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Formation of clean dimers during gas-source growth of Si„001…

D. R. Bowler*
Department of Physics and Astronomy, University College London, Gower Street, London WC1E 6BT, United Kingdom

~Received 18 October 2002; published 31 March 2003!

Elevated temperature scanning tunneling microscopy measurements have shown that one key phase during
gas-source homoepitaxy of Si~001! is the formation of clean Si ad-dimers from hydrogenated ad-dimers,
though the mechanism for this formation is unknown. We presentab initio density functional calculations
designed to explore this mechanism. The calculations show that there is a pathway consistent with the experi-
mentally observed reaction rates, which proceeds via a metastable intermediate state, and is effectively irre-
versible. This result fills a vital gap in our understanding of the atomic-scale details of gas-source growth of
Si~001!.

DOI: 10.1103/PhysRevB.67.115341 PACS number~s!: 68.43.Bc, 81.10.Aj, 81.15.Aa, 31.15.Ew
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I. INTRODUCTION

Gas-source growth of Si~001! using hydrogen-based pre
cursors~such as SiH4, silane, and Si2H6, disilane! is of great
scientific and technological interest1–4—in particular, hydro-
gen can act as an effective surfactant, and has been show
reduce roughness and intermixing during growth of Ge
alloys and pure Ge on Si~001!.5 Understanding the reaction
that occur and the intermediate structures that are form
during this growth will enable greater control of surfaces a
interfaces during growth. Scanning tunneling microsco
~STM! observations of the growth of Si~001! from disilane,
both at room temperature following anneals1,2 and at el-
evated temperature,3,4 along with careful electronic structur
calculations3,4,6 have mapped out the growth pathway. A k
observation in this pathway is that the islands formed dur
growth areclean, while the substrate remains covered with
certain amount of hydrogen.3 The fundamental building
block in gas-source growth is the clean ad-dimer~as opposed
to solid-source growth, where fast-moving ad-atoms
key7!; yet, the mechanism to form such clean dimers fro
the hydrogenated dimers that occur naturally during g
source growth is unknown. In particular, they are observe
form at 450 K while desorption from the monohydride pha
occurs at 790 K, indicating that their formation must be co
pletely different from the desorption of hydrogen from t
monohydride phase. In this paper, we present a fi
principles investigation of the mechanism for formation
clean ad-dimers from hydrogenated dimers, with the aim
explaining how these form at a comparatively low tempe
ture.

Disilane ~which is used in preference to silane as it d
composes more easily! adsorbs on Si~001! as SiH3 ~which
soon breaks down to form SiH2) or SiH2,1 sometimes with
accompanying hydrogen. These SiH2 groups6 start to diffuse
at 400–500 K.3 When two groups are on adjacent dim
rows, they react to form a hydrogenated ad-dimer@that is, an
ad-dimer with both dangling bonds saturated with hydrog
illustrated in Fig. 1~a!# over the trench between the dim
rows.3 This then decomposes to form clean ad-dimers
hydrogen on the surface at around 450 K,1–3 via a pathway to
be investigated in this paper. A hydrogenated ad-dim
~which is the starting point! is illustrated in Fig. 1~a!, along
with a partially hydrogenated ad-dimer~the result of the first
0163-1829/2003/67~11!/115341~7!/$20.00 67 1153
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part of the pathway! in Fig. 1~b! and a clean ad-dimer~the
final point! in Fig. 1~c!. Once formed, the clean ad-dime
diffuse8 and form a square feature, which is believed to
the precursor to dimer strings,9 followed by short strings of
dimers2 that later increase to form larger islands.2,4 Apart
from the work described above, there have not been o
calculations on the growth of Si~001! from gas sources
There is work on growth from solid sources on hydroge
terminated Si~001!,10–14 but interestingly this involves very
different mechanisms, which are rather closer related to s
source growth on clean surfaces.

