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Empirical-potential study of the dissociative chemisorption of Si2H6 on the Si„001…231 surface
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Molecular dynamics simulations and potential energy calculations have been performed to investigate the
dissociative chemisorption of disilane (Si2H6) on the Si(001)231 surface. These calculations have been
carried out using the extended Brenner~XB! empirical potential. The minimum energy atomic configurations
for SiH3, SiH2, and H-Si-Si-H ~Si2H2! species chemisorbed on the Si(001)231 surface have been deter-
mined. The chemisorption of SiH3 radicals has been observed to occur predominantly at the dangling bond
sites of the Si~001! surface. The most stable SiH2 configurations are found to be the on-dimer and intrarow
structures. Seven different Si2H2 chemisorption structures have been investigated and the on-dimer-B structure
found to be the most energetically favorable. These theoretically predicted structures are discussed in the light
of recent experimental studies. Comparison of the results of these XB potential energy calculations with
all-electronab initio cluster calculations has also been made for a number of these different chemisorption
structures.@S0163-1829~99!13135-7#
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I. INTRODUCTION

The epitaxial growth of silicon atoms on the Si~001! sur-
face from hydride precursors such as disilane (Si2H6) is im-
portant in the production of silicon based semiconduc
electronic devices. Disilane has been found to be a promi
candidate for use in a variety of thin-film technologies su
as low-temperature chemical vapor deposition~CVD!,1–3

UV-laser-induced CVD~LCVD!,4,5 atomic-layer epitaxy,6–8

and gas-source molecular-beam epitaxy~GS-MBE!.9,10 Disi-
lane has also exhibited significantly greater reactivities on
than either SiH4 or SiH2Cl2,

1,2,11,12 and a lower activation
energy for gas-phase decomposition.13,14 A detailed knowl-
edge of the fundamental processes underlying the decom
sition of disilane on silicon surfaces is thus clearly importa
in understanding and optimizing the growth of epitaxial s
con on silicon substrates.

The dissociative chemisorption of disilane on silicon s
faces has been widely studied.1–11,15–28Gates and Chiang15

have proposed two possible reaction processes for the in
dissociation of disilane on the Si(001)231 surface, namely

Si2H6~g!→SiH4~g!1SiH2~a! ~1!

and

Si2H6~g!→2SiH3~a! ~2!

where~a! denotes adsorption on the surface, and~g! denotes
the gas phase. Of these two reaction processes, the diss
tion of disilane into SiH3 fragments has been most wide
accepted.6,19,21,23–25

Sudaet al.19 have proposed a two-stage adsorption p
cess for disilane on the Si(001)231 surface. In this two-
stage process, the disilane initially dissociates into s
(SiH3) radicals via scission of the Si-Si bond. These Si3
radicals adsorb onto adjacent dangling bonds of the c
surface. The adsorbed SiH3 then decompose to silylen
(SiH2) and H, which leads to the formation of a 231 mono-
hydride surface. Once all of the dangling-bond sites are s
PRB 600163-1829/99/60~12!/8686~9!/$15.00
r
g

h

i

o-
t

-

ial

cia-

-

l

n

u-

rated, further (Si2H6) exposure converts the monohydride
31 phase into the 131 dihydride phase.

In recent scanning tunneling microscopy~STM! experi-
ments of the interaction of disilane with the Si(001)231
surface, Bronikowskiet al.24 have observed roughly equa
numbers of chemisorbed H atoms and SiH2 complexes. They
argue that this is strong evidence for the dissociation of d
lane into two SiH3 fragments, which subsequently dissocia
into SiH2 and H. They also proposed several possible che
sorption sites for SiH2 radicals on the Si(001)231 surface
and identified the occurrence of the so-called intrarow bo
ing configuration in which the SiH2 radical is bridge bonded
across the ends of two adjacent dimers of the same row.
subsequent publication,25 this group presented STM image
showing SiH3 fragments chemisorbed onto the dimer da
gling bonds, and randomly distributed over the surface.
low coverage, these SiH3 fragments were found to be un
stable and to dissociate into SiH2 and H on a time scale o
tens of minutes. They also reported the observation of H
Si-H fragments on the Si(001)231 surface, and postulated
mechanism whereby two intrarow SiH2 groups bond togethe
to form a hydrogenated dimer oriented parallel to the s
strate dimers.

