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Step-height-tripling transition on vicinal Si(111)
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We have used low-energy electron diffraction to characterize the temperature dependence of the
structure of vicinal Si(111)surfaces misoriented by 6 and 12 toward the [21 1] azimuthal direction.
At high temperatures these surfaces contain a uniform density of steps of height close to the (111)
double-layer spacing. As the temperature is lowered the step structure changes abruptly, and rever-

sibly, at approximately 860'C for both angles of misorientation. The changes in step structure
occur simultaneously with the appearance of diffracted beams characteristic of the (7X7) recon-
struction of the Si(111)surface. The step structure at low temperatures has triple the period of that
of the high-temperature surface. The diffraction features, however, are inconsistent with a simple

array of steps of height equal to three times the double-layer spacing, as we show by considering a
simple diffraction model. The effect of the reconstructive transition on these [211]-misoriented
Si(111) surfaces is contrasted with previous observations on [2 11]- and [110]-misoriented surfaces,
where surface faceting occurs simultaneously with the appearance of the (7X7) reconstruction at a
temperature which decreases with increasing angle of misorientation.

I. INTRODUCTION

The properties of vicinal, i.e., stepped, surfaces are of
both practical and theoretical interest. Practically,
stepped surfaces may serve as templates for improved ep-
itaxial growth' or quantum wires. Theoretically, atomic
steps at surfaces may serve as physical realizations of
statistical-mechanical models. Unfortunately, little is
known about the energetics governing the structure of
steps on real surfaces. This problem is particularly
difficult on surfaces which reconstruct, including most
semiconductor surfaces. While theoretical understanding
of the energetics of reconstructions is now becoming
quantitative, the addition of steps to the problem is sti11

in exploratory stages. In this paper we present low-

energy electron diffraction measurements on vicinal
Si(111) surfaces which show a clear relationship between
step structure and surface reconstruction: we 6nd that
the "1X 1"—(7 X 7) transition on Si(111) induces a tri-
pling of the step height. When compared with previous
results ' on vicinal Si(111) surfaces containing steps of
different orientation, these measurements show that this
relationship is strongly dependent on step orientation.

It is not surprising that a relationship between step
structure and reconstruction should exist: Although a
detailed quantitative understanding is lacking, the step
free energy will certainly depend on the presence or ab-
sence of a reconstruction. We have used this idea previ-
ously to explain the reversible faceting, which occurs
upon passing through the "1X1"—(7X7) reconstructive
phase transition, of Si(111}vicinal surfaces misorient-
ed towards the [211] and [110) directions. These sur-
faces contain a uniform density of steps of height equal to
the Si(111) double-layer spacing in the absence of the
(7 X 7) reconstruction. The interaction of the (7 X7)
reconstruction with the steps on these surfaces is

sufficiently unfavorable that beneath the reconstructive
transition temperature these surfaces facet into unstepped
reconstructed (111)regions and regions with a high densi-

ty of steps and no ordered reconstruction. This reversible
faceting was interpreted thermodynamically: in terms of
the formation, at the "1X1"=(7X7)transition, of a
sharp edge in the equilibrium crystal shape of Si adja-
cent to the (111)facet.

The purpose of this work was to determine how steps
on vicinal Si(111) surfaces misoriented toward a different
azimuth, the [211] direction, interact with the (7X7)
reconstruction. To do this we have performed detailed
low-energy electron diffraction (LEED) measurements to
characterize the temperature dependence of the step
structure for surfaces misoriented by 6' and 12' toward
[21 1]. The possibility that reconstruction-induced
changes in the con6guration of steps on Si might depend
on the step direction or azimuth of surface misorientation
was suggested by reports in the literature' ' that sur-
faces misoriented toward (211)-type directions do not
facet upon formation of the (7X7) reconstruction. If
correct, this would indicate a strong dependence of the
step-reconstruction interaction on the azimuthal direc-
tion of the step. For misorientations toward both the
( 1 12 )-type and (211)-type directions, the step edges lie

parallel to (110)-type directions, as shown in Fig. 1.
Since the (111)surface is threefold symmetric, the atomic
geometry at the step edges is different for the two direc-
tions. ' Scanning tunneling inicroscopy (STM) (Ref. 14)
and low-energy electron reflection microscopy (LEERM}
(Ref. 15) have shown formation of the reconstruction up
to the step edges. Thus it is reasonable to anticipate that
differences in step-edge structure could result in
significantly different interactions with the (7X7) recon-
struction.