The calculations to be presented are based on den
functional theory~DFT! in the generalized-gradient approx
mation ~GGA!, with a plane-wave basis set and pseudop
tentials. We have searched for possible pathways both
applying constraints to specific atoms~for instance, con-
straining a hydrogen to lie in a given plane! and by using the
nudged elastic band15,16 technique~NEB!, which allows ac-
curate determination of reaction barriers given an initial a
proximation to a pathway. One key result is that the de
drogenation proceeds via a metastable intermediate s
~this is discussed fully in Sec. III and illustrated in Fig. 2!.

The rest of the paper is organized as follows: the n
section gives details of the computational techniques us
this is followed by a detailed discussion of the structure
the metastable state, which plays a key role in the dehyd
genation. The diffusion pathways are then presented, look
at the mechanism for both hydrogens, followed by a conc
sion section.

II. COMPUTATIONAL DETAILS

The theory17,18 underlying DFT and its application to
electronic structure calculations have been extensiv
reviewed,19 as has the use of pseudopotential and plane-w
techniques.20 The calculations in this paper were perform
using the VASP code,21 using the standard ultraso
pseudopotentials22 that form part of the code. The approx
mation we use for exchange-correlation energy is the G
of Perdew and Wang~PW91!.23,24We chose the GGA rathe
than the local density approximation~LDA ! rather deliber-
ately. As the barriers that we will be calculating are sensit
to bonding and stretched bonds, and the GGA is known to
©2003 The American Physical Society41-1
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FIG. 1. Structures of~a! the starting point, with a hydrogenated ad-dimer;~b! the end point for the first diffusion event with one hydrog
on the substrate; and~c! the final point with a clean ad-dimer and both hydrogens on the substrate. Note that the asymmetry in~a! is due to
the buckling of the underlying surface~up then down on the left-hand side, compared to down then up on the right-hand side!.
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rather more accurate in these situations~LDA generally
overbinds!, we considered its use to be essential for t
work.

We use periodic boundary conditions, as is standard
DFT calculations with plane waves, and we therefore use
periodic slab for the surface, with a vacuum layer betwe
the slabs. Our simulations were performed within a unit c
two dimers long and two dimer rows wide, with five laye
of Si ~the bottom of which was terminated in hydrogen a
constrained to remain fixed in bulklike positions!. The
vacuum gap of 6.9 Å is equivalent to five atomic layers of
and provides sufficient isolation between vertical perio
images. We used a plane-wave cutoff of 150 eV and
3231 Monkhorst-Packk-point mesh. All these paramete
were tested and found to converge energy differences to
ter than 0.01 eV. The system contains an even numbe
electrons, but has various saddle points that might invo
unpaired electrons, so we checked the effect of perform
spin-polarized calculations for these points. The effect w
found to be negligible~both for energies and geometries! and
so was not used in the calculations.

To investigate the diffusion pathways, we used two te
niques. First, we constrained the diffusing hydrogen to lie
a particular plane and calculated static energies for diffe
locations of the hydrogen. Second, we used the nudged
tic band method.15,16This second method requires the simu
taneous relaxation of a number of images of the syst
which can be done in parallel. However, this has the pot
tial to become extremely computationally intensive, which
why we chose to use the smallest realistic unit cell~with four
dimers in the surface!.

The initial exploration of the system used the first meth

FIG. 2. The structure of the metastable state that provide
low-energy pathway for dehydrogenation. The diffusing hydrog
is bonded to a substrate dimer (A), which has broken one bond to
second-layer silicon (B). The ad-dimer~C! is now partly clean and
has formed a bond to the second-layer silicon~B! left by the sub-
strate dimer.
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~static calculations, constraining the hydrogen!. It was using
this method that the metastable state~discussed in Sec. III!
was found, and it is unlikely that it would have been fou
using the NEB technique without significant effort~for in-
stance, performing simulated annealing on the initial ima
of the system! or using a more complicated technique su
as the dimer method.25 The problem of exploration of phas
space is an extremely difficult one, which is discussed
more detail in Sec. V. The initial exploration was perform
with the constrained method because of its simplicity—it
easy to implement and only introduces a single constrain
the system. The diffusion barriers presented in the pa
were all calculated using a variant of the original techniq
that actively seeks the saddle point, the climbing image N
method,26 with eight images relaxed in the chain.

