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Hydrogen passivation of silicon surfaces: A classical molecular-dynamics study
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We present a computationally efficient classical many-body potential that is capable of predicting the
energetics of bulk silicon, silicon surfaces, and the interaction of hydrogen with silicon. The potential includes
well established models for one-component Si and H systems and incorporates a newly developed Si-H
interaction. It is shown that the present model yields hydrogen diffusion barriers, hydrogen abstraction, and H2

desorption reactions on silicon surfaces in excellent agreement with experiment and/or previousab initio
results. Detailed molecular-dynamics simulations are performed that elucidate the complex balance between
adsorption and abstraction reactions during hydrogen passivation on Si~100! surfaces. We find a very high
sticking coefficient of 0.6 for atomic hydrogen on clean Si~100!231 surfaces and provide a detailed qualitative
and quantitative explanation for this prediction. Furthermore, we find that there are two efficient competing
surface reactions of atomic hydrogen with monohydride Si surfaces. One is the Eley-Rideal abstraction of H2

molecules, and the other one is adsorption. Additionally, adsorbed hydrogen on hydrogenated Si surfaces acts
as a reservoir that can lead to complete passivation of Si surfaces despite the efficient creation of voids in the
hydrogen layer by the abstraction.@S0163-1829~98!00620-1#
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I. INTRODUCTION

The extremely complex microscopic processes that t
place on silicon surfaces during chemical vapor deposi
~CVD!, passivation, or wet chemical cleaning are still pu
zling and surprisingly poorly understood,1 in spite of the ex-
traordinary technological relevance of these processe2,3

While many intriguing and sophisticated experiments ha
shed light on specific aspects of adsorption or desorp
processes in recent years,4–7 the microscopic processes th
play a role in the hydrogen passivation or other hydrog
reactions at silicon surfaces are still under debate.8–11

From a theoretical side, most surface deposition proce
occur on time scales and sample sizes that are beyond
scope of first-principle approaches,1 even though they con
stitute an indispensable tool for reliable predictions
ground-state properties.12–14 It is the immediate goal of the
present work to develop a carefully designed and comp
tionally efficient classical many-body potential that allow
one to study the reaction dynamics of atomic hydrogen w
silicon surfaces. While the precision and reliability of clas
cal potentials is clearly inferior to quantum-mechanical fir
principles approaches,15 it still useful to have at hand an
approximate but quick scheme to identify and analyze S
reaction processes. In situations that involve intrinsically
namic nonequilibrium processes, classical molecu
dynamics schemes often constitute the only framework
allows a realistic prediction of dominant reaction paths.
addition, we will show that the present classical dynam
study provides a vivid and physically transparent insight i
the transient dynamics of hydrogen passivation.

For the passivation of silicon surfaces such as the tech
logically most relevant Si~100! surface, one uses atomic hy
drogen H or deuterium D, since the sticking coefficient
molecular hydrogen on Si surfaces is known to be extrem
low.6,16 For a long time, the only relevant reaction in th
passivation process was believed to be the direct adsorp
570163-1829/98/57~20!/13295~10!/$15.00
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of H onto the Si dangling bonds~denoted by *2Si),4

H1*-Si → H2Si , ~1!

even though, to the best of our knowledge, the rate of
reaction has never been established for Si~100!231 sur-
faces. In addition, one has recently found very efficient
sorption processes that compete with the former adsorp
reaction, namely4,5,17

H1H2Si→ H2~g!1* 2Si . ~2!

The use of different isotopes made it possible to unambi
ously discriminate between molecules that form during
reaction with the surface and within the gas phase, resp
tively. These experiments4,5,17 indicated that the abstractio
reactions are exothermic processes with a relatively la
energy gain of approximately 1 eV per H2 molecule and
involve an Eley-Rideal~ER! abstraction mechanism. Indee
the data showed reaction~2! to occur with a high probability
of 0.360.2 and to be nearly independent of the incident
netic energy, as is typical for nonactivated processes.

These data have opened up the question of why pass
tion with atomic hydrogen works at all or, phrased diffe
ently, why the above exothermic desorption processes do
limit the achievable maximal hydrogen coverage and th
the quality of passivation. To be sure, STM images18 and
LEED data19 have revealed perfectly ordered~231! mono-
hydride phases at 600 K, with a hydrogen coverage v
close to 1 monolayer.

In this paper, we present detailed molecular dynam
simulations to elucidate the complex balance between
sorption and desorption during hydrogen passivation
Si~100! surfaces. We have calculated the sticking coeffici
for reaction~1!, the probability of H abstraction such as r
action ~2!, as well as the adsorption of additional H on th
hydrogenated surface that will be shown in this work to p
a dominant role in maintaining complete H-coverage.
13 295 © 1998 The American Physical Society
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13 296 57U. HANSEN AND P. VOGL
This paper is arranged as follows. In Sec. II, we pres
and explain the presently developed Si-H potential mod
Section III provides a critical assessment of this potent
We have computed a wide range of surface and bulk pr
erties with it and compare the results with experimental a
previous theoretical findings. Section IV discusses comp
tional details such as supercell sizes and statistics. Sec
V and VI present the central predictions of this paper. S
tion V deals with the sticking coefficient of atomic H on S
surfaces, and Sec. VI provides a detailed account of sur
reactions relevant for H passivation. The paper ends wi
summary~Sec. VII!.