The organization of this paper is as follows. In the
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surfaces were cleaned by heating to 1250'C in ultrahigh
vacuum for approximately 10 sec; the pressure in the sys-
tern remained below 3X10 ' mbar during these heat-
ings. Surface composition was monitored using Auger
electron spectroscopy. After heating to 1250'C we were
not able to detect any impurity peaks in the Auger spec-
trum, putting an upper limit of approximately 10 on
the height of such a peak relative to the Si LM, M~ (92-
eV) peak.

Our low-energy electron diffraction studies were per-
formed by imaging the phosphor screen of a 4-grid
LEED optics onto a vidicon tube. This system allows the
diffracted intensity to be scanned along a given direction,
and integrated along the orthogonal direction. The in-
tegration width along this orthogonal direction was typi-
cally chosen to be a few times the apparent full width at
half maximum (FWHM) of the diffracted intensity peaks
being imaged.

III. RESULTS

FIG. 1. Schematic of Si(111)surface in relation to other low

index surfaces. The schematic of the bulk-terminated {111)sur-

face in the lower panel is shown in the same orientation as the
(111) face in the upper panel. Misorientation directions of the
vicinal surfaces studied in this and previous work are indicated

by arrows.

next section we briefly describe the experimental ap-
paratus and procedures used in this study. We then
present our results, consisting mainly of LEED angular
profiles as a function of incident energy, as the tempera-
ture is lowered through the "(1X 1)"—(7 X 7) reconstruc-
tive transition. Next, we discuss the nature of the
structural transition and various possible structural mod-
els for the low-temperature step structure. We conclude
by considering the significance of the qualitatively
different results observed for vicinal Si(111) misorienta-
tions toward the [211]and [21 1] directions.

A. High-temperature step structure

Figure 2 shows the LEED pattern for a vicinal Si(111)
surface misoriented by 6' toward [21 1] at 870'C, a tem-
perature above that at which the —,'th-order reflections
due to the (7 X 7) reconstruction of the Si(111) surface,
disappear. At this incident angle and electron energy,
certain of the integer-order reflections are split along the
[21 1] direction, as expected for a uniformly stepped sur-
face and in agreement with previous reports. "'

To obtain quantitative information about the surface
step structure we measured angular profiles through vari-
ous reflections as a function of the incident electron ener-

gy. As has been reviewed elsewhere, ' ' the diffracted
intensity from a regularly stepped surface ("staircase") is

peaked along parallel line segments ("rods") in reciprocal
space. The orientation of these rods is normal to the

II. EXPERIMENT

Our experiments are performed in an ion-pumped
stainless-steel vacuum system with a base pressure of
7X 10 "mbar. Sample heating is by radiation and elec-
tron bombardment using a tungsten heater positioned
behind the sample. Temperature is monitored with a W-
5%Re versus W-26%%uoRe thermocouple clamped to the
edge of the sample, and calibrated against a disappearing
filament pyrometer at temperatures where the sample is
radiant.

In this study we have investigated two vicinal Si(111)
orientations, misoriented by 6, and by 12 toward an az-
imuth within a few degrees of [21 1]. The doping of the
samples was n type, with a resistivity of 10—50 0 cm. The

FIG. 2. LEED pattern for a vicinal Si(111)surface misorient-
ed 6 toward [211] at 870'C. Incident energy =48 eV. In-
cident angle =10' with respect to [111]. Specular and first-
order (111) reflections are indicated. First-order reciprocal-
lattice vector is of magnitude ~a

~

= 1.889 A
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average stepped surface; the spacing of the rods is re-
ciprocal to the staircase period.