While we have calculated the diffusion barriers, we ha
not calculated attempt frequencies, which have been
sumed to be 1013 sec21, typical for diffusion processes on
semiconductor surfaces.27–29The DFT-GGA method is suffi-
ciently accurate to calculate reaction barriers to within 0
eV and can be used to calculate attempt frequencies; h
ever, the increased accuracy gained by calculating the
tempt frequencies~rather than assuming them, as above! is
outweighed by the cumulative errors in the calculation
both these quantities.27–30 For instance, in previous work on
solid-source growth of Si~001!, it was shown that a factor o
5 between the attempt frequencies of competing proce
was required to understand the results, but was not accura
predicted by DFT-GGA method.31 We further note that, tech
nically, free energies should be calculated, but that provi
the entropy change with temperature is sufficiently small t
can be rewritten in terms of an internal energy, with entro
terms absorbed in the prefactor.32

III. THE METASTABLE INTERMEDIATE STATE

The lowest-energy diffusion pathway, and the only o
that has an energy barrier that is in line with the temperat
at which the dehydrogenation is observed to occur, proce
via a metastable intermediate state. This is an unusual
rather important structure and will be discussed in detai
this section. It is illustrated in Fig. 2, and should be co
trasted with the hydrogenated ad-dimer illustrated in F
1~a!.

The atom labeledA in Fig. 2 is one of the substrate dime
to which the hydrogenated~and clean! ad-dimer is bonded;B
is a second-layer atom in the substrate to which the subs
dimer is normally bonded@for instance, in Fig. 1~a!#; andC
is the ad-dimer atom itself, which is now clean~having
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FORMATION OF CLEAN DIMERS DURING GAS-SOURCE . . . PHYSICAL REVIEW B 67, 115341 ~2003!
started hydrogenation!. The hydrogen is now bonded toA,
which has broken its bond toB, while C has formed a bond
to B ~not easily seen, owing to the geometry!.

In terms of the bonding of the atoms, the atomsA, B, and
C are all saturated as they are in Fig. 1~a!—the bonding has
merely cycled around~so that theAuB bond is now an
AuH bond and aBuC bond, while theCuH bond is now
a CuB bond!. It is this saturation that gives the structure
stability. While some of the bond angles are rather strai
~in particular, the bonds associated withB andC make 60°
angles! the bond lengths are all close to equilibrium, a
there are no further broken bonds, leading to an energy
ference of 0.57 eV relative to the starting point, but no mo
It is interesting to note that there are other structures wh
60° bond angles are found during growth of Si~001!, which
also exhibit stability that might seem counterintuitive.6

In terms of the formation of this structure, as we shall s
in the next section that there is not a large barrier. The
never has to move a long distance from eitherA or C, leading
to relatively strong bonds being present at all times;
second-layer atomB moves up slightly; and while the sub
strate dimer atomA and the ad-dimer atomC do move up
and down, respectively, they do this gradually while ma
taining their bonding. It is this relatively small perturbatio
on the overall structure, and the ease with which it
reached, that allows the formation of this state and gives i
importance.

IV. DIFFUSION PATHWAYS

In this section, we describe the diffusion pathways that
have explored with DFT calculations. For simplicity, and b
cause it is likely to be physically realistic, we allow the h
drogens on the ends of the dimer to diffuse off indep
dently, i.e., we consider the diffusion off one end of t
ad-dimer while the other hydrogen remains on the ad-dim
Then we allow the remaining hydrogen to diffuse off t
now partially hydrogenated ad-dimer onto the substrate
order to avoid the complications of spin and half-fille
bands, we maintain both hydrogens in the unit cell at
times@the first hydrogen to diffuse off stays on the substra
illustrated in Fig. 1~b!#. The three stable points of the proce
~fully hydrogenated ad-dimer, partially hydrogenated a
dimer with a hydrogen on the substrate, and clean ad-di
with both hydrogens on the substrate! are illustrated in Fig.
1. The atomic positions during the diffusion pathways a
presented below in an aggregated form~due to space con
straints!: only the position of atoms that move significant
are shown. All of the atomic structures at each step in all
diffusion pathways are available elsewhere.33

The energies of the three stable points decrease as
hydrogen moves off the ad-dimer, which seems surprisin
first. However, this can be understood in terms of two
fects: first, termination of the clean ends of the substr
dimers; and second,p bonding of the ad-dimer. Thus in Fig
1~c! two of the substrate dangling bonds are saturated
the ad-dimer is clean, with the two effects adding. The la
stability of Fig. 1~b! over Fig. 1~a! is a little harder to under-
stand, but arises both from the termination of one subst
11534
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dimer with hydrogen and from the greater variational fre
dom that the clean end of the ad-dimer possesses ove
substrate dimers for relaxation.

