal mol ~*) barrier to binding. All the above
characterizations are supported by the examina-
tion of the actual trajectories (not shown).

The battery of tests described above was used
to select the final set of parameters for the model
potential, as listed in Table 2. Once these parame-
ters were finalized, additional molecular dynamics
simulations were carried out, as described below.

The first of these studies 1s hydrogen migration
on the Si1(100) 2x1 surface. Even though the
diffusion barriers have not been measured experi-
mentally they have been calculated [6,26,27] and
are crucial in the understanding hydrogen molecule
desorption [28,29]. This is a very important prob-
lem owing to its relevance to the semiconductor
industry as a potential rate-limiting step in several
chemical vapor deposition processes. To perform
this study the same grid sampling of the unit mesh
as in the sticking probability study was used (see
Fig. 5). A different simulated annealing run was
performed with an H atom in each of these loca-
tions The x and y position of the H were not
allowed to change, but all the other coordinates,
icluding those of the silicon slab, were. Thus, the
mintmum energy configuration of the slab plus a
hydrogen atom subjected to the constraints just
described was determined. All the runs began with
the H far enough away to avoid any interaction
with the surface and with some kinetic energy in
the direction of the surface; if the H moved too
far from the surface its momentum was reversed.
The simulated annealing was performed in the
manner described for the case of a fully hydro-
genated surface

The results are shown in Fig. 7. The figure
presents a binding energy contour diagram. Note
the anisotropic landscape. This agrees qualitatively
with other authors’ calculations, but the magnitude
of the barriers are different in detail from those
previously calculated by more accurate methods.
In our model the possible diffusion pathways are
between two Si atoms in the same dimer with a
barrier of 39.7 kcal mol ~! and in the same dimer
row with a barrier 40.26 kcal mol ~ . The previous
value reported for the diffusion barrier between

sites in a dimer is <36 4 kcalmol ~! [6] (in the
work being referenced the barriers were calculated
along a straight line path and therefore may cons-
titute upper bounds to the true barrier value)
and for the diffusion along dimer rows is
32 kcal mol ~1 [27] and <38 kcal mol " [6]. The
results for the last possible diffusion path, between
rows of dimers, are not in such a good agreement:
the reported value is 44 kcalmol ~! [27] and
< 62.8 kcal mol ! [6] but in our potential the only
way that an H can diffuse between rows of dimers
is 1f it first dissociates from the surface, with a
barrier of 72.58 kcal mol *, the binding energy of
an H to its equilibrium position. Even though this
difference is in the highest barrier value, and
therefore in the least employed path of diffusion,
1t still points to a flaw in the model potential.

Another study that was performed is that of the
frequencies of the different normal modes of a
hydrogenated surface. The H-Si—Si-H symmetric
and antisymmetric stretch modes at a dimer were
calculated and compared with experimental data
[30,31]. To do so, the H atoms were displaced
from their equilibrium positions in such a way
that the normal mode whose frequency was going
to be calculated was predominately excited and a
representative property was recorded. For exam-
ple, when the H-Si-Si-H symmetric stretch was
calculated both the H-Si bonds were symmetrically
stretched in the direction of the bond and the sum
of the H-S1 distances recorded as a function of
time. The system was allowed to evolve for long
enough that the recorded information was suffi-
cient to permmt a Fourier transform that gave
detailed frequency information. The reported fre-
quencies of the symmetric and antisymmetric
stretch are 2098 cm ™' and 2088 cm ™!, respectively.
When the frequencies were calculated using our
model potential the splitting was not reproduced,
in both cases the frequencies were 2049.9 cm ™!,
Comparing those with the frequency of the
diatomic SiH, 2041.8 cm ! we note that the ones
calculated using this model are shifted in the right
direction, but not enough. These results, although
not particularly bad, also point to the rigidity of
the model presented here.