Figure 3(a} shows diffracted intensity angular profiles
through the (111) specular position, along the [211]
direction. The profiles were measured at a series of in-
cident electron energies, at 870 C. The abscissa shows
the component of the momentum transfer within the
(111) plane, S]. The offsets in the ordinate are propor-
tional to the component of the momentum transfer per-
pendicular to the (111}plane, St, at the (111)specular po-
sition. ' The extremes of the range for which data are
shown, i.e., St/S(]]]) —-3 and 4, where S(]]])=2m /d(»]),
correspond to "in-phase" conditions for the specular
refiection, for steps of height equal to the (111)interlayer
spacing d(», l. Here each profile consists of a single peak.
For nonintegral values of S~/S(»]), each profile consists
of two well-resolved peaks; these are symmetrically dis-
placed from the specular position, and are approximately
equally intense at St/S(]»)-—3—,', which corresponds to
an "out-of-phase" condition for the specular beam for
steps of height d~», ~.

Figure 3(b) shows the position of the intensity maxima
of the component peaks, again in reciprocal space coordi-

nates. These lie along parallel straight lines, which can
be identified with two reciprocal lattice rods. The result
of a least-squares f]t of these positions to two parallel
lines is shown in the figure. The slope of the lines is
0.102+0.004; the spacing in S~ between segments, at a
fixed value of S~~, is 2.12+0.10 A '. The fitted slope com-
pares well with the tangent of the nominal 6' angle of
misorientation, 0.105. Similar good agreement was ob-
tained for the nominal 12' misorientation. The fitted
period in St is close to the bulk value of 2m /d(, »l =2.004
A '. These results are consistent with a surface which
contains a uniform density of steps of height close to the
(111) interlayer spacing. In the following, for conveni-
ence in discussing our results, we will define an index for
each split-component intensity peak, n =SJQ/S[]]]),
where S~o is the value of S~ at which the corresponding
reciprocal-lattice rod crosses the (111}specular position.
As shown in Fig. 3(b) the fit yields n =3,4 (Ref. 18) for
the two component peaks visible at high temperature.

B. Temperature dependence of di8raction features

As the temperature of these surfaces is lowered
through the "(1X 1)"=(7X 7) reconstructive transition,
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FIG. 3. (a) Angular profiles through the (111)specular position for surface misoriented by 6' toward [21 1] at 870'C. Horizontal
coordinate is the component of the momentum transfer projected in (111) plane. Vertical offset, indicated at the left, is the com-
ponent of the momentum transfer perpendicular to the (111)plane. Incident energies range from 31 eV at bottom to 67 eV at top, in
steps of =1 eV. Incident angle =10' with respect to [111].5 is measured in units of ~a*~, the bulk value of the Si(111) reciprocal

Il o
mesh unit vector, equal in magnitude to 1.889 A; S, is expressed in units of S~»&j =—2m. /d~»&~ (i.e., in units of 2.004 A ), where

0

dt»&~ is the bulk Si(111)interlayer separation d~»l~ =3.135 A. (b) Open circles show the positions of intensity component maxima in
momentum transfer coordinates. Solid lines show the least-squares fit to parallel lines.
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FIG. 6. Evidence that the change in step structure occurs
coincident with the formation of the (7X7) reconstruction. The
temperature dependences of the intensity at the positions of the
n =3

3 (squares) and n =3
3

(diamonds) (111)-specular-beam in-

tensity components, measured near S, /St»]~ = 3—,
' out-of-phase

condition, are compared with that of the intensity of the (3/7 0)
reflection (crosses) for a vicinal Si(111)surface misoriented 6' to-
ward [21 1]. The specular-beam-component intensities are for
an incident energy of 48 eV and incident angle of 10' with
respect to [111];the seventh-order intensities are for an incident
energy of 43 eV and incident angle of 10' with respect to [111].
The seventh-order intensity is measured above a diffuse intensi-

ty background taken as a straight line tangent to adjacent inten-
sity minima in the angular profiles.

gy corresponding to S~/S(», )
—-3—,'. Results are similar

for the ratio of the intensity measured at the position of
the n =3—', peak to the intensity measured at the position
of the n =3 peak. These ratios change sharply near
=860'C, and level off below =600'C; they vary by ap-
proximately a factor of 5 over the temperature range
shown. The ratios are very nearly reversible with tern-
perature, with perhaps a slight tendency for the warming
curves to be below the cooling curves. In addition, the
structure observed at any temperature is independent of
time: the shape of the beam profile does not change with
time at any temperature, within our resolution, over
times up to 120 min.