Bowler and Goringe26 have calculated the minimum en
ergy configurations of four possible adsorption sites for S2
molecules on the Si(001)231 surface using the local
density approximation~LDA ! density-functional method
Their results predict the intrarow site to be the most sta
SiH2 adsorption site, although the adsorption energy for
on-dimer site was found to differ by less than 0.01 eV. Ow
et al.27 investigated the growth of silicon from disilane usin
scanning tunneling microscopy. They observed a no
square structure consisting of four silicon atoms on
Si~001! surface after exposure to small amounts of disilane
temperatures between 400 and 600 K. Using tight-bind
and density-functional theory~DFT! calculations they found
this square structure to be energetically stable with respe
isolated ad-dimers.
8686 ©1999 The American Physical Society
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Based on their observations during synchroton radia
stimulated disilane gas-source molecular-beam epitaxy~SR-
GSMBE! on the Si~100! surface at temperatures<400 °C,
Yoshigoeet al.28 have reported that the number of differe
SiHx species on the surface depends on the substrate
perature. Their results indicated that SiH was dominan
temperatures of around 400 °C, but as the substrate temp
ture decreased from 275 °C to 50 °C, the number of S
decreased, while both SiH2 and SiH3 appeared, and progres
sively increased in number. Their results also indicated
SiH2 and SiH3 were easily decomposed to SiH, and that t
rate of SiH decomposition was much lower than that of S2
and SiH3.

All of the above studies provide useful information abo
the dissociative chemisorption of disilane on the Si~001! sur-
face. A comprehensive understanding of the decomposi
of disilane, and the role played by the various intermedi
species in the silicon forming process, however, is still ha
pered by a lack of detailed knowledge. The aim of this pa
is to model theoretically the various chemisorption structu
that could arise from the decomposition of disilane on
Si~001! surface, and to compare these predicted structu
with the currently available experimental data.

II. METHOD AND PROCEDURE

Both molecular dynamics~MD! and potential energy cal
culations have been employed to study t
Si~001!231:Si2H6 chemisorption system. These have be
carried out using the extended Brenner~XB! potential.29–30

The original Brenner potential was developed for C-H s
tems in order to simulate chemical-vapor deposition of d
mond films from a gaseous mixture of hydrocarbon atom
molecules and radicals.31–32 The Brenner potential follows
the Tersoff33 formalism and is a multiparticle interatomi
potential of the cluster functional type. It takes into accou
the chemical environment of each bond when calculating
bond energy. Since its original development, this poten
has been extended to include silicon.29 Further improvements
have involved fitting the bond order correction terms
C-Si-H systems, and modification of the angular function30

In order to perform geometry optimization and MD sim
lations using the XB potential, the Si(001)231 surface has
been modelled by an eight layer slab and a unit cell cont
ing 36 atoms per layer. Two-dimensional periodic bound
conditions were applied in the surface plane. The total
ergy of the system was minimized with respect to the ato
coordinates of the top six substrate layers as well as thos
the adsorbed hydrogen, silicon or SixHy species.

To further characterize the system, and provide a b
against which to check the predictions of the model pot
tial, ab initio cluster calculations using the Gaussian 94 co
were also performed.34 Clusters consisting of 9 silicon at
oms, and 12 hydrogen atoms to terminate the bonds at
edges of the cluster, were used to model a single sili
dimer. The equilibrium configurations were first optimized
the Hartree-Fock~HF! level by minimizing the total energy
with respect to the coordinates of the dimer silicon atom
the second layer silicon atoms, and any chemisorbed ato
hydrogen, silicon atoms or SixHy molecules that are presen
The third and fourth layer silicon atoms, and all of the te
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minating hydrogen atoms, were kept fixed. The final geo
etry was then obtained by reoptimising this HF minimu
energy geometry with respect to the same moving ato
using the B3LYP DFT option in Gaussian 94. This state-
the art hybrid functional method for exchange and corre
tion incorporates an exact HF exchange energy functio
~Becke’s three-parameter functional35!, and a semiempirica
combination of a local ~Vosko-Wilk-Nusair parametri-
zation36! and nonlocal ~Lee-Yang-Parr parameteriza
tion37–39! spin density electron correlation functional. All o
the geometry optimization calculations were performed
ing the moderately sophisticated double-zeta basis
6-31G* which includes one set ofd-polarization functions
for the heavy atoms.40,41

The binding energy of each species was obtained by s
tracting from the energy of the original chemisorbed slab
cluster, the sum of the energies of the residual slab or clus
and the desorbed species. This energy is the net amou
energy required to remove the desorbed species from
surface.

