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Using scanning tunneling microscopy, we have quantitatively characterized the configurations of steps
on vicinal Si(111) surfaces misoriented by 1.2° and 2.3° towards the [112] direction. The measured
terrace-width distributions are strongly peaked, consistent with predictions for thermally wandering
steps. However, the distributions are much narrower than predicted for the simple terrace-step-kink
model, indicating that the steps interact with energetic short-range repulsions. The magnitude of this
energetic repulsion is gauged from a Gaussian fit to the data. The width of the distribution scales with
step density as expected for repulsions which decay as the inverse square of step separation.

PACS numbers: 68.35.Bs, 61.16.Di, 68.35.Md, 82.65.Dp

A fundamental question in surface science is how sur-
face structure is related to surface energetics. An impor-
tant aspect of this question is what determines the
overall morphology of a surface, e.g., what determines
whether a surface is faceted or rough. Under equilibri-
um conditions, this is a question of surface thermo-
dynamics, which is determined by the orientational
dependence of the surface free energy."? As has long
been recognized,' this orientational variation depends
crucially on the energies of single steps and their interac-
tions. Recently, much progress has been made in under-
standing the statistical mechanics of stepped surfaces
through the consideration of simple models.** To assess
the applicability of these models, there have been beauti-
ful measurements of equilibrium crystal shapes,*> which
are again directly determined by the orientational depen-
dence of the surface free energy. There have also been a
large number of diffraction measurements of the temper-
ature (7) dependence of surface morphology.® In this
Letter we present a different approach. Using a scan-
ning tunneling microscope (STM),” we have directly im-
aged, with atomic resolution, over a thousand steps on vi-
cinal Si(111) surfaces. By analysis of the statistics of
these step configurations, in particular by determining
P(L), the distribution of terraces of width L, we have
drawn important conclusions about the interactions be-
tween steps.

In deducing the effects of interactions between steps
from P(L), it is important to include correctly the role
of step wandering. In configurations with closely spaced
steps, the steps can wander less than in configurations
with wide separations, so the former contribute less to
the entropy.® With this entropic consideration, small L’s
become unfavorable, giving rise to an effective “entropic
repulsion.”® We find that P(L)’s measured on Si(111)
are consistent with freely wandering steps suffering such
entropic repulsion, with additional short-range energetic
repulsions. By studying the dependence of P(L) on
mean terrace size, i.e., net surface misorientation, we are
able to demonstrate that P(L) varies with misorientation
angle in a manner consistent with 1/L? step-step interac-
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tions, the form expected for elastic or electric-dipole-
induced interactions.* In previous studies on stepped
Si(100) surfaces, which are expected9 to have a different
form of step interactions due to the anisotropy of the
(2x1) reconstruction, evidence for direct energetic
repulsions has also been observed.'®!'" Drawing from re-
cent statistical-mechanical theories,'?>'? we are the first
to focus on the details of P(L) as a key to thorough un-
derstanding of interactions between steps, and on the
orientational dependence of P(L) as a way to demon-
strate the form of the energetic repulsions between steps.
By varying sample preparation conditions, we can moni-
tor the importance of nonequilibrium effects on surface
morphology: We find that the distributions do depend on
sample cooling rates.

We have studied Si(111) misoriented by 1.2° and 2.3°
towards the high symmetry [112] direction. On these
surfaces the low-T equilibrium structure on the terraces
is (7x7) reconstructed. The (7x7) unit cell is diamond
shaped and can be described as two equilateral triangles
of side length 27 A placed base to base. The [112]
direction lies along the perpendicular bisector of these
triangles (bisector length =23 A). It has been shown in
STM studies that the reconstruction continues up to the
step edges.'* Previous low-energy electron-diffraction
(LEED) results on 6° and 12° misorientations, where
the average single-layer height step-step separations are
30 and 15 A, respectively, have shown that the step
structure at low T is not simple: Phaneuf and Willi-
ams'> conclude that these surfaces contain triple-layer
height steps (possibly mixed with single-layer height
steps). However, as discussed below, on the 1.2°- and
2.3°-misoriented surfaces, where the average single-
height step-step separations were measured to be 146 A
(~6.3 bisector lengths) and 79 A (~3.4 bisector
lengths), respectively, the ratio of triple-layer height to
single-layer height steps is small and decreases with an-
nealing, suggesting that triple-layer steps are nonequili-
brium features'® for small misorientation angles.