II. THE Si-H INTERATOMIC POTENTIAL

In this paper, we wish to develop a classical many-bo
potential for systems containing silicon and hydrogen. Pre
ously developed classical empirical interatomic potentials
the Si-H interaction20–23have focused on bulk and molecul
rather than surface related properties. In this section, we
eralize these models to properly account for Si-H inter
tions at Si surfaces, yet to reproduce the known molec
properties~such as bond lengths, vibrational frequencies, a
binding energies! of silicon hydride molecules.22,23The func-
tional form of this model potential is based on Ref. 23 a
contains four additional Si-H parameters. The Si-Si inter
tion is taken to be the Tersoff-3 potential24 and we have
employed the Brenner model25 for the H-H part. The latter
two models have been critically assessed and tested e
sively in the literature.26,27 We represent the total potentia
energy of a sample containing Si and H atoms in the form
three-body terms that are written as a sum oforderedatom
pairs,

V5(
i . j

@f~ i , j !1f~ j ,i !# f c~r i j !,

f~ i , j !5a1B1@N~ i , j !#exp~2l1r i j !

2a2B2@N~ i , j !#exp~2l2r i j !

3H 11S (
kÞ~ i j !

j~ i , j ,k! D hJ 2d

. ~3!

Here,r i j denotes the distance between particlesi and j . The
range of all interactions is constrained by a smooth cu
function f c(r i j )5 f c(r j i ) that depends on the type and di
tance between the atomsi , j . It is set equal to 1 forr i j ,R
2D and to 0 forr i j .R1D, and

f c~r i j !5
1

2
2

9

16
sinS p

r i j 2R

2D D2
1

16
sinS 3p

r i j 2R

2D D ~4!

for the rangeR2D,r i j ,R1D. The parametersa1, a2, l1,
l2, h, d, R, and D in the equations above are symmet
with respect to the particlesi and j and are summarized in
Table I. In order to avoid index cluttering, we have omitt
the indicesi , j wherever it is unambiguously possible to d
so. The quantityN( i , j ) is defined as
t
l.
l.
p-
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N~ i , j !5H (
kÞ i

f c~r ik! for i 5Si,j 5H,

(
kÞ j

f c~r jk! for i 5H, j 5Si.

~5!

The sum overk runs over all atoms in the sample. The fun
tion N( i , j ) represents the effective number of nearest nei
bors of the Si atom in the pair (i , j ). The real valued func-
tions B1(N) and B2(N) in Eq. ~3! characterize the bond
strength between particle pairsi and j . If atom typei equals
atom type j , we setB1(N)5B2(N)51 irrespective of the
value ofN. For unlike atom pairs (i , j ), the functionsB1 and
B2 are given in Table II for integer argument valuesN, and
have been spline interpolated for noninteger values. Equa
~3! contains, in addition, a three-body term that is alwa
greater or equal to zero and weakens the attractive pote
part, and is given by

j~ i , j ,k!5 f c~r ik!Fc~ i , j ,k!1d~ i , j ,k!

3H Q@M ~ i , j ,k!#2
r i j •r ik

r i j r ik
J 2G

3exp$a~ i , j ,k!@~r i j 2Ri j
~e!!2~r ik2Rik

~e!!#b~ i , j ,k!%.

~6!

For a two-particle system, the expressionj( i , j ,k) is set
equal to zero. The distance parameterRi j

(e) is given in Table
I. The three-body parametersa( i , j ,k), b( i , j ,k), c( i , j ,k),
andd( i , j ,k), depend on theorderedtriplets $ i , j ,k% and are
summarized in Table III. The real valued functio
Q@M ( i , j ,k)# determines the energetically optimal angu

TABLE I. Parameters entering the potential termf( i , j ) and the
cutoff function f c(r i j ) as a function of the atom pair (i , j ), wherei
and j can be either silicon or hydrogen. The units of each param
are given in parentheses;h andd are dimensionless.

Parameter ~Si,Si! ~Si,H! ~H,H!

a1 ~eV! 1830.8 323.54 80.07
a2 ~eV! 471.18 84.18 31.38
l1 ~Å! 2.4799 2.9595 42.075
l2 ~Å! 1.7322 1.6158 1.7956
h 0.78734 1.00 1.00
d 0.635 0.80469 0.80469
R(e) ~Å! 2.35 1.475 0.74
R ~Å! 2.85 2.25 1.40
D ~Å! 0.15 0.15 0.30

TABLE II. Values for the functionsB1(N), B2(N), andQ(M )
that enter the Si-H potential for integer argumentsN andM .

N B1(N) B2(N) Q(M )

1 1.005 0.930 20.040
2 1.109 1.035 20.040
3 0.953 0.934 20.276

>4 1.000 1.000 20.470
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distribution of the atoms$ i , j ,k%. Q(M ) is taken to be con-
stant for the ordered triplets $ i , j ,k%
5$Si,Si,Si%,$H,Si,Si%,$H,Si,H%,$H,H,Si%,$H,H,H% irrespec-
tive of the value ofM . The corresponding constants a
given in Table III. For the triplets $ i , j ,k%
5$Si,Si,H%,$Si,H,Si%, and $Si,H,H%, on the other hand, the
function Q(M ) is given for integer argument valuesM in
Table II and is spline interpolated for noninteger values
M . The quantity M ( i , j ,k) itself is defined asM ( i , j ,k)
5(nÞ i f c(r in), wheren runs over all atoms.