III. RESULTS AND DISCUSSION

A. SiH3 configurations

To investigate the initial stages of the dissociative che
sorption of disilane, simulations of the interaction of Si2H6
molecules with the Si(001)231 clean surface were per
formed using the XB potential. In these simulations the
cident energies of the Si2H6 molecules were varied from 0.1
to 3.6 eV. Simulations were performed for a range of su
strate temperatures from 100 to 700 K. Before the co
mencement of each simulation the system was brough
thermal equilibrium by integrating for 4000 time steps, wi
the velocities of all of the slab atoms being rescaled a
every 100 time steps. A single Si2H6 molecule was then
placed at a random position above the surface plane wi
given translational energy and randomly assigned aim
point, and the simulation continued until the incident mo
ecule had either become chemisorbed, or had reboun
from the surface. At this point, a second molecule was int
duced above the surface with a new randomly assigned
sition and trajectory. This process was continued until
required number of time steps~usually 100 000–200 000!
was completed. During this period typically 4–10 molecu
were found to chemisorb per surface unit cell. Each molec
was deemed to be chemisorbed if the distance betwee
center of mass and the surface plane exhibited four suc
sive minima. During each simulation the atoms in the tw
bottom layers of the slab were kept fixed in their ideal bu
positions. The next two layers were used as a thermal bu
layer to enable dissipation of the translational energy of
incident molecule~s! into the bulk. Velocity rescaling was
not applied to the remainder of the slab, or to the adsorb
molecules, once the initial thermalisation was complete a
the simulation proper had commenced.

Four different snapshots of one of these simulations
shown in Fig. 1. In this particular simulation, the incide
disilane molecule was initially placed 6 Å above the surface
as shown in Fig. 1~a!, and directed towards the surface wi
an initial kinetic energy of 0.1 eV. The substrate temperat
was maintained at 300 K. Figure 1~b! shows the Si2H6 mol-
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ecule closer to the surface but still intact, while Fig. 1~c!
shows the Si2H6 molecule dissociated into two SiH3 radicals,
which have become bonded at dangling bond sites. Foll
ing this, another Si2H6 molecule was introduced into th
simulation as illustrated in Fig. 1~d!.

During the course of the above simulations only Si2H6
dissociation into SiH3 fragments was observed. This is
agreement with the STM work of Wanget al.25 No evidence
for the occurrence of either SiH4 or SiH2 was seen in these
simulations of the initial dissociation of the disilane. O
calculations thus strongly support the dissociation of Si2H6
into SiH3, but provide no support for the proposed model
which disilane dissociates into SiH4 and SiH2.

Five possible surface configurations for the two SiH3 radi-
cals produced by the dissociation of a disilane molecu
were observed in our simulations. These are shown in Fi
and correspond to:~1! chemisorption on a single dimer,~2!
chemisorption onto adjacent dimers in the same dimer r
~3! adsorption on adjacent dimers in neighboring dimer ro
~4! adsorption on dimers in neighboring rows but separa
by one lattice spacing, and~5! adsorption on opposite ends o
two adjacent dimers in the same row. Sudaet al.19 suggested

FIG. 1. Sequence of snapshots from a MD simulation of Si2H6

molecules interacting with the Si(001)231 clean surface.

FIG. 2. Top view schematic of a Si(001)231 surface showing
five possible configurations formed from the chemisorption of t
SiH3 radicals at adjacent surface sites.
-

,
2

,
,
d

four possible configurations of the SiH3 fragments arising
from the dissociation of a Si2H6 molecule on the Si(001)2
31 surface. All four of these surface structures were rep
duced by our simulations. They correspond to configurati
1 to 4 in Fig. 2. Sudaet al. predicted configuration~3! to be
unlikely on the grounds that the spacing between the
SiH3 molecules would be too small. On the basis of simp
topographical arguments, Lubbenet al.6 have suggested tha
configurations 1 and 2 are the most likely SiH3 configura-
tions to occur. Configuration 5, in which the SiH3 radicals
adsorb on opposite ends of two adjacent dimers, has not b
proposed in the literature, to our knowledge.

