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1 because it is the starting point for ch
fabrication. Among the surface defects, the structure ev
tion of steps on Si~001! has been a subject of intensiv
research.2 Hydrogen is the smallest and simplest chemis
bate and has been routinely used in device processing3 and
can either be a contaminant or a surfactant.3 Recently, hy-
drogen implantation experiments4 showed the appearance
internal H-terminated surfaces that ultimately lead to cra
ing of the silicon surface in~001! planes. This phenomeno
is the basis of a promising new silicon-on-insulator techn
ogy known as ‘‘smart cut.’’5

The clean Si~001! surface exhibits at low temperature
(T&250 K) the (432) reconstruction6 whose tilted Si-Si
dimers reduce the density of unsatisfied surface~‘‘dan-
gling’’ ! bonds, thus chemically stabilizing the surface.1 Hy-
drogen chemisorption changes the surface electronic s
ture by reducing the need for Si-Si dimers via direct capp
of the dangling bonds. This replaces the (432) reconstruc-
tion by (231),7 (331), 8 and at the highest H concentratio
by the (131) reconstruction.9,10 While some have
suspected8 that the (131) phase is made up of disordere
(331) units, the (131) phase has been seen9 by scanning
tunneling microscopy measurements in samples expose
hydrogen plasma. However, the (131) structure is blurred
by the simultaneous presence of roughness.9 More recently,
Raman spectra measurements by Weldonet al.4 on
H-implanted Si~001! showed evidence of the appearance
~001! (131) internal surfaces before cracking occur
Moreover, ultraclean surface preparation experiments
Morita and Tokumoto11 showed strong evidence of the exi
tence of the (131) phase. However, Morita and Tokumoto11

also found that small concentration OH ions immediat
leads to surface roughness and faceting. Despite progre
other areas, the cause of surface roughness9,11 at high con-
centration of H on Si~001!
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~001! surface having the same projected~001! area. Because
the concentration of H is different in each phase, and beca
steps can introduce a local change of the H density w
respect to the flat surface, both the surface and step for
tion energies are functions of the H chemical potentialmH .
In Fig. 1, the highest value ofmH ~taken here as zero! is that
at which H extracts without energy cost Si atoms from
surface, forming the SiH4 molecules.21

III. FLAT SURFACE

Figure 1 shows schematically calculated surface form
tion energies of clean Si~001! @Fig. 1~a!# and hydrogenated
Si~001! @Fig. 1~b!#
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formation energy of S'
* 1S'

* to estimate l (S'
* )5

20.27 eV/a. The reasons for a negative formation ener
of S'

* are twofold: ~i! Steric energy reductions at the ste
edge: One may write the step energyl aslsteric1lbare. At
the upper terrace of theSi* step, the steric repulsion is ap
proximately the same as in the flat surface. Therefore, in
casel (Si* )’lbare(Si* )’0.8 eV. On the other hand, th
difference l (Si* )2l(S'

* )’1.0 eV/a reflects approxi-
mately 2lsteric(S'

* ) @since the steric repulsion is absent
the S'

* edge, row a in Fig. 2~a!#. This 2lsteric(S'
* )

’1.0 eV/a translates into 1.0 eV/at at the step, which c
be compared to the energy gain~0.18 eV/at! due to the rota-
tion of dihydrides on flat surfaces10 ~which is apartial steric
energy gain minus the elastic cost of the rotation!. When the
full steric energy is removed from theS'

* step, its formation
energy becomes negative.~ii ! Note in Fig. 2~b! that at the
center of the terrace, the rotation of the dihydrides is par
into two regions. This division creates extra space that a
y

is

t

d
o

reduces the steric energy. This effect is not present at
S'
* 1Si* structure@see Fig. 2~a!#. Accordingly, the formation

energy of theisolated S'* might be one-tenth of an eV highe
than the one estimated here fromS'

* 1S'
* .

Figure 2~c! shows theD'
* step with a dihydride configu-

ration similar toS'
* @see rowa in Figs. 2~c! and 2~a!#. In

contrast toS'
* , we find thatl (D'

* ).0. Since the upper
terraces ofD'

* and S'
* have similar structures, one migh

wonder why the energy costs of the steps are so differ
The reasons are the following.~i! The estimatedlbare(D'

* ) is
close to twicelbare(Si* ). ~ii ! The structure used to calculat
D'

* does not involve the partition of the dimer rotatio
angles seen inS'

* 1S'
* . ~iii ! On theD'
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Oshiyama, we find that in the (231) phase all steps hav
positive formation energies, which implies that the flat s
face is stable against step formation in the (231) phase. But
our results suggest that the same might not be true for
(331) phase for H chemicals potentials close to the tran
tion to the (131) phase.
-

he
i-

ACKNOWLEDGMENTS

The authors would like to thank Y. J. Chabal for discu