The experimental data that we are comparing aga
comes from two separate experiments: first, where
Si~001! surface was exposed to a dose of disilane, anne
at different temperatures for different times, and then o
served at room temperature in STM;1,2 second, where an
elevated-temperature STM experiment was used to obs
the results of dosing with disilane in real time at differe
temperatures.3,4 The results of both these types of experime
are identical: around 450 K, clean, nonrotated dimers
formed over the trench between dimer rows. In other wor
the monohydride dimers lose their hydrogen to the subst
in a matter of minutes at this temperature~for instance, an
anneal to 470 K for 2 min led to the dehydrogenation of
ad-dimers2!. Assuming an attempt frequency of 1013 sec21

and a successful dehydrogenation rate of1
60 Hz, we obtain a

barrier of 1.28 eV. This changes by about 0.03 eV if the r
is doubled or halved, giving us a good estimate of the lik
reaction barrier.

A. The first hydrogen

There are two diffusion paths considered for the first h
drogen diffusing off the ad-dimer: a direct diffusion pat
and diffusion via the metastable state is considered in Sec
and shown in Fig. 2. We will discuss these separately, st
ing with the direct diffusion, and then contrast their resul

The diffusion barrier for direct diffusion is shown in Fig
3, with open circles and long dashes. The barrier is 1.93
which is extremely high; the reason for this can be seen fr
the atomic positions, which are illustrated in Fig. 4. At th
saddle point, the ad-dimer bond is extended greatly~from

FIG. 3. A graph showing energy barriers for the diffusion for t
first hydrogen off the ad-dimer. The energies are given relative
the starting point, while thex axis gives the distance from the star
ing point of the hydrogen. The open circles show direct diffusi
~proceeding without the metastable intermediate state!. The open
squares show the diffusion via the metastable state~whose position
is marked with a vertical dotted line at 3.35 Å, and whose struct
is shown in Fig. 2!. The lines~long dashes for direct diffusion an
dash-dotted for diffusion via the metastable state! are spline fits to
the data, and are given as guides to the eye.
1-3
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D. R. BOWLER PHYSICAL REVIEW B67, 115341 ~2003!
2.51 Å at the start to 2.82 Å!, while the bond from the hy-
drogen to the ad-dimer is more extended~from 1.51 Å at the
start to 1.85 Å!. Inspecting the charge density, it is clear th
the ad-dimer remains bonded~though weakly! and that the H
has made a weak bond to the substrate dimer~which is 2.32
Å away! as well as maintaining a slightly weakened bond
the ad-dimer. It is this lengthening and weakening of bon
at the saddle point that cause the high barrier. Assum
Arrhenius behavior and an attempt frequency of 1013 Hz, we
find a hopping rate of;10210 sec21 at 450 K, which is
many orders of magnitude below the observed rate.

The diffusion barrier into and out of the metastable st
is also shown in Fig. 3 with open squares and a dot-das
line. The barrier from the start to the metastable state is 1
eV, while the barrier from the metastable state to the en
0.56 eV ~and the reverse path, from the metastable stat
the start is 0.66 eV!.