In all five of the above structures, the SiH3 fragments are
seen to chemisorb onto the surface dimer dangling bonds
fact, this was the only SiH3 chemisorption mechanism tha
was observed in our simulations. This is presumably due
the fact that the singly occupied dangling bonds at the e
of each dimer on the Si(001)231 surface provide easily
accessible bonding sites for any SiH3 molecule incident on
the surface. This is also in agreement with experiment.
stated earlier, high-resolution STM images show that
SiH3 radicals formed from the dissociation of disilane, bo
directly to the terminal ‘‘dangling bonds’’ of the Si-S
dimers.25 The same conclusion has been drawn from a v
ety of other experimental studies.19,23

Geometry optimization calculations using the XB pote
tial show that the binding energy for a single SiH3 radical
adsorbed on one of the dangling bonds of our 36 atom
face unit cell~which corresponds to 1/36 ML coverage!, is
2.99 eV. When a second SiH3 radical is chemisorbed at th
other end of the same dimer, the binding energy per ad
bate molecule is again 2.99 eV. Cluster calculations p
formed with the XB potential give a binding energy of 2.9
eV for chemisorption of a single SiH3, and 2.90 eV per mol-
ecule for chemisorption of two SiH3 radicals at the same
surface dimer~see Table I!. The binding energy values ob
tained fromab initio HF/DFT cluster calculations are als
2.91 and 2.90 eV, respectively. The geometries for these
bonding configurations obtained from the XB and HF/DF
calculations are shown in Figs. 3 and 4. Good agreem
between the geometries predicted by the two methods is
served. For 1 ML coverage, where radicals are chemisor
at every dangling bond, the average binding energy per m
ecule predicted by the XB calculations is 2.95 eV~see Table
I!. This shows that increasing coverage does not produce
significant change in the SiH3 binding energy.

Potential energy calculations have been performed
1/18 ML coverage for each of the five SiH3 surface configu-
rations that were observed in the MD simulations. The
were carried out using the XB potential, and applying pe
odic boundary conditions to the eight-layer slab. The to
energies of the resulting optimised geometries, and detail
the corresponding bond lengths and bond angles, are give
Table II. Configuration 5 has been determined to be the lo
est energy structure from our XB potential calculations w
configurations 1 and 4 being only 0.04 eV higher in ener
Configurations 2 and 3, in which the two SiH3 radicals are
closer together, are predicted to be less stable than con
rations 1, 4, and 5. These results are consistent with
prediction of Sudaet al.19 that configuration 3 would be
unlikely to occur. They provide no support, however, for t
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TABLE I. Binding energies~in eV per adsorbed molecule! for the different SixHy configurations on the
Si(001)231 surface, obtained from the XB surface calculations. Some XB and HF/DFT cluster value
also given for comparison.

Surface Cluster

Molecule Coverage Structures XB Fig. XB Fig. HF/DFT Fig.

SiH3 1 ML 2.95 2.91 3~a! 2.91 3~b!

1/18 ML Configuration 1 2.99 2 2.90 4~a! 2.90 4~b!

Configuration 2 2.90 2
Configuration 3 2.91 2
Configuration 4 2.99 2
Configuration 5 3.03 2

1/36 ML 2.99 2
SiH2 1 ML on-dimer 3.68 3.61 6~a! 3.42 6~b!

1/36 ML on-end 2.09 5
1/18 ML interrow 2.51 5

in-dimer 2.43 5
on-dimer 3.75 5
intrarow 3.74 5

Si2H2 1/18 ML on-dimerA 4.83 8
on-dimerB 8.07 8
on-dimerC 6.21 8

intrarow 4.45 8
interrow A 4.57 8
interrow B 6.53 8
interrow C 4.45 8
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suggestion of Lubbenet al.6 that configurations 1 and 2
would be the preferred structures.

B. SiH2 configurations

As discussed above, it is now well established that
disilane molecules initially dissociate into SiH3 radicals,
which chemisorb onto the dangling bonds of the Si(001
31 surface. These chemisorbed SiH3 molecules are then be
lieved to dissociate into SiH2 plus a hydrogen atom via th
reaction

SiH3~a!→SiH2~a!1H~a!.

FIG. 3. Optimized cluster geometries corresponding to S3

chemisorption at a dangling bond of the Si(001)231 surface;~a!
XB and ~b! HF/DFT 6-31G*.
e

2

This raises two possibilities, either one of the hydrog
atoms is abstracted from the SiH3 leaving an SiH2 radical
chemisorbed at the dangling bond site, or a ‘‘free’’ SiH2
radical is created, which subsequently chemisorbs. To inv
tigate the possible SiH2 structures that can form on th
Si(001)231 surface we have performed MD simulation
based on both of these possibilities.