Although Fig. 7 shows convincingly that the step
structure of the surface changes reversibly, it is difficult
to draw conclusions about the reversibility of the entire
state of the surface because of a monotonic drop of the
intensities with time. The component peak intensities,
measured at 900'C, dropped by approximately 20% over
the time interval during which the measurements of Fig.
7 were performed. Subsequent heating of the surface to
1250'C resulted in a recovery of the original intensities.
A fit of the time dependence to an exponential decay
yields a time constant of roughly 3 h at 900'C. This time
constant is quite insensitive to the ambient pressure; turn-
ing off the ion pump produced a pressure rise into the
10 -mbar range over the course of 2 h, but produced no
observable change in the time dependence of the intensity
from that measured at a pressure of approximately 10
mbar. Measurements performed at temperatures between
300 and 900'C revealed a strong, monotonic increase of
this time constant with decreasing temperature; at tem-
peratures below 500'C the drop in intensity after 2 h is
less than the uncertainty in the determination. We do
not detect changes in the peak splitting or component
peak widths with time at any temperature. Measure-
ments of Auger electron spectra failed to indicate the
presence of any impurity peak, even after 2—,'h at 900'C.
A reexamination of our data for surfaces misoriented to-
ward the [211] and [110] directions indicates that a
similar monotonic drop in the intensity of the reflections
from the stepped parts of these surfaces occurs for these
misorientations as well, although the temperature depen-
dence of the peak splittings is reversible, to within our
resolution. A decrease in the ordered surface area due to
sublimation from defect sites is a possible explanation of
these observations. '

0
500 400 500 600 700 800

TEMPERATURE ( C)

900 ]000 C. Low-temperature step structure

FIG. 7. Ratio of the intensity measured about the position of
the n =3

3 peak to the intensity about the position of the n =3

peak, in the (111)-specular beam profile; the measurements are
for successive cooling (squares), heating (plus signs), cooling (di-
amonds) and heating (crosses). The intensities were measured
near the S, /S~, »~ =3—,

' out-of-phase condition. The ratio is for
a surface misoriented by 6 toward [21 1]. Incident energy =48
eV; incident angle of 10' with respect to [111]. Component in-
tensities integrated over angular range spanning midpoints be-
tween adjacent component positions.

To determine the low-temperature step structure, we
again measured the energy dependence of angular profiles
through (111}integer-order positions. The energy depen-
dence of the diffracted intensity in the vicinity of the
(111)specular position at a temperature 200 C below the
appearance of the seventh-order reflections is shown in
Fig. 8(a). Similar results are observed in profiles mea-
sured in the vicinity of the other (111) integer-order
reflections. The data are again plotted in momentum-
transfer coordinates, over the same range of incident en-
ergies as for Fig. 3. Four intense component peaks are
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FIG. 8. (a) Angular profiles through the (111)-specular posi-
tion for surface misoriented by 6' toward [21 1) at 660'C. Coor-
dinates as in Fig. 3. Incident energies range from 31 eV at bot-
tom to 67 eV at top, in steps of =1 eV. Incident angle of 10
with respect to [111].The expansion of the horizontal axis and
compression of the vertical scale cause the apparent difference
with the low-temperature profiles of Fig. 5. (b) Open circles
show positions of the four most intense component-peak maxi-
ma in momentum transfer coordinates. Solid lines show the
least-squares fit to parallel, equally spaced lines.