The two Si-H cutoff parametersR andD in Table I differ
from those of Ref. 23 and have been fitted to properly
count for the total energies of Si containing interstitial h
drogen at the H and T site~see Sec. III B!. In addition, we
have chosen the many-body Si-H parametersa andc for the
triplet $H,Si,H% to reproduce first-principles results for the H2
desorption barrier height~Sec. III D! and to ensure the exis
tence of an exothermic path in the Si-H potential ene
surface of the Eley-Rideal abstraction~see Sec. III E!.

Without the three-body termj( i , j ,k), the potential would
only yield closed packed structures. Thus, this term is imp
tant for stabilizing structures such as the diamond struc
of bulk Si. To further illustrate the expression Eq.~6!, let us
consider the equilibrium geometry of a SiH2 molecule. In
this case, only the triplet$Si,H,H% contributes toj( i , j ,k).
This yieldsM52.0 and, correspondingly,Q@2.0#520.040
~see Table II!. Thus, the term†Q@M #2r i j •r ik /(r i j r ik)‡2 in
Eq. ~6! becomes minimal for an angle of 92.3° in accordan
with experiment.28

In the subsequent sections, we will apply this Si-H pote
tial also to Si-D systems without modification since the ti
differences due to nuclear spin effects are negligible.

III. ASSESSMENT OF THE POTENTIAL

In this section, we show that the empirical potential d
veloped in this paper yields results for H diffusion and d
sorption that are in excellent agreement withab initio results
and with experiment. Earlier models20–23 involving Si and H
focused on Si-H molecular energies and have not been o
mized for accurately capturing H-related diffusion barrie
As a consequence, H diffusion barriers such as discus
below were typically off by a factor of 2 and some exothe
mic reactions such as the abstraction of already absorbe
were endothermic.

TABLE III. Dimensionless parameters for the many-body te
j( i , j ,k) of the Si-H potential as a function of the ordered triple
$ i , j ,k%.

$Si,Si,Si% $Si,Si,H%, $H,Si,Si% $H,H,H%, $H,Si,H%

$Si,H,H%, $H,H,Si%
$Si,H,Si%

a 5.1975 4.00 0.00 3.00 2.2
b 3 3 1 1 1
c 0.00 0.0216 0.70 4.00 1.23
d 0.160 0.27 1.00 0.00 0.0
Q 20.059826 21.00 0.00 0.0
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A. Si surfaces

Since the Si-Si interaction in our model potential is ide
tical to the Tersoff-3 potential,24 it reproduces the same su
face properties that have been reviewed in Refs. 24,26
15. For a free Si~100! surface, the energy gain associat
with a Si~100!231 reconstruction is found to be21.6 eV
per dimer, in good agreement withab initio calculations that
give values in the range of21.5 to21.8 eV.29–31As is well
known, the short-range nature of the Tersoff-3 potential fa
to capture the small energy difference of approximat
20.15 eV between the symmetric and asymmetric buck
dimers30,31 and always yields a symmetric dimer groun
state. Fortunately, our studies reveal that the buckling is
likely to be of relevance for the adsorption and desorpt
processes ofatomic hydrogen on clean or passivated su
faces, as will be discussed in Sec. VI.

B. H-interstitial diffusion barriers

We have calculated the total energy of bulk silicon co
taining a single hydrogen atom in various interstitial po
tions. We have taken a large Si supercell~see Sec. IV for
details! with an H on the tetrahedral interstitial site as t
reference system that sets the zero of energy. The energi
several other interstitial configurations are summarized
Table IV and can be seen to agree very well with fir
principles local-density-functional~LDA ! calculations32 and
ab initio Hartree-Fock-type calculations.33,34 The diffusion
barrier between the tetragonal and hexagonal site is par
larly well reproduced by our model. For the bond center
position, all calculations fully included the relaxation of S
atoms. For the latter position, we find H to cause an elon
tion of the Si-Si bond by 30.4%, in excellent agreement w
the Hartree-Fock value of 34%.34 We note that the previous
model of Refs. 22 and 23 yielded no energy difference
tween the tetragonal and hexagonal sites.

C. H adatom diffusion barriers

Hydrogen adatom diffusion barriers on Si surfaces
crucial in understanding hydrogen molecule desorption35

since the desorption process is believed to be initiated
adatom diffusion.36,37 We have calculated the potential e

TABLE IV. Calculated total energies of bulk Si with a hydroge
atom in various interstitial positions. All energies are given in e
and relative to the total energy of Si with an H atom at the tetra
dral site (a/2)(111). The other interstitial sites are labeled byH
~hexagonal!, C (C site!, and bc~bond centered!, respectively~Ref.
33!. All coordinates refer to the conventional unit cell of lattic
constanta.