In the first set of simulations, the initial geometry wa
taken to be that of a single SiH2 radical chemisorbed at a
dangling bond site of the Si(001)231 surface. This geom-
etry, which we shall refer to as the on-end structure, is sho
in Fig. 5. In each of these simulations, the system was m
tained at constant temperature and simply allowed to evo
in time. During the course of these simulations four differe

FIG. 4. Optimized cluster geometries for two SiH3 radicals
chemisorbing on the dangling bonds of the same dimer;~a! XB and
~b! HF/DFT 6-31 G*.



e
cript

8690 PRB 60JIAN-ZHONG QUE, M. W. RADNY, AND P. V. SMITH
TABLE II. Total energies~relative to that of configuration 5! and optimized structural parameters for th
five different configurations involving two SiH3 molecules. In this table, and all subsequent tables, a subs
‘‘ a’’ denotes a silicon absorbate, and a subscript ‘‘d’’ denotes a dimer atom.

Structure Energy~eV! Interatomic distances~Å! Bond angles
H-Sia Sia-Sia Sia-Sid H-Sia-H Sia-Sid-Sid

Configuration 1 0.04 1.49 4.18 2.32 110 113
Configuration 2 0.13 1.49 3.75 2.31 110 119
Configuration 3 0.12 1.49 3.28 2.31 110 119
Configuration 4 0.04 1.49 5.03 2.31 110 119
Configuration 5 0.00 1.49 5.80 2.31 110 120
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geometries were observed to occur. These are also show
Fig. 5 and correspond to:~1! the SiH2 molecule chemisorbed
on top of a dimer at the bridge site with the silicon dim
remaining intact~on-dimer!, ~2! the SiH2 molecule chemi-
sorbed on top of a dimer with the silicon dimer bond brok
~in-dimer!, ~3! the SiH2 molecule chemisorbed at the valle
site between two adjacent dimer rows~interrow!, and~4! the
SiH2 molecule chemisorbed at the cross-dimer site betw
two adjacent dimers of the same row~intrarow!. All of these
structures were suggested by Bronikowskiet al.24 and have
been studied theoretically by Bowler and Goringe26 using the
LDA density-functional method.

To determine the relative probability of occurrence
these four SiH2 configurations, we performed approximate
120 simulations for each of the three temperatures 850,
and 1000 K. The results are presented in Table III. We

FIG. 5. Top and side views of the Si(001)231 surface showing
the five SiH2 configurations which have been investigated in t
study.
in

n

f

0,
-

serve that in 27% of the cases at 850 K, the SiH2 radical
rotated to form the on-dimer structure, whilst in 46% of t
cases it has bonded across to a neighboring dimer to form
intrarow structure. The in-dimer and interrow structures o
cur with considerably smaller probabilities~2% and 4%, re-
spectively!. The probability of occurrence of the on-dime
and intrarow structures is seen to decrease significantly w
increasing temperature, while that of the in-dimer and int
row configurations increases correspondingly.

In addition to the above calculations, we have also p
formed MD simulations in which unbonded SiH2 radicals
were allowed to interact with the Si(001)231 surface.
These simulations, which were analogous to those repo
earlier for SiH3, gave rise to exactly the same SiH2 configu-
rations as found in the simulations starting from the on-e
configuration~i.e., the on-dimer, in-dimer, interrow and in
trarow, structures!. Some of the SiH2 radicals were also ob
served to chemisorb onto a dangling bond at the end o
dimer to form the on-end structure.

The minimum energy topologies of these SiH2 configura-
tions were determined by performing potential energy cal
lations atT50 K using the extended Brenner potential. T
energies of all of the configurations~including the on-end
structure!, and values for the corresponding bond lengths a
bond angles, are given in Table IV. Also presented in t
table are the LDA results obtained by Bowler and Goring26

for the on-dimer, in-dimer, interrow and intrarow structure
Good agreement between the bondlengths and bond an
predicted by the XB and LDA calculations is apparent f
these four structures. The SiH2 binding energies predicted b
the XB potential calculations for all of the SiH2 structures
are given in Table I.

Of all of the Si~001!:SiH2 configurations at 1/18 ML cov-
erage which we have examined, the overall minimum ene
structure predicted by the XB potential, is the on-dim
structure. The XB binding energy values of 3.68 eV~1 ML!,

TABLE III. The probability of occurrence of the various SiH2

configurations at the temperatures 850, 900, and 1000 K.

Structure/T~K! 850 900 1000

on-dimer 27% 24% 21%
intrarow 46% 35% 29%
interrow 4% 12% 14%
in-dimer 2% 7% 10%
unbonded 21% 22% 26%
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TABLE IV. Total energies~relative to the on-dimer configuration!, interatomic distances and bond angles for the different S2

configurations. The data in the brackets has been obtained fromab initio DFT slab calculations~Ref. 26!.