The pathway from the starting position to the metasta
state~shown in Fig. 5! involves considerable rearrangeme
First, the hydrogen inserts into the bond between the
dimer~labeledC in Fig. 2! and the substrate dimer~labeledA
in Fig. 2!; at the saddle point, the hydrogen is 1.65 Å fro
the ad-dimer and 1.94 Å from the substrate dimer~compared
to an equilibrium distance of 1.51 Å!, while the distance
between the ad-dimer and the substrate dimer is 3.1
~compared to 2.48 Å at the start!. Second, after the hydroge
has transferred to the substrate dimer, the ad-dimer bond
a second layeratom in the substrate~labeledB in Fig. 2!.
Third, the substrate dimer bonds back to the ad-dimer
breaks its bond to the second layer atom in the substrate.
first part of this rearrangement is the area where most of

FIG. 4. The path of the first hydrogen in the direct diffusion pa
from above~top! and the side~bottom!. All the hydrogen positions
are shown, along with the initial and final positions of the atoms
which the hydrogen bonds~with the final position shown in a
lighter shade!. The final position of the ad-dimer cannot be seen
the top image since it is directly below the initial position. Bon
~or lack of bonds! are produced by the imaging software and sho
not be taken as definite indications.
11534
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energy change happens: the energy actually falls by ab
0.6 eV during the second and third parts of the rearran
ment.

The pathway from the metastable state to the end posi
~shown in Fig. 6! is much simpler, involving only the move
ment of the hydrogen from one end of the substrate dime
the other, while the substrate dimerC reforms its bond to the
second layer atomB. At the saddle point, the hydrogen
1.72 Å from the substrate atom and 2.05 Å from the e
atom.

The barrier of 1.24 eV from the starting point to the me
stable state fits extremely well with the observed tempera
behavior: at 450 K with an attempt frequency of 1013 sec21,
it would correspond to a hopping rate of 0.044 Hz, or o
hop every 23 sec. But this is onlyinto the metastable state
and there aretwo low-energy paths out of that. The hoppin
rate from the metastable state to the end state is;4
3106 Hz, while from the metastable state to the start stat
;23105 Hz, so that only 10% of metastable states wou
return to the starting point. We also expect that the equi
rium populations of the start and end states would diff
since the end state is 0.53 eV lower than the start~roughly, at
450 K, we would expect a relative population about 16

times higher in the lower state!. There is also the question o
whether the hydrogen could return, via the metastable s
from the end to the start. The barrier from the end pointback
to the metastable state is 1.66 eV, making it extremely
likely that the hydrogen would return to the metastable st
~and even if it did, it would be 10 times more likely to dro
back to the end state than to return to the start state!. Clearly,

o

FIG. 5. The path of the first hydrogen from the ad-dimer to t
metastable state shown in views from above~top! and the side
~bottom!. All the hydrogen positions are shown, along with th
initial and final positions of the atoms to which the hydrogen bon
~with the final position shown in a lighter shade!. The side view is
shown rotated by 180° relative to the view from above as the im
is clearer. The final position of the ad-dimer cannot be seen in
top image since it is directly below the initial position. Bonds~or
lack of bonds! are produced by the imaging software, and sho
not be taken as definite indications.
1-4
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FORMATION OF CLEAN DIMERS DURING GAS-SOURCE . . . PHYSICAL REVIEW B 67, 115341 ~2003!
it is the low barrier from the starting state to the metasta
state that allows the first part of the dehydrogenation of
ad-dimer to proceed, and the energy difference between
start and end points, as well as the high barrier out of the
state, that makes the reaction effectively irreversible.

B. The second hydrogen

Once the first hydrogen has diffused off the ad-dimer,
retain it on the substrate, as shown in Fig. 1~b!. This is com-
putationally convenient~as it maintains a filled set of bands!
but also physically reasonable: hydrogen does not begin
fusing along the dimer rows on Si~001! at an appreciable rat
until about 550 K with a barrier of 1.68 eV.34

As with the first hydrogen, the second hydrogen can d
fuse either directly or via a metastable state, which is exa
equivalent to the metastable state for the first hydro
~shown in Fig. 2! and therefore not illustrated here. As b
fore, we will discuss these results separately, starting w
the direct diffusion.