visible within the range of energy for which data are
shown. An additional pair of weak component peaks
(more readily seen in Fig. 5) are visible over a narrow en-

ergy range. These component peaks are broad, and over-
lap both the n =2—,

' and 2—', positions on the low S~~ side
and the n =4—,

' and 4—', positions on the high S~~ side. In
contrast to results for misorientations toward [211]and
misorientations toward or away from [110], there is no
sign of a peak which remains at the specular position (i.e.,
S1=0) as the energy (and thus S~) is varied. Figure 8(b)
shows the positions of the component peak intensity max-
ima. Once again the positions tend to lie along roughly
parallel lines in reciprocal space. Separate least-squares
fits to the positions of each of the component peaks yield-
ed slopes which varied from each other by approximately
+10%; this scatter might be due to the restricted range
in energy over which it was possible to determine each of
the individual peak positions, making it difficult to aver-
age out the effects of imaging the diffraction through
crossed grids. Figure 8(b) shows a fit of the positions of
the four intense components visible in Fig. 8(a) to paral-
lel, equally spaced line segments in reciprocal space. The
reciprocal lattice rod indexes associated with these inten-
sity components are n =3, 3—,', 3—'„and 4. The slope is
0.092+0.008, which, to within the calculated uncertainty
in the fit, is unchanged from the high-temperature value
of 0.102+0.004. The spacing of the lines in S~ is
0.72+0.08 A, somewhat larger than 2m /3d(», )=0.608
A '; however, the ratio of the fitted low-temperature to
high-temperature spacings is 1:2.94+0.35. These results
are consistent with a tripling of the step period and
height, preserving the net angle of misorientation for
both the 6' and 12' samples.

However, as discussed in the next section, and shown
in detail in the Appendix, the intensity distribution
among the split components is not as expected for simple
triple-height steps on the basis of the kinematic approxi-
mation (cf. Fig. 10). In particular, the observation of
more than one peak in the beam profiles at the triple-
height step in-phase conditions (Sj /S(», )

=3—,
' and 3—', )

indicates that the step-period tripling involves a more
complex step structure. In an attempt to investigate
whether the observed distribution of intensities is due to
multiple-scattering effects, we have performed measure-
ments over a range of incident directions, with the in-
cident azimuth [i.e., the projection of the incident elec-
tron momentum in the (111) plane] parallel to [211] at
right angles to [21 1] and along a number of intermediate
azimuths. For all of the incident directions we have in-
vestigated, we observe qualitatively similar Sj depen-
dences for angular profiles through the integer-order
reflections. In particular, multiple component peaks are
observed at calculated out-of-phase conditions for steps
of height equal to d(», 1

(e.g. , for the specular beam, at
Sz/S(», )

=m + —,', with m an integer), and single narrow
reflections at calculated in-phase conditions for steps of
this height (for the specular beam, S~ /S(» & )

=m ), but
multiple component peaks at additional calculated in-
phase conditions for steps of height 3d(», ) (for the specu-
lar beam, Sj/S(», )=mk —,'). Since within a multiple-
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scattering description the diffracted intensity depends not
only on the momentum transfer but on the incident direc-
tion as well, this is an indication that the anomalous
number of split peaks in the measured beam profiles
might not be due to multiple scattering.

Although it is difficult to discern, due to the coordinate
system used for Figs. 3 and 8, the split components of
the integer-order reflection show a slight broadening at
out-of-phase conditions, indicating some disorder.
Further indications of this are finite intensity at S~~

=0 in
the high-temperature specular-beam profiles, and the
streaks of intensity running along the [21 1] direction be-
tween reflections in the low-temperature diffraction pat-
tern. The seventh-order reflections also show a broaden-
ing along the [21 1] direction. We have not been able to
resolve a periodic splitting, or broadening and narrowing,
of these reflections along this direction as the incident
electron energy is varied; this suggests that the domains
of (7X7) reconstruction are not correlated across step
edges. For the 6' misoriented surface the broadening of
the seventh-order beams beyond the instrument limit cor-
responds to a domain size of between 20 and 50 lattice
spacing; this is to be compared with a terrace width of
24 spacings, or slightly more than three (7X7) unit cell
widths, for a uniformly stepped surface containing steps
of height 3d[],]].