Configuration Energy~eV! Interatomic distance~Å! Bond angles~°!
H-Sia Sia-Sid Sid-Sid H-Sia-Sid Sid-Sia-Sid

on-end 1.66 1.51 2.28 2.37 115 30
in-dimer 1.32 ~0.18! 1.48 2.34 ~2.31! 3.26 ~3.29! 114 ~113! 88 ~91!

interrow 1.24 ~0.31! 1.49 2.35 ~2.37! 3.93 ~3.92! 113 ~109! 93 ~105!
intrarow 0.014~20.004! 1.48 2.39 ~2.41! 2.35 ~2.40! 113 ~121! 92 ~92!

on-dimer 0.00~0.00! 1.48 2.42 ~2.32! 2.44 ~2.43! 118 ~118! 61 ~63!
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3.75 eV ~1/18 ML!, and 3.61 eV~cluster!, are all in very
good agreement with our HF/DFT calculated result of 3
eV ~see Table I!. The on-dimer topologies obtained from th
XB and HF/DFT cluster calculations are shown in Fig. 6 a
are seen to be in excellent agreement. The LDA calculati
of Bowler and Goringe26 predict the intrarow structure to b
the minimum energy configuration and more stable than
on-dimer structure by 0.004 eV. The binding energy of t
structure is predicted by our 1/18 ML XB calculations to
3.74 eV, just 0.01 eV less than for the on-dimer structure

The STM images of Bronikowskiet al.24 indicate that
each SiH2 radical occupies a bridging position between tw
adjacent dimers of the same dimer row, but provide no e
dence for an SiH2 occupying the bridging position directl
above a single dimer. The experimental data would thus
pear to provide strong support for the intrarow model, b
not for the on-dimer topology. While the formation of th
on-dimer structure would appear to be unlikely due to la
bond angle distortions, both the LDA and XB calculatio
predict that the on-dimer and intrarow structures are ne
degenerate in energy. Our MD simulations also suggest
the on-dimer structure should occur. The higher probabi
of occurrence of the intrarow structure in the MD simu
tions does, however, indicate a lower activation barrier
the formation of this structure than for the on-dimer stru
ture. This may explain why the intrarow structure has be
observed in the STM topographs, but not the on-dimer str
ture.

The MD simulations showed that the in-dimer structu
was relatively unstable and would readily change into
on-dimer configuration. This is consistent with the calcula
binding energy of 2.43 eV obtained from the XB potent

FIG. 6. Optimized cluster geometries for the SiH2 on-dimer
structure;~a! XB and ~b! HF/DFT 6-31G*.
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for the in-dimer structure. This is 1.32 eV smaller than t
calculated binding energy for the on-dimer structure due
the dimers bond being broken. These results are in quali
tive agreement with the LDA calculations,26 which also pre-
dict that the in-dimer structure is less energetically favora
than the on-dimer structure. HF/DFT geometry optimizati
calculations for the in-dimer structure failed to yield a loc
minimum. Even starting the optimization procedure fro
this structure always resulted in the on-dimer topology as
ground-state configuration.

To form the interrow structure both of the surface dime
which are bonded to the adsorbed SiH2 molecule have to
break ~see Fig. 5!. This results in this structure being rela
tively unfavorable energetically: Its XB calculated bindin
energy is only 2.51 eV. This is very close to that of t
in-dimer structure~2.43 eV!, and 1.24 eV smaller than th
minimum energy on-dimer structure. This relative instabil
of the interrow structure is consistent with both the LD
calculations,26 and the low probability of occurrence of thi
structure in our MD simulations.

C. Si2H2 configurations

Two different models have been proposed in the literat
for the growth of epitaxial silicon on the Si(001)231 sur-
face from the SiH2 radicals that result from the dissociatio
of disilane.19,21,25In the first of these models, SiH2 radicals
are chemisorbed at the bridge sites of two adjacent dimer
the same row with the H-Si-H direction of each radical lyin
along the dimer row. The two neighboring hydrogen ato
bond together to form H2, which desorbs from the surface
leaving an H-Si-Si-H (Si2H2! configuration centred on the
pedestal site between the two dimers. Further hydrogen
sorption from this H-Si-Si-H structure results in a Si-
dimer oriented perpendicular to the underlying dimers as
served in the normal silicon epitaxial growth process. T
model has been proposed by both Sudaet al.19 and Boland,21

and is shown schematically in Fig. 7~a!
In the second model, each SiH2 radical bridges across th