Interstitial Energy~eV!

position Present theory Previous theories

H 5
8 a~111! 0.59 0.60a

C 1
4 a~122! 3.7 3.1,b

bc 1
8 a~331! 21.23 20.88,b 21.2 c

aReference 33.
bReference 34.
cReference 32.
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13 298 57U. HANSEN AND P. VOGL
ergy surface for hydrogen adatom diffusion, following t
general procedure of Refs. 38 and 36. The H adatom
placed at various lateral positions within the Si~100!231
surface unit cell, and for each position the total energy
minimized with respect to the distance of the adatom fr
the surface. We have performed total energy minimizati
both with fully optimized Si positions in the supercell as w
as with frozen Si atoms. In accord with the first-principl
LDA calculations of Ref. 36, we find the dangling bond p
sition of H to be the most stable one~marked by dotted
circles in Fig. 1!. The local minima of the total energy ind
cate three major directions for H-adatom diffusion that
also plotted schematically in Fig. 1, namely the intradim
intrarow, and interrow diffusion trajectories.36 The energy
maxima along each of these saddle lines define the diffu
barriers. They are summarized in Table V and compare
first-principles results36,13,37 for unrelaxed and fully relaxed
Si atom coordinates. The numerical details, such as supe
size, that were employed in our calculations are discusse
Sec. IV. As one can see from Table V, the variousab initio

FIG. 1. Diffusion paths for atomic hydrogen on the Si~100!231
surface. The large black circles depict two parallel rows of dim
of the topmost Si layer. The small dotted circles show adsorp
sites for atomic hydrogen, i.e., the dangling bond sites. Atom
hydrogen adsorbed at one of these positions can diffuse to a n
boring dangling bond site via intradimer diffusion~a!, intrarow dif-
fusion ~b!, or inter-row diffusion path~c!.

TABLE V. H-adatom diffusion barriers on Si~100!231 sur-
faces, as calculated with the present model potential and previo
within the local density approximation~LDA !, the generalized gra
dient approximation~GGA!, and the configuration interaction~CI!.
The diffusion paths are labeled according to Fig. 1. All barr
heights are in eV.

Diffusion path LDAa GGA b CI c This work

relaxed intradimer 1.2 1.9 1.1
intrarow 1.3 2.4 1.8
inter-row 2.2 3.1 2.4

unrelaxed intradimer 2.5 1.1 2.6
intrarow 2.0 2.0 2.3
inter-row 2.7 2.9 3.2

aReference 36.
bReference 13.
cReference 37.
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calculations differ appreciably from one another. Howev
all methods, including the present one, agree in that the h
est barrier occurs for the inter-row diffusion and the lowe
for the relaxed interdimer path. The present results lie wit
the range of the barrier heights predicted by the parame
free methods. We find the Si lattice relaxation to be larges
the case of intradimer H diffusion where the dimer bond g
elongated by 37% from 2.37 Å to 3.23 Å.

As we have pointed out in Sec. III A, our calculation
assume a symmetric dimer ground state, whereas the
principles results are based on buckled surfaces. Never
less, we believe that the comparison between the two
proaches is well justified for the following reasons. First, t
effect of lattice relaxation of the dimer atoms during t
diffusion process is much larger than the effect of bucklin
Second, the diffusion barriers are much higher than the 0
eV gain in energy due to buckling. Third, the initial and fin
configuration in the diffusion process corresponds to a dim
where one bond is saturated with hydrogen. In this confi
ration, the dimer has been found to be already nearly s
metric ~Ref. 45!.

D. Recombinative hydrogen desorption

We have determined the potential energy surface for
combinative desorption35,6 of H2 from the Si~100!231:H
monohydride phase, assuming the desorbing H2 atoms to re-
main parallel to the surface. A schematic plot of this deso
tion mechanism is shown in the inset of Fig. 2. This figu
depicts the total energy of the system as a function of
lateral H-H separation and the vertical distance between
H2 molecule and the~frozen! Si surface. The neglect of lat
tice relaxation corresponds to a sudden desorption eve14

where the light H2 molecule leaves the surface faster than
Si atoms can relax. If the perfect monohydride phase is ta
as the zero of energy, we find the desorption barrier for H2 to
amount to 2.9 eV per molecule, in excellent agreem
with first-principles generalized-gradient-corrected LD

s
n
c
h-

ly

r

FIG. 2. Calculated potential energy surface for the symme
recombinative H2 desorption from a Si~100!231:H surface. In the
inset, a schematic plot of the reaction geometry is depicted.
dashed line corresponds to the lowest energy reaction path from
surface to the gas phase. The contour plot shows the potentia
ergy as a function ofdlat~H-H!, i.e., the lateral distance between th
H atoms, and the distance between the H2 molecule and the surface
denoted byd(H2-Si!. The monohydride configuration is taken a
zero of energy and the spacing of the contour lines is 0.4 eV.
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calculations14 that give 3.0 eV. Experimentally, this barrie
height has been found to lie in the range between 2.0 and
eV ~see Ref. 6 and references therein!.

E. Eley-Rideal hydrogen abstraction

Next, we consider the removal of a chemisorbed H fro
the monohydride Si~100! 231:H surface by an additional H
atom that approaches the surface, i.e., the Eley-Ridea2
abstraction reaction.4,5,17 Figures 3~a! and 3~b! compare the
total energy of a hydrogenated Si slab with an additiona
atom that approaches the surface, as calculated by the pr
model and by a first-principles approach39 that is based on
the generalized-gradient-corrected LDA~GGA!. These en-
ergy surfaces depict the calculated total energy as a func
of two reaction coordinates that are indicated schematic
in the inset of Fig. 3~a!. The first one is the distance betwee
the approaching and the adsorbed H atom and is denote
d~H-H!. The second coordinate is the distance between
center of mass of these two H atoms and the topmost Si l
and is labeled byd(H2-Si!.

