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Unified description of silicon (111)surface transitions
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It is assumed that a strained strip of about 25 A width occurs at the bases of steps on

Si(111)surfaces. Evidence supporting this is summarized and quantitative estimates for
the strain energy and strain at the edge of the strip yield approximately 0.32 eV and 0.1,
respectively, which are sufficient to inhibit reconstruction. The various structural transi-
tions that occur on Si(111)are then accounted for in a natural and unified way.

The (111)surface of silicon differs from the oth-
er low-index faces in that at least three different
clean-surface structures appear to be observable at
room temperature. Upon cleavage, the (2X1)
low-energy electron diffraction (I.EED) pattern ap-

pears, which is interpreted to indicate a buckling
of the surface, ' as supported by various experimen-
tal ' and theoretical evidence. ' This structure is
a metastable one, created by the rupture forces that
caused the cleavage. These forces also determine
the preferred direction of the (2X1) buckling on
the otherwise threefold symmetric substrate.

Annealing of the cleaved surface in high vacuum
(15 min) to temperatures ranging from about 210'
to 425'C depending on step density, causes an ir-
reversible transition to a surface showing a (7X7)
LEED pattern. The atomic arrangement on this
surface remains under discussion —the most recent
models feature islands ' or paired atom groups. "

If the (7 X7) surface, which is stable at room
temperature, is heated to a temperature near
870'C, the seventh order [referred to a (1X1) cell]
LEED diffraction beams disappear in a fairly con-
tinuous manner leaving only integral spots, a
(1 X 1) pattern, but with an increased back-
ground. This pattern returns to a {7X7)one if
the specimen is slowly cooled through the transi-
tion temperature region, but quench cooling to
room temperature results in maintenance of a
(1 X 1) pattern.

When a (111) surface is subjected to laser anneal-

ing (after etching or mild ion bombardment), a
(1X1) pattern is also observed at room tempera-
ture. ' ' (Typical laser pulses'3 are about 2
J cm, 15 g 10 s pulse width, 4—5 mm diam-
eter. ) The nature of this surface is currently under
discussion but a good LEED dynamical analysis fit
to experiment has been obtained from a (1 X I )

model featuring some surface contraction. ' Such

laser annealed surfaces are known to have a ripple
topography' ' but a simple interpretation is to re-

gard them as quench cooled surfaces, and hence,
the LEED pattern is consistent with that obtained

by quench cooling a normally heated surface.
The purpose of this work is to relate the various

transitions and the (7X7) and (1X1)structures.
We do this by proposing that surface strain acts as
an inhibitor of surface reconstructions, We first
show that this hypothesis is plausible, and then
show how its application accounts for the above
otherwise diverse phenomena.

A surface reconstructs to minimize its free ener-

gy. The lowering in free energy achieved by the
reconstruction can be estimated theoretically '
but not with great accuracy, due to difficulties
with correlation effects and also entropy. The
latter contribution has been estimated to be small. '

The above referenced estimates of energy lowering
due to reconstruction range from about 0.1 to 0.3
eV per unit cell.

We assume, and give supporting evidence below,
that the occurrence of a step causes associated
strain at its base region as illustrated in Fig. 1. We

5

FIG. 1. Schematic diagram of strained region at base
of atomic step, and surface reconstructions. R is recon-
struction energy per unit cell.
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shall show that this strain energy is of magnitude
greater than 0.3 eV per unit cell and is thus suffi-
cient to cause the surface structure to remain
(1X1). This enables a consistent understanding to
be obtained of the various phenomena, as follows

(i) The strain in the first layer, if induced by the
proximity of the step will decay away from the
step. Experimental evidence for the annealed

(7X 7) reconstruction on stepped surfaces has
shown that only a ( I X 1) pattern is observable
when the terrace width is reduced to about 25 A.
This is consistent with the model if we assume the
strain energy holds the surface to (1 X 1), but has
reduced below the reconstruction-inhibiting value,
at about 25 A. from the step. This assumption can
be checked as follows.

(ii) Experiments on the (2X 1) to (7X7) conver-
sion temperature have shown that it increases with

step density in a manner describable by activation
energy kinetics. From the data and expressions
given it is possible to derive an expression for the
structural conversion activation energy R as a
function of distance I from the base of the step.
We obtain from the data, expressed in eV,

R =0.553 exp( —0.02231),

where I is measured in k This expression is plot-
ted in Fig. 2. At 25 A., R = 0.317 eV, i.e., ap-

proximately 0.3 eV, which is consistent with the
energy estimates made above and is sufficient to
inhibit reconstruction.