ends of two adjacent dimers of a given dimer row with o
SiH2 being linked with one dimer row and the other SiH2
with the neighboring dimer row, so that these two radic
are immediately adjacent to one another. The two neighb
ing H are again assumed to combine to form H2, which
desorbs from the surface, leaving a H-Si-Si-H combinati
Desorption of the remaining hydrogen produces a S
dimer parallel to the underlying dimers. This is the mod
proposed by Wanget al.25 and is shown schematically in
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Fig. 7~b!. Strong support for this model comes from the ST
work, which has been interpreted as showing both SiH2 radi-
cals bridge bonded across the ends of two neighbo
dimers of the same row, and the corresponding H-Si-S
complexes.25 A possible problem with this model, howeve
is the predicted orientation of the resulting ad-dimers be
different from that observed in normal silicon epitaxi
growth, and the energy that would required to re-align the
Such Si-Si ad-dimers have been observed in the S
images,25 but they are not as common as those oriented al
the normal epitaxial growth direction; that is, perpendicu
to the substrate dimers.

To investigate these two possible models we have p
formed a number of different calculations. In the first set
calculations, we set up the initial Si2H4 structures assumed i
these models within our large surface unit cell by plac
two adjacent SiH2 radicals in the on-dimer and intrarow con
figurations, respectively. We then optimised the geome
with our MD code using periodic boundary conditions. T
two structures were found to yield very similar energies w
the on-dimer-based structure being slightly more stable
0.06 eV.

We then considered a number of H-Si-Si-H (Si2H2! con-
figurations that might form on the Si(001)231 surface. Fig-
ure 8 presents top and side views of these different poss
bonding configurations. Local minima in the potential ener
surface were found to exist for each of these chemisorp
configurations. These configurations correspond to:~1! the
Si2H2 complex centered on the bridge site of a single dim
~on-dimer A!, ~2! the Si2H2 complex positioned above th
pedestal site of two neighboring dimers with the Si-Si bo
oriented along the dimer row~on-dimer B!, ~3! the Si2H2
complex sited at the pedestal site between two adja
dimers with the Si-Si bond oriented parallel to the dim
bonds ~on-dimer C!, ~4! the Si2H2 complex chemisorbed
above the bridging site across the ends of two adjac
dimers from the same row~intrarow!, ~5! the Si2H2 complex
positioned above the valley site and connected to two dim
from different rows~interrowA!, ~6! the Si2H2 complex cen-
tred on the cave site between two dimer rows, bonded to
Si dimer atoms, and oriented parallel to the dimer bon
~interrowB!, and~7! the Si2H2 complex positioned above th
cave site, connected to four Si dimer atoms, and orien
parallel to the dimer rows~interrowC!. The calculated bind-
ing energies for these seven possible structures are give

FIG. 7. Proposed mechanisms for the interaction of SiH2 radi-
cals on the Si(001)231 surface, and the formation of H-Si-Si-H
complexes, as a precursor to the establishment of Si-Si ad-dim
~a! proposed in Refs. 19 and 21,~b! proposed in Ref. 25.
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Table I. Values for the relative total energies and charac
istic bondlengths and bond angles are given in Table V.

The most stable structure of these seven possible con
rations is predicted to be the on-dimerB structure~configu-
ration 2! in which the Si2H2 complex is centered on the ped
estal site between two adjacent dimers with the Si-Si bond
the molecule oriented along the dimer row. This structure
identical to that proposed by Sudaet al.19 and Boland,21 and
has a Si2H2 binding energy of 8.07 eV. The various structur
parameters which characterize this configuration are liste
Table V. We observe that the two silicon dimers, which a
bonded to the adsorbed Si2H2 complex have stretched from
2.30 to 2.45 Å and moved closer together~see Table V and
Fig. 8!.

The second most stable structure is the interrowB struc-
ture ~configuration 6! in which the H-Si-Si-H complex is
positioned above a cave site equidistant from all four dim
~see Fig. 8!. This is the model proposed by Wanget al.25 on
the basis of their STM images of disilane chemisorption
the Si(001)231 surface. Our XB potential calculations pre
dict that this configuration has a Si2H2 binding energy of
6.53 eV, and hence is 1.54 eV less stable than the on-di
B structure. The geometrical parameters characterising
structure are also given in Table V. We observe that all fo
silicon dimers that are bonded to the Si2H2 complex move
inward and have their dimer bondlengths stretched from 2
to 2.36 Å.

rs;

FIG. 8. Top and side views of the Si(001)231 surface showing
the seven possible H-Si-Si-H configurations, which have been
vestigated in this study.
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TABLE V. Total energies~relative on the on-dimerB structure!, interatomic distances, and bond angles for the different Si2H2 configu-
rations.