In accordance with the GGA calculations39 as well as in
agreement with recent experiments,4,5 the present calcula
tions predict the H2 abstraction@reaction~2!# to be exother-
mic. The agreement between the results in Figs. 3~a! and
3~b! is seen to be excellent. The energy gain per H2 molecule
in the exothermic abstraction amounts to21.5 eV and
21.3 eV, respectively, in the two approaches. It originates
the difference between the binding energy of an H2 molecule
(24.7 eV! and the binding energy of a single H atom a
tached to a dimer (23.2 eV!.

IV. COMPUTATIONAL DETAILS

For the bulk properties of Si with H, we have used thre
dimensional supercells containing 216 Si atoms for un
laxed as well as relaxed lattices. We have estimated the

FIG. 3. Calculated potential energy surface for H2 abstraction,
as predicted by the present model~a! and by previous first-
principles calculations~Ref. 39! ~b!. In both calculations the motion
of the H atoms is constrained onto the dashed line as depicted i
inset of ~a!. The contour plots show the potential energy for th
reaction as a function of the H-H separationd~H-H! and the dis-
tance between the H2 molecule and the surfaced(H2-Si!. The zero
of energy is taken to be the monohydride phase. The spacing
tween the contour lines is 0.2 eV except between 0 and 0.1 eV
.9

ent
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ly

by
e
er

n
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rors in total energies due to the finite size of the supercel
lie well below 0.05 eV. The forcesF per atom have been
minimized until uFu,1024 eV/Å was reached for all atoms
In the total energy studies of surface related properties,
have employed finite slabs with periodic boundary con
tions for the lateral cells. These supercells consisted of e
atomic layers and 144 Si atoms in total, which guarante
the same level of convergence.

The dynamical simulations~see Secs. V and VI! called for
larger lateral supercells containing 616 Si atoms, arrange
11 atomic layers and 56 Si atoms per layer. The bottom
layers were fixed at their equilibrium positions, while a
other atoms were allowed to move freely in response to
time-dependent potential. The equations of motion were
tegrated using a fourth order Runge Kutta algorithm, w
time steps in the range 0.1–0.25 fs in order to ensure t
energy conservation throughout the simulation.

The temperature of the substrate has been set by the
lowing well established procedure:40 Initially, random ve-
locities are assigned to the atoms. Subsequently, the sy
is iteratively equilibrated for a period of several ps and t
moduli of the velocities are rescaled until the average kine
energy per unit cell corresponds to the desired sample t
perature.

V. PREDICTIONS: STICKING COEFFICIENT
OF ATOMIC HYDROGEN AND DEUTERIUM

ON Si„100…231

The efficiency of H passivation of Si surfaces depen
crucially on the sticking coefficientS of atomic hydrogen
that is unknown for Si~100!231 surfaces. Experimental dat
for ~111! surfaces indicateS to lie in the range between 0.
and 1.41 Since the present empirical model potential rep
duces the energetics of the H-Si interactions faithfully,
have employed it to analyze the dynamics of atomic H
sorption as a function of incident kinetic energy. In additio
we have also analyzed the same process with atomic de
rium. In the latter case, we have taken the Si-D potentia
be identical to the Si-H interaction potential so that D diffe
from H only through its larger mass.

We have performed extensive simulations for Si~100!2
31 surfaces at temperatures of 500 K, where H2 desorption
is still negligible. This condition corresponds to a set of e
periments performed in Ref. 4. In our calculations, the in
dent H or D atom has been positioned outside the interac
range of the surface. Since atomic H is typically produced
dissociating H2 molecules at a hot tungsten filament of'
2000 K,4,17 the initial velocities have been chosen to corr
spond to a kinetic energy of 0.120.3 eV. In addition, we
have assumed vertical incidence of the H~or D! atom and
chose its lateral position randomly relative to the substr
surface unit cell. Runs with nonzero incident angles up
30° did not affect the results noticeably. The trajectory
each atom was monitored for a period of 200 fs, and 5
trajectories were analyzed for each incident energy. The t
interval of 200 fs is sufficient to observe well-defined refle
tion or chemisorption processes. The size of the super
and particularly the number of atomic layers~see Sec. IV!
has been chosen large enough in the present simulation
guarantee that the periodic boundary conditions do not l
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to artificial energy reflections within the simulation time.
First, we summarize the numerical results forS. These

values were determined from the number of adsorpt
events, divided by the total number of computed trajector
Table VI shows the results for incident kinetic energies
the range from 0.1 to 0.3 eV. Importantly, we find the a
sorption probability for atomic H to be very high, in qual
tative accord with experimental findings for the~111! surface
and with the known efficiency of H passivation. The sticki
coefficient of H and D decreases with increasing incid
energy and is found to be slightly lower for D than for H
While the results in Table VI have been obtained with sy
metric dimers, we do not expect them to change significa
for asymmetric charge distributions associated with buck
dimers as we findS not to change significantly when th
dangling bond sites are occupied~see discussion in Sec. VI!.