(iii) As a further quantitative check of the
above concepts, we obtain an approximate expres-
sion for the strain energy. If e is the strain, 8 is
the bulk modulus, and V is the volume of a unit
cell at the surface, taken as approximately 60 A,
then

E, =BE(Ve) =BVc

=37.5e per unit cell . (2)

From this expression the strain corresponding to a
strain energy of 0.1 eV is 0.052. Another estimate
is obtainable from the force constants recently cal-
culated for Si using self-consistent concepts. The
total force constant varies with phonon mode but
taking an average value from the results of about
15 (eV/A. ), one obtains, for the work 8' for an
atom movement M,

W= —,E(M) (3)

For a strain of 0.052 in the bond length, M
=0.1228, giving 8' = 0.11 eV. Considering the
crudity, this estimate compares well with the strain
energy estimate of 0.1 eV above. Hence, we may
use Eq. (2) adequately to relate reconstruction ener-

gy R to strain e by equating E, with R, which
yields

@=0.1214exp( —0.011 15I) . (4)
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FIG. 2. Reconstruction energy R, plotted as function
of distance I from base of step, from Eq. (1) using data
of Ref. 8. Strain e plotted as function of I using Eq. (2).

This expression is also plotted in Fig. 2. The
strain at 25 A from the step is 9g 10 . Hence,
one concludes that a strain of about 0.1,
corresponding to a strain energy of 0.3 eV per unit
cell, inhibits reconstruction for Si(111),the strain
exceeding these values as the distance from the
step edge reduces below 24 A. Further support for
the presence of a narrow (-25 A) (1 X 1) strip on
cleaved Si surfaces comes from measurements of
decrease of contact potential differences with in-
crease in step density. This was interpreted as due
to the presence of an unconstructed strip along the
step."

If the (1 X 1) structure is that deduced by LEED
analysis from laser annealed surfaces, ' there are

both simplifications and a testable consequence.
The compression deduced for the LEED analyzed

structure (25% of 1st-2nd layer spacing) provides a

ready explanation for the strain. Furthermore,
such a compression, which reduces with distance

from the step edge, would cause the plateau to
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bend with a concave curvature (viewed from
above). Just such a curvature has already been de-

duced from reflection electron microscopy meas-
urements (Fig. 12 of Ref. 26). These measure-
ments also deduced the presence of lattice strain
around the steps from the similarity of contrast
changes under different imaging conditions, for
both steps and screw dislocations. Hence, these
microscopy results are also fully consistent with
the above model. (An attempt to estimate the
strain quantitatively is made difficult by the
breadth of contrast lines and asymmetry of step
and dislocation strains. )

%'e are now able to provide a consistent descrip-
tion of the various structural changes on Si(111).
The (2X 1) structure is a metastable one initiated

by rupture energy, as described above. Thermal
annealing causes a transition to the equilibrium
(7X7) structure at a temperature which is lower
the further the region is from the strain around the
base of a step. However, with 25 A. from the step,
the strain energy exceeds 0.3 eV per unit cell and
the strain-held (I X 1) structure there cannot be
converted. Above about 850 'C the (1 X 1) region
is observed to spread outward from the base of the
step across the plateau, and to contract back on
lowering the temperature. This transition is
currently under discussion. If it is an order-
disorder transition, ' it is a reasonable occurrence
on the above (or any) model. If it is a strain-
induced (1X1) structure, it may be qualitatively
accounted for by the increase in asymmetric lattice
expansion forces at high temperatures. These
reach the critical value for inhibiting reconstruc-
tion on the strained regions closest to the steps.

This accounts for the (1 X 1) region being ob-

served to spread from the base of the step.
The ( I X 1) structure observed upon laser anneal-

ing can be regarded as the (I Xl) structure which
is observed above 850'C, which is preserved at
room-temperature by quench cooling. Such cool-
ing is known to cause strain in materials, and
hence, a qualitative explanation for the occurrence
of the laser-annealed (1 X 1) structure is that it is a
strained surface (as interpreted from LEED); the
simplest view is that it is the (1 X 1) structure at
the bases of steps.

Recently, measurements on various laser-
annealed surfaces by Raman spectroscopy have
identified the presence of strain on such surfaces.
Unfortunately, this method averages over a depth
of 1000 A so that the magnitude of the strain at
the very surface cannot be accurately estimated.
However, the presence of the strain is consistent
with the model.

In conclusion, the concept of a strained region at
the bases of steps on (111)surfaces, causing surface
reconstructions to be inhibited, appears to be sup-

ported by a variety of data and is able to provide a
unifying relationship between various structural
transitions on Si(111). The different behavior of
(100) surfaces, where the laser-annealed structure is
the same as that produced by thermal annealing,
is then not unexpected, since the step structures are
of different crystallography and there is no similar

evidence for step-associated strain.

The author thanks his host institution for the
opportunity to do this work.
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