Interatomic distance~Å! Bond angles
Configuration Energy~eV! H-Sia Sia-Sia Sid-Sid Sia-Sid Sid-Sia-Sia H-Sia-Sid H-Sia-Sia

intrarow 3.62 1.48 2.35 2.38 2.38 106 117 117
interrow C 3.62 1.50 2.36 2.42 2.38 106 110 112
interrow A 3.51 1.48 2.35 2.39 2.37 120 117 117
on-dimerA 3.24 1.48 2.36 2.41 2.38 91 117 117
on-dimerC 1.86 1.52 2.51 2.37 2.46 88 120 120
interrow B 1.54 1.54 2.42 2.36 2.48 121 108 101
on-dimerB 0.00 1.50 2.32 2.45 2.41 106 124 121
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The only other structure based on our calculations, wh
might be likely to occur in practice is the on-dimerC con-
figuration ~configuration 3!. This configuration differs from
the on-dimerB structure in that the Si2H2 complex is rotated
by 90° so that the Si-Si bond is oriented perpendicular to
dimer rows~see Fig. 8!. The two silicon dimers connected t
the Si2H2 molecule are again expanded with the
bondlengths being 2.37 Å, 0.07 Å more than that for t
clean surface. The binding energy of the Si2H2 in this con-
figuration is predicted to be is 6.21 eV, just 0.32 eV less th
that of the interrowB structure.

IV. DISCUSSION AND CONCLUSIONS

In this paper, we have performed molecular-dynam
simulations and potential energy calculations with the
tended Brenner potential to investigate the dissocia
chemisorption of disilane on the Si(001)231 surface. MD
simulations in which Si2H6 molecules were allowed to im
pinge on the Si(001)231 surface with a variety of differen
incident energies, and at various temperatures, have sh
that the disilane molecules dissociate into SiH3 fragments
which then chemisorb onto the surface dimer dangl
bonds. This is consistent with recent experimental wo
Five different chemisorption configurations have been fou
which involve pairs of SiH3 radicals. The most energeticall
stable of these configurations is found to be that in which
SiH3 molecules chemisorb on opposite ends of two adjac
dimers from the same row.

Molecular-dynamics simulations have also been e
ployed to study the behavior of a SiH2 radical that is bonded
to a Si-Si surface dimer in the on-end configuration. Fo
SiH2 configurations were observed to occur in these simu
tions. Exactly the same configurations were obtained fr
MD simulations of unbonded SiH2 radicals incident on the
surface. Zero temperature geometry optimization calcu
tions for these SiH2 structures using the XB potential pro
duced results in very good agreement with the LDA calcu
tions of Bowler and Goringe.26 The on-dimer and intrarow

*Author to whom correspondence should be addressed. FAX:
2-49216907. Electronic address: adam@linus.newcastle.edu.
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structures were found to be nearly degenerate in energy
to constitute the most energetically favourable SiH2 chemi-
sorption structures on the Si~001! surface. This result is in
agreement with the earlier LDA calculations.26 It is also con-
sistent with the MD simulations, which showed that both t
on-dimer and intrarow structures occurred with a fairly hi
probability, while the other structures were characterized
much smaller probabilities. All of this work would sugge
that both the on-dimer and intrarow topologies should oc
as part of the normal disilane silicon growth process.
date, however, only the intrarow model has been confirm
experimentally with the STM topographs of Wanget al.25

providing strong evidence of SiH2 complexes bridge bonding
across the ends of two adjacent dimers of the same row
our knowledge, there has been no experimental observa
of the on-dimer SiH2 structure.

Two different models have been proposed for the inter
tion of SiH2 complexes on the Si(001)231 surface, and the
subsequent formation of a H-Si-Si-H complex. Both of the
proposed structures have been investigated in this paper
gether with five other possible Si2H2 structures. The mos
energetically favorable structure was found to be the
dimer B structure. This is the structure proposed by Su
et al.19 and Boland,21 and is based on the assumption that t
SiH2 are bonded at the dimer bridge sites. While this H-
Si-H structure does not appear to have been observed ex
mentally, it does predict the correct orientation of the resu
ant ad-dimers. The second most energetically favoura
structure predicted by the XB calculations was the intra-r
structure proposed by Wanget al.25 This structure is consis
tent with the observed bridge-bonding of SiH2 between the
ends of two adjacent dimers, and has been observed in
STM topographs of Wanget al.,25 but requires rotation of
the resultant ad-dimers to yield the normal epitaxial grow
pattern.
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