In order to gain insight into the mechanisms that lead
these high values ofS, it is useful to analyze representativ
trajectories of impinging H atoms. Figures 4~a! and 4~b!
show two distinct H trajectories that are projected onto
plane spanned by the~011! and~100! directions. For the sake
of clarity, we only show the equilibrium positions of th
substrate silicon atoms in these figures, even though t
motion has been fully taken into account in the simulat
and will be shown to be highly relevant for the chemiso
tion. Figure 4~a! shows an H trajectory for a period of 400
that leads to absorption of the H at one dangling bond s
By contrast, Fig. 4~b! shows a typical reflection process th
occurs within the depicted period of 250 fs. The releva
portions of the two trajectories within the interaction ran
of the surface are much shorter and of the order of 200

TABLE VI. Calculated sticking probability of atomic hydroge
and deuterium on the Si~100!231 surface as a function of the in
cident kinetic energy of the hydrogen isotope. The surface temp
ture has been set to 500 K.

Energy~eV! H D

0.1 0.71 0.65
0.2 0.59 0.55
0.3 0.52 0.40

FIG. 4. Projection of the three-dimensional trajectories of h
drogen atoms impinging on the Si surface onto the~100! and the
~011! plane. The black circles show the topmost Si atoms, the g
circles depict those of subsurface layers:~a! Typical direct adsorp-
tion event. This trajectory is shown for a period of 400 fs.~b!
Typical direct reflection event for 250 fs. In both cases, the incid
kinetic H energies are 0.1 eV. For the sake of clarity, the motion
the Si atoms are not shown.
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30 fs for Figs. 4~a! and 4~b!, respectively. The discriminating
factor in these trajectories is the different initial position
the incoming H atom.

There are three mechanisms that contribute to the h
sticking probability of atomic H. First, the potential felt b
the impinging H atom is strongly attractive on almost t
entire surface. Second, the pronounced corrugation of
potential prolongs the interaction time and enhances ene
dissipation in this way. The third factor is the efficient m
mentum and energy transfer to the Si lattice.

The first factor that contributes toS can be deduced from
the potential surface that is felt by the incoming H atom.
Fig. 5~a!, a snapshot of this potential surface is plotted at
altitude of 1.1 Å above the topmost Si layer. The potentia
seen to be markedly attractive over thewholedepicted area
of four unit cells. Its shape is roughly that of attractive fu
nels centered around the dangling-bond positions; only c
to the dimer bond, there are small repulsive protuberanc

The second effect of corrugation is illustrated in Fig. 5~b!.
This figure depicts the potential energy surface for an
atom moving in the (100) and (011) plane containing t
dimer bond. The H potential is very steep vertically but co
sists of a long attractive valley perpendicular to the dangl
bond. This valley provides a guiding channel for the impin
ing H that diminishes the probability of immediate reflectio
and increases the interaction time with the surface. We n
that a similar effect is known to be responsible for the hi
adsorption rate of atomic H on Cu surfaces.42

To study the third factor of energy transfer to the substr
that eventually leads to adsorption, we have analyzed
time evolution of the incoming H atom’s energy. Figure
shows the potential energy and total energy of the H atom
a function of time for two types of situations. In the fir
case, we keep the Si lattice rigidly fixed at the atoms’ eq
librium positions; in the other case, the calculations take i
account the motion of the Si atoms. In both cases, the

a-

-

y

t
f

FIG. 5. ~a! Snapshot of the potential energy surface for an
atom 1.1 Å above the topmost Si layer . The area shown co
sponds to four surface unit cells.~b! Snapshot of the potential en
ergy surface for an H atom moving in the (100) and (011) pla
containing the dimer bond. In both cases, the black circles show
dimer atoms, and the gray circles the Si atoms of the second la
The zero of energy is the clean surface and the spacing of
contour lines is 0.5 eV. In the highly repulsive region of~b!, only
values smaller than 3.0 eV are plotted.
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atom enters the attractive surface potential after appr
mately 5 fs~marked by 1! and penetrates the strongly attra
tive dangling bond funnel. At roughly 12 fs~marked by 2! it
has reached the repulsive part of the potential behind
attractive dangling bond region. At this point, its potent
becomes maximal and, correspondingly, its kinetic ene
becomes minimal. Subsequently, the particle changes d
tion and moves outwards again until it reaches its outer tu
ing point ~marked by 3!.

In the case of a rigid Si lattice, the total energy of the
atom is obviously conserved. Nevertheless, the long
deep valley formed by the dangling bond potential causes
H atom to oscillate typically once or twice inwards and o
wards before becoming reflected into the gas phase afte
proximately 35 fs in Fig. 6. By contrast, with the motion
Si atoms taken into account, the H atom systematically lo
energy to the lattice while being accelerated towards the
atom. In spite of the small difference in the trajectory duri
the first 20 fs, the continuous energy loss of the order of
eV per oscillation cycle~such as positions 1 to 3 in Fig. 6!
makes it increasingly difficult with time for the H atom t
escape. Indeed, we find that reflections back into the
phase can only occur within the first 20 fs. The energy los
a consequence of the strongly attractive Si-H interaction.
temperature-induced lattice vibrations occur on a fairly lo
time scale of typically 70 fs. Therefore, they do not sign
cantly alter the energy exchange mechanisms and, in t
the value ofS. Finally, we note that its decrease with increa
ing kinetic energy of the H atom is simply due to the larg
amount of energy that has to be dissipated.