The diffusion barrier for direct diffusion is shown in Fig
7, plotted with open circles and dashes. The shape is m
broader than that for the first hydrogen’s direct path, with
lower barrier of 1.59 eV. The reason for this can be seen
part in the atomic positions, which are shown in Fig. 8. T
is slightly more confusing than previous plots, as the po
tions both of the hydrogen and the ad-dimer atom to whic
is bonded have been plotted. As the hydrogen moves ac
towards the substrate dimer~the end point!, the bond be-
tween the silicon atoms in the ad-dimer breaks, with
atom that the hydrogen is bonded to following the hydrog
as it diffuses. At the saddle point, the hydrogen is 1.67
from the ad-dimer and 2.03 Å from the substrate dim

FIG. 6. The path of the first hydrogen from the metastable s
to the substrate dimer shown in views from above~top! and the side
~bottom!. All the hydrogen positions are shown, along with t
initial and final positions of the atoms to which the hydrogen bon
~with the final position shown in a lighter shade!. The side view is
shown rotated by 180° relative to the view from above as the im
is clearer. Bonds~or lack of bonds! are produced by the imagin
software, and should not be taken as definite indications.
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while the distance between ad-dimer atoms is 4.48 Å.
yond this point, the hydrogen transfers to the substrate,
the ad-dimer reforms slowly.

The bond in the clean or partially clean ad-dimer is not
strong as the other bonds to the substrate, which expl
why the energy cost for breaking it is relatively small, a
why this pathway is followed in contrast to the pathway f

te

s

e

FIG. 7. A graph showing energy barriers for the diffusion of t
second hydrogen off the ad-dimer~with the first hydrogen already
on the substrate!. The energies are given relative to the starti
point, while thex axis gives the distance from the starting point
the hydrogen. The open circles show direct diffusion~proceeding
without the metastable intermediate state!. The open squares show
the diffusion via the metastable state~whose position is marked
with a vertical dotted line at 3.41 Å, and whose structure is sho
in Fig. 2!. The lines~long dashes for direct diffusion and das
dotted form for diffusion via the metastable state! are spline fits to
the data and are given as guides to the eye.

FIG. 8. The path of the second hydrogen in the direct diffus
path shown in views from above~top! and the side~bottom!. All the
hydrogen positions are shown, as are the positions of the atom
which the hydrogen bonds. Bonds~or lack of bonds! are produced
by the imaging software and should not be taken as definite ind
tions.
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D. R. BOWLER PHYSICAL REVIEW B67, 115341 ~2003!
the first hydrogen. Even with the reduced barrier, the h
ping rate at 450 K will be;431026 sec21, which is still
far too low to be consistent with the experimental obser
tions.

The diffusion barrier into and out of the metastable st
is also shown in Fig. 7, plotted with open squares and d
dashed lines. The barrier from the start to the metasta
state is 1.14 eV, while the barrier from the metastable stat
the end is 0.58 eV~and the reverse path, from the met
stable state to the start is also 0.58 eV!. The atomic positions
are almost identical to those for the first diffusion~shown in
Figs. 5 and 6! and are not shown~though these figures, an
many other pieces of supplementary information such as
mations of the processes can be found elsewhere33!.

The barrier of 1.14 eV is 0.1 eV lower than the barrier f
the first hydrogen, suggesting that once the first hydro
has diffused off the ad-dimer, the second will follow slight
more quickly; it is still in excellent agreement with observ
experimental behavior. The barriers from the metastable s
to the start and end states are now identical, meaning
50% of metastable states will return to the starting sta
However, the end state is 0.48 eV lower in energy than
start, so that~as before with the first hydrogen! we would
expect the population in thermal equilibrium at 450 K to
about 106 times higher in the end state than the start sta
The barrier from the end state back to the metastable sta
1.63 eV, which again makes the reaction effectively irreve
ible. Of course, the clean ad-dimer can also diffuse aw
along the trench between dimer rows, with a barrier of 1
eV,8 which would make the reforming of the hydrogenat
ad-dimer impossible.

V. CONCLUSIONS

We have presentedab initio calculations, modeling the
diffusion of hydrogen off a hydrogenated ad-dimer, which
a key stage in gas-source growth of Si~001!. We have shown
that the diffusion proceeds via a metastable intermed
state, and that the energy barriers calculated~1.24 eV for the

*Also at London Center for Nanotechnology, Gordon St, Lond
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