Finally, the qualitative behavior of a hydrogen
molecule impinging in the surface was investigated.
The reactivity of molecular hydrogen towards the
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Fig. 7. Equal energy contours of the binding energy of an H atom to the S1(100) surface as a function of lateral x, y position The
- position and the St atom coordinates were relaxed to minmmize the total binding energy The gray scale reflects the binding

energy values

silicon surface is known to be very low [32,33].
Using our model potential this result was repro-
duced. A total of 54 runs was performed. In all of
them the temperature of the slab was 300 K, and
the initial distance between H atoms was 1.1 times
the equilibrium one; m half of them the kinetic
energy of the inadent H, molecule was
0.04 kcal mol ~* (half in each H atom), and 1 the
other half the kimnetic energy of the incident H,
molecule was 4.00 kcal mol ~!. Also, in all cases
the hydrogen molecule approached the surface
with the internuclear axis parallel to the surface,
but the orientation of that axis with respect to the
silicon dimers varied: in each set there were nine
parallel, nine perpendicular and nine at 45°. Given
the qualitative nature of this run, a detailed
description of the dynamics observed 1s not perti-
nent here. The fact that not one of the molecules
stuck to the surface, either intact or dissociatively,
is the crucial ome, and represents qualitative
agreement with the experimental data.

5. Discussion and conclusions

The model presented in this paper has several
virtues, but also a major weakness the resultant

interaction between the silicon surface and an H
atom 15 too rigid in the angular portion; the
tetrahedral angle is preferred to an exaggerated
extent This is a reflection of a lack of a fully
satisfactory compromise between two competing
requirements. On the one hand the angular part
in the H-Si-H three-body term needs to have a
minimum 1n the angle that discriminates strongly
m favor of pairs of bonds emanating from the
vertex with the correct geometry, so that no more
atoms than the ones that the valence dictates will
bind preferentially. Note that this effect should be
rather strong; the bond energy of H-H
(103.266 keal mol ~1) is much larger than for Si—H
(70.5636 kcal mol ~1) so that if, for example, no
three body-terms were used to construct “SiH,”
all the H atoms would collapse close to each other
(see Fig. 8). On the other hand, the experimentally
measured virtually unmity sticking probability and

Fig 8. Stable “SiH,” that results using this potential without
the three body terms
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the ease of diffusion of H on the silicon surface
implies that there should be some binding at any
angle. Unfortunately, in the model presented here
the attraction to the surface occurs in most but
not all angles, causing both the sticking probability
to be lower than unity and the “unphysical” barrier
to the diffusion of hydrogen on the surface to be
too high.

A related model that does not exhibit this short-
coming is that of Carter and coworkers [6]. The
goal of their work was to examine rates of diffusion
of a single H adatom on an Si(100) 2 x 1 surface.
Although they used functional forms for the inter-
actions of Si—Si—H that are quite similar to ours,
the parameters were fitted only to the results of
first-principles electronic-structure calculation of
H adatom adsorption and diffusion on embedded
silicon clusters. They developed a model with good
agreement between empirical and ab initio results
and, therefore, had confidence that the potential
thus obtained had predictive abilities in the regime
that concerned them. The fact that their and our
goals differ causes some shortcomings of that
model from our viewpoint (it does not reproduce
the SiH bond energy and the interactions of an Si
atom with two or more H atoms were not
modeled).

Several changes in the form of the potential and
in the search procedure described above were
investigated. All the changes were restricted by the
constraints described earlier: three- and two-body
mteractions, short range of the potential intro-
duced by the cut-offs, and separability between
angular and radial parts in the form of the inter-
actions. These attempted changes were: (a) the use
of the normal mode frequencies of SiH, [15] as
input in the fitting procedure; (b) higher order
terms 1n the cosine expansion in the angular func-
tional form; (c) the use of a different cut-off for
each of the legs 1n the 4 function. These alternatives
did not produce any improvement of the fitted
potential, and since they complicated the fitting
procedure they were ultimately not used.

The changes that are apparently necessary are
very different in form than those just described. A
change that will probably result in a higher sticking
probability and a reduction of unphysical barriers
to diffusion is that of longer-range interactions.

This could be achieved by a number of methods,
for example by adding a long-range van der Waals
interaction to pair mteraction terms only. The
addition of such terms would result in a numer-
cally more costly model, but their inclusion seems
necessary. Clearly, all the other constraints to the
model could also be relaxed, but this simple path
seems the most promising to the authors.

The model described here succeeds in generating
chemically sound interactions for equilibrium con-
figurations and qualitative agreement on the
different structural and dynamical features investi-
gated in this work. However, the goal of this work
is quite ambitious in its choice of chemical systems
to be represented, and the simplicity of the model
investigated here may prove to be a limitation on
its ultimate quantitative success. In any case, a
detailed comparison of dynamical resulis extracted
from a well-defined model, such as the one derived
here, and carefully measured experimental proper-
ties will inevitably lead to a deeper understanding
of silicon—hydrogen surface chemistry.
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