The trajectories depicted in Fig. 4 account for about 5
of S. Our studies have revealed another type of capture
reflection process that may be termed surface mediated
this case, the hydrogen atom hits the surface and travers
a neighboring dangling bond region where it gets eit
chemisorbed or reflected. Typical processes of this type
depicted in Figs. 7~a! and 7~b!. There is a preferential deflec
tion towards the neighboring dimer row because of the sh
of the potential energy surface as shown in Fig. 5~b!. The
repulsive protuberances close to the dimer bond prevent a
motion within the same dimer row. These surface-media
processes are roughly as probable as the ‘‘direct’’ proce
shown in Fig. 4 and lead to the high value forS given in
Table VI. We note that these surface-mediated processe
crease the number of dangling bonds visited by the H at

FIG. 6. Potential and total energy of an H atom approaching
Si surface as a function of time. Full line, rigid Si lattice rigid.
leaves the surface after 35 fs. Dashed line, dynamics of the Si a
taken into account. H systematically loses energy and remains
tured. The numbers mark characteristic points on the H trajecto
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Therefore, they increaseS even in the case of asymmetr
dimers with less empty dangling bond sites.

Finally, this table also reveals the sticking coefficient of
to be slightlysmaller than that of H. This is somewhat su
prising since the heavier D has a larger momentum and lo
more energy than H in the impact process. Indeed, at z
temperature,S of D is slightly higher than that of H. At 500
K, however, energy transfer occurs not only from the i
pinging atom to the lattice but also vice versa due to
lattice vibrations of the Si atoms. Since the energy trans
between D and Si is more efficient than that between H
Si, this temperature-induced energy gain is larger for
reflected D than for H. This effect reducesS of D at finite
temperatures relative to H.

VI. PREDICTIONS: ELEY RIDEAL HYDROGEN
ABSTRACTION FROM Si „100…231:H

A central question in context with hydrogen passivati
of Si surfaces is how a full monolayer of H can ever
absorbed despite the efficient creation of voids in the pa
vation layer by H abstraction reactions such as reaction~2!.4

In this section, we study the interplay of dynamical proces
that can lead to complete H passivation of Si surfaces.

First, we have calculated the equilibrium geometry o
Si~100!231:H surface, as depicted schematically in Fig.
Our model predicts a Si-Si dimer bond length of 2.43
~2.40 Å!, an angle between the dimer bond and the S
bond of 112.4°~110.2°), and the angle between the dim
back bond and the Si-H bond of 112.5°~111.7°), where the
first-principles LDA results12 are given in parentheses fo
comparison. These results also agree well with those ba
on the model potential of Ref. 23.

We have used the same substrate temperature of 50

e

ms
p-
s.

FIG. 7. Projection of the three-dimensional trajectories of h
drogen atoms approaching the Si surface onto the~100! and the
~011! plane. The black and gray circles show the topmost and s
surface layer Si atoms, respectively.~a! Typical surface-mediated
adsorption event.~b! Typical surface-mediated reflection event.
both cases, the incident kinetic H energies are 0.1 eV. For the
of clarity, the motions of the Si atoms are not shown.

FIG. 8. Side view of the calculated equilibrium geometry of t
Si monohydride surface. White circles represent H atoms, black
gray circles topmost and subsurface Si atoms.
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13 302 57U. HANSEN AND P. VOGL
same sample size, and same initial conditions for the inc
ing H atom as in the preceding section. Since b
experiment18 and the present theory indicate the Si~100!2
31:H surface with symmetric dimers to be the lowest e
ergy configuration, our simulations are based on this c
figuration. We have also performed calculations where D
been replaced by H either on the surface or in the gas ph
For brevity, we will explicitly mention deuterium only in
cases where the results differ qualitatively from those
tained with hydrogen. By computing several hundred traj
tories of incoming H atoms, we have found three princip
types of surface reactions, namely,~i! the approaching H get
reflected from the passivated silicon surface;~ii ! the imping-
ing H atom bonds to an H atom of the surface according
abstraction reaction~2!, and an H2 molecule leaves the sur
face, leaving a dangling bond behind;~iii ! the H atom gets
chemisorbed on the surface.

By sampling 400 trajectories for each incident ener
~and isotope! we have computed the respective probabilit
of these processes, as summarized in Table VII. The re
tion is seen to occur with very low probability. Even fo
kinetic energies higher than 1.5 eV, this probability increa
only slightly due to exchange processes where the imping
atom gets adsorbed at an occupied surface site while kic
out the previously adsorbed H atom. The calculated poten
energy surface reveals that this exchange process can o
with no activation barrier. For low energies, however, th
process is irrelevant because it is masked by the energeti
more profitable Eley-Rideal abstraction that gives a poten
energy gain of approximately 1.5 eV~see Sec. III E!.

We now focus on the second type of surface reacti
namely the abstraction. Figure 9 shows a typical abstrac
trajectory. In this example, we consider a deuteriu
passivated surface and depict the projection of the th
dimensional trajectories onto the~011! and~100! plane. The
motion of the Si atoms is not shown to avoid cluttering of t
figure. The figure illustrates clearly that the energy gained
forming an H2 molecule is converted into rotational and v
brational modes of the extracted HD molecule that leaves
surface in a highly excited HD molecular state. The amp
tude of vibration is seen to be smaller for the heavier D th
for the H atom. The abstraction and H2 or HD formation
occurs with a high probability of about 40% at low energie
Experimentally, the probability for Eley-Rideal abstractio

TABLE VII. Calculated probabilities for the reactions of atom
hydrogen~H! and deuterium~D! at Si~100!231:D and Si~100!2
31:H surfaces, respectively. The surface temperature has bee
to 500 K. As deduced from the calculated trajectories, the react
are reflection~refl.!, abstraction~abst.!, adsorption ~adso.!, ex-
change~exch.!, and combined processes~comb.! that consist of an
exchange followed by an abstraction.