The samples used were n-type Si(111) wafers (7
mQcm). Each sample was cleaned via the standard pro-
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cedure'>!" of a 1250°C anneal for 1 min with the back-
ground pressure below 1x10 ~° Torr, followed by quick
cooling to 900°C, then slow cooling ($0.05°C/sec) to
room temperature. Parallel high-resolution LEED mea-
surements in a separate chamber showed that at any fas-
ter cooling one obtains a surface which is obviously out
of equilibrium as marked by a diffuse diffraction pattern.
The rate of cooling through the (1x1)— (7x7) phase
transition at ~850°C, where changes in step structure
occur,''® is most crucial. Also examined with STM
were samples prepared by quick cooling (faster than
100°C/sec) and others annealed for up to 20 h at
~700°C following slow cooling through the phase tran-
sition.

After allowing a few hours for the system to cool fol-
lowing cleaning, samples were transferred to the STM.
In order to compile a statistically significant number of
steps, we scanned macroscopically distant areas on each
sample in addition to imaging different surfaces of the
same orientation and treatment. This procedure requires
several important features of the STM and its environ-
ment.'® To measure terrace sizes over large regions of
the surface, the STM must have the stability to take re-
peated large-area (~1000 Ax500 A) atomically re-
solved images. The configuration of our STM allows us
to scan macroscopically distance regions by moving the
sample or by changing tips. A final requirement is the
ability to maintain a clean sample. For the (111) sur-
face, we find that a base pressure below 1X 10 7'° Torr
maintains the integrity of the STM images for up to 4
days after the initial cleaning. All images were taken in
constant-current mode at a —2.0-V tip bias with 1.2-nA
tunneling current.

A typical image from a 1.2° sample annealed for ap-
proximately 20 h at —~700°C following the normal
cleaning procedure is shown in Fig. 1. Although slowly

FIG. 1.
Ax200 A region of a stepped Si surface misoriented by 1.2°
towards the [112] direction. Notice that the kink spans one
(7x7) unit cell.

Scanning-tunneling-microscope image of a ~800

cooled 1.2° samples which did not receive any post-
cleaning treatment had a triple- to single-height step ra-
tio of about 1:5, the long annealing reduced this ratio to
less than 1:12. On the 2.3° surface it is quite difficult to
reduce this ratio below 1:6. Both surfaces have a rela-
tively low density of kinks at step edges, such as the one
seen in Fig. 1. Such kinks appear irregularly every few
hundred angstroms. Notice that the kinks follow the
corner holes of the (7x7) reconstruction. '®

The question of equilibrium is important in interpret-
ing the observed step structure. We noted above the
significant changes in step structure (i.e., the density of
triple-height steps) following annealing at 700°C for
many hours. After 20 h, LEED and STM show no fur-
ther changes on the time scale of hours: The surfaces
are as close to equilibrium as we can achieve. The
amount of surface diffusion is the limiting factor in at-
taining equilibrium. From studies on Si(111) misorient-
ed towards the [211] direction, we know that cooling
rates of 0.2°C/sec allow the surface to facet reversibly '’
at temperatures between 700 and 850°C, depending on
the angle of misorientation. Since the amount of mass
transport required to move steps across our present sur-
faces dwarfs that needed for faceting, equilibration via
mass transport must be possible at 700°C. It would be
surprising, however, if the sample were in thermal equi-
librium down to room temperature. Since noticeable
step motion has been reported on laser-quenched Si sur-
faces at T=400°C,% our observed step configurations
are probably representative of equilibrium at a T be-
tween 400 and 700°C.

Our data show that the (7x7) reconstruction is
strongly correlated across steps on slowly cooled sur-
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FIG. 2. Terrace-width distribution for an annealed 1.2°-
misoriented sample. P(L) is the probability of occurrence of
terrace width L, in units of the (7x7) unit-cell dimension in
the [112] direction (23 A). Circles are data measured on a
sample as close to equilibrium as we can obtain; the dotted
curve is the distribution derived from the TSK model; the solid
curve is the result of a least-squares fitted by the Gaussian
form expected for strongly interacting steps.
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faces; approximately 90% of single-height steps exhibit
the same displacement of the (7X%7) reconstruction
across step edges.'® The widths of terraces bounded by
two single-height steps, therefore, come in multiples of
the distance between adjacent rows of corner holes, i.e.,
the 23-A bisector distance which henceforth is our unit
length. Measuring terrace widths on the slowly cooled,
long-annealed 1.2° and 2.3° misorientations yields the
terrace-width distributions P(L) plotted as circles in
Figs. 2 and 3. Terraces neighboring triple-height steps
were not counted in these compilations. Observations
from 151 to 482 terraces were used in obtaining Figs. 2
and 3, respectively. To obtain the 1.2° data, five distinct
regions on two different samples were examined; for the
2.3° data, six regions on two samples were used. Data
from each region were statistically consistent with the
final P(L); we estimate the statistical uncertainty in the
distributions to be & 10% near the peaks.

To interpret these distributions, we first consider the
simplest model of a stepped surface in equilibrium, the
terrace-step-kink (TSK) model. It makes three basic as-
sumptions: (1) The surface is in equilibrium; (2) the ter-
races are sufficiently large (i.e., the misorientation angle
sufficiently small) so that there are no energetic interac-
tions between steps; and (3) the only thermal excitations
of the surface are kinks in the step edges, which cause
the steps to wander. In deducing interactions between
steps from P(L), it is important to include the effect of
this wandering as mentioned earlier.

In Fig. 2 the P(L) recently computed'>'® for the TSK
model is coplotted (dotted curve) with the experimental
P(L) (circles) from the 1.2° samples. The calculation
relies on the analogy of steps with free fermions*'>!?
and thus assumes that the kink density is low, as ob-
served: In this limit the distribution is independent of T
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FIG. 3. Terrace-width distribution for an annealed 2.3°-
misoriented sample (circles). The dotted curve is the predic-
tion of the simple TSK model; the solid line is the Gaussian
with a width obtained by using Eq. (1) to extrapolate from the
value of the width found for the 1.2° data in Fig. 2.
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(and remains so to ~80% of the roughening T of the
terraces'?). Thus our previously mentioned lack of
knowledge of the T characterizing the equilibration of
the step structure does not hinder comparison with ex-
periment. Notice the signature of entropic repulsions:
Despite the assumed lack of energetic interactions be-
tween steps, there is a bias against small step separa-
tions. The model does not describe the data adequately:
The experimental P(L) is more sharply peaked and has
fewer occurrences of small L than the theoretical model.
For sufficiently large repulsive energetic interactions,
P(L) can be well approximated by a Gaussian,'? as is
the case apparently for our data, plotted in Fig. 2.

The width w of the Gaussian is determined by a bal-
ance between the large energy cost of small terraces and
the entropy cost of restricting step widths. Elastic or
dipole-induced step interactions are expected to decay as
A/L?,*3 similar to the g/(L)? decay of the free-energy
cost due to step collisions. >** (Here g, which gauges the
amount of step wandering, increases with 7 and is in-
versely to proportional to step “stiffness.”®'?) Con-
sideration of simple models'? shows that a signature of
this form of energetic repulsion is

w==(g/4n%4)""XL) . ¢))

This linear relationship can be tested by our results on
the 2.3°-misoriented surface, shown in Fig. 3: Again the
data are poorly fitted by the noninteracting TSK model;
however, they are remarkably well fitted by a Gaussian
with a width obtained by using Eq. (1) to scale from the
value of the width for the 1.2° data in Fig. 2 (w)
== 1.56 bisector units, or 35.9 A). From the value of the
Gaussian width we also estimate that 4/g =~ 6.7.%'

To emphasize the importance of equilibrium, we show
in Fig. 4 for the same surface as Fig. 2, the much
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FIG. 4. Terrace-width distribution for a 1.2°-misoriented
Si(111) surface quenched from 1250°C (crosses). The distri-
bution for the slowly cooled surfaces (circles) of Fig. 2 is co-
plotted for comparison.
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broader distribution, with a finite population of one- and
two-unit terrace widths, that occurs for a quenched sam-
ple. Moreover, the step edges wander erratically and do
not lie along corner holes.

Finally, we note that the existence of an energetic
step-step repulsion also provides a natural mechanism for
the formation of triple-layer height steps observed on
highly misoriented surfaces.'>'® An isolated triple-layer
height step costs more energy than three isolated single-
height steps. However, with increasing step density this
energy is outweighed by the decrease in step repulsion
energy since triple-layer steps increase the average step
separation.

In conclusion, we find that comparison of experimen-
tally observed terrace-width distributions to those gen-
erated from the TSK model allows us to deduce the pres-
ence of short-range repulsions between steps in addition
to the expected entropic repulsions. These interactions
could be due to elastic strain: Empirical potential calcu-
lations for unreconstructed Si(111) predict substantial
elastic step-step interactions.?® Finally, we mention that
STM can be used to probe other interesting statistical
properties of stepped surfaces besides P(L). In related
work on 3.8°-misoriented samples,'® we have measured
height-height correlation functions, and find agreement
with the logarithmic divergences predicted by the statist-
ical mechanics of “rough” surfaces.
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FIG. 1. Scanning-tunneling-microscope image of a ~800
Ax200 A region of a stepped Si surface misoriented by 1.2°
towards the [112] direction. Notice that the kink spans one
(7x7) unit cell.