Energy~eV! refl. abst. adso. exch. comb.

H 0.1 0.05 0.39 0.56 0 0
0.2 0.03 0.39 0.58 0 0

D 0.1 0.03 0.42 0.55 0 0
0.2 0.02 0.40 0.58 0 0
2.0 0.10 0.15 0.60 0.13 0.02
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has been estimated to lie in the range of 0.3–0.5 up to i
dent energies of 2.7 eV.5 The present theory predicts a valu
of 0.4 for low energies, in excellent agreement with the da
For energies exceeding 1.5 eV, however, we predict a
nificantly reduced abstraction rate of 0.15, that has not b
found in experiment.5 This discrepancy might be caused b
additional reaction paths that become relevant for high in
dent energies. Our analysis indicates only one additional
action mechanism to occur at high energy, that is, a co
bined H exchange and subsequent abstraction. However
process enhances the total abstraction rate only by a s
amount as shown in Table VII.

Independent of the incident energy, the most likely re
tion turns out to be the third type of process, that is,
adsorption of the incident H atom. It is well known that the
are deep potential energy minima of the order of 2 eV for
in the second atomic layer beneath the clean Si~100! surface,
in addition to the dangling bond sites.36 In the case of a
passivated H surface, there are no empty dangling bond
but these secondary minima still persist. Our calculatio
confirm the existence of these adsorption sites that are
picted in Fig. 10. It shows a snapshot of the potential ene
surface of an H atom moving in the (100) and (011) pla
containing the dimer bond with the attached H atom. T
energy minimum at20.8 eV in the second layer reaches
absolute mininum of21.2 eV in the plane of the secon
layer atom shown in gray. The fingerprints of further adso
tion sites with shallow minima associated with the top
layer can be seen in the upper left part of Fig. 10. This fig
reveals another fairly deep potential minimum above the
sorbed H. However, this minimum isnot an adsorption site
but responsible for the H2 formation that leads to the Eley
Rideal abstraction discussed above.

In conclusion, the present calculations confirm the conj
ture of Ref. 4 that additionally adsorbed H atoms on hyd
genated Si surfaces act as a hydrogen reservoir that

set
ns

FIG. 9. Calculated H~black line! and D ~gray line! trajectories
for the HD-abstraction reaction, projected onto the~100!,~011!
plane. White circles depict the D atoms adsorbed on the surf
black and gray circles topmost and subsurface Si atoms. For cla
the motion of the silicon atoms is not shown. Trajectories are
picted for a period of 350 fs.
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ciently closes the voids in the passivation layer created
the H2 abstraction reactions.

In passing we note that this surprisingly high rate for
adsorption onto the passivated Si surface provides ana pos-
teriori justification of using a symmetric dimer reconstru
tion for calculating the sticking coefficient on clean~100!
surfaces in the preceding section. The lowest energy confi
ration with buckled dimers43 is well known to lead to a
strongly asymmetric electron density distribution.30,44 If one
assumes that H atoms can only be absorbed on empty
gling bond sites,S could be reduced by as much as a fac
of 2 on the surface with buckled dimers~that contain one
empty and one doubly occupied dangling bond! relative to
the symmetric configuration with two singly occupied da
gling bonds per dimer. However, it is known that the adso
tion of just one H atom onto an asymmetric dimer alrea
leads to a nearly symmetric electron distribution.45 Since we
find, in addition, thatS'0.6 for the clean as well as for th
fully hydrogenated surface, it seems unlikely thatS is
strongly affected by the type of reconstruction that we ha
used.

FIG. 10. Potential energy surface for an H atom near the mo
hydride surface. The black circle is one of the Si dimer atoms in
depicted plane. The zero of energy is taken to be the pure mon
dride surface, the spacing of the contour lines is 0.4 eV. In
highly repulsive region, they are drawn up to 2.0 eV.
y
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VII. SUMMARY

In conclusion, we have developed an interatomic S
interaction potential that provides a basis for classi
molecular-dynamics studies for a wide range of phenom
involving the interaction of hydrogen with silicon surface
This model potential accurately reproduces the experim
tally known vibrational frequencies and bond lengths of s
eral silicon hydrides. Furthermore, it also agrees excelle
with experimental data andab initio calculations for a vari-
ety of surface properties, such as diffusion barriers and p
of H at the surface and in the bulk, and for H2 desorption
activation energies.

The present model predicts a very high sticking coe
cient of atomic H on clean Si~100! surfaces,S'0.6 for
incident energies in the range of a few tenths of an eV. T
crucial property that determines this adsorption rate
atomic H is found to lie in the strong anisotropic shape of
dangling bond potential that acts as a guiding channel for
impinging H atom and prolongs the interaction time sign
cantly.

We have identified three major reactions for H impingi
on a fully hydrogenated surface, namely reflection, Ele
Rideal H2 abstraction, and adsorption. The calculations p
dict H adsorption to be the dominant process with a pr
ability of 60% even on an already fully passivated surfa
This result explains how complete H passivation of Si s
faces can be achieved despite the efficient H2 abstraction
that generates voids in the passivation layer. It is this h
adsorption rate of hydrogen that provides the source of
drogen on the surface to close these voids.
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