IV. DISCUSSION

Our results show that a tripling of the step period
occurs coincident with the formation of the (7 X 7) recon-
struction, in agreement with earlier observations. " The
transition occurs over a narrow temperature range
(b, T =0.03T, ). Most remarkably, the transition temper-
ature is independent of the angle of misorientation to
within +10'C up to 12 misorientation. These results
are in distinct contrast to those for surfaces misoriented
toward the [211) and [110] directions. For those sur-
faces the "1X1"—(7X7) reconstruction transition tem-
perature is depressed with increasing angle of misorienta-
tion, and the appearance of the (7 X 7) reconstruction is
coincident with a faceting of the surface.

The striking difference in the temperature dependence
of the step structure of vicinal Si(111)surfaces misorient-
ed towards the [211]and [21 1] directions is at first sight
surprising considering observations by scanning tunnel-
ing microscopy' that the placement of the (7 X 7) recon-
struction relative to either type of step is similar. Indeed,
the presence of both stacking faulted and unfaulted re-
gions of the unit cell in the currently accepted
dimer —adatom —stacking-fault (DAS) model of the
(7 X 7) reconstruction results in the top double layer of
atoms being quasisixfold symmetric. However, a stepped
(111)surface contains a number of exposed double layers,
and the threefold symmetry of the underlying bulk is
therefore important. For the DAS reconstruction a
consequence of this oddfold symmetry, illustrated in Fig.
9, is that [211]-type step edges require a defect in the
reconstruction, in the form of a missing dimer chain after
a step; [21 1]-type edges do not.

Additional experimental evidence for a strong

[all]

U/
I

L

o top layer atom
~ bottom layer atoITl

p adatorn

FIG. 9. Dimer —adatom —stacking-fault (DAS) (7 X 7) recon-
structed (111}terrace bounded by steps of (211) and (211)
type. "U" indicates upper or outer edge of rise. "I." indicates
lower or bottom edge of riser.

difference between the nature of the interaction of the
reconstruction with [211]and [21 1] step edges has been
provided by the study of Telieps and Bauer of the nu-
cleated growth of the (7X7) reconstruction at steps.
They show that the (7 X 7) domains are triangular and ap-
pear with an edge preferentially aligned with the top
edges of steps misoriented toward the [21 1] direction,
and with a truncated apex aligned with steps directed to-
ward the [211]direction.

The observed reversibility of the step-height tripling
for vicinal Si(111}misorientations toward [211],and of
the faceting of vicinal misorientations toward [211]and
[110] is consistent with thermodynamic driving forces
for both of these transformations. Previously, we inter-
preted the faceting of the misorientations toward [211]
and [110] as due to a very high free-energy "cost" for
steps on the (7X7)-reconstructed surface compared to
steps on the "1X1"surface. ' In this model, the free-
energy cost is responsible for lowering the temperature at
which the (7 X 7) reconstruction forms with increasing net
density of steps; for the surface misoriented by 12' toward
[110] the reconstructive transition is depressed by ap-
proximately 100'C below that on the singular surface.
The lack of analogous behavior for the [21 1]-misoriented
surfaces would suggest that for this step orientation the
difference in the free-energy cost for steps on the recon-
structed and unreconstructed surfaces is small.

Although the reversibility of the transition between the
two step structures is consistent with a thermodynamic
driving force for the transition, it does not rule out that
changes in step structure might be driven by changes in
kinetic processes such as sublimation and anisotropic
diffusion across step edges. ' The coincidence of the
reconstructive transition and the step tripling indicates
that if such processes are important in determining the
step structure the formation of the (7X7) reconstruction
must play a strong role, and thus energetics would still
indirectly drive the transformation. Similar arguments
apply to a description of the faceting observed ' on
misorientations toward [211] and [110]. As it is
known' ' that the reconstruction nucleates at step
edges, it is quite reasonable that the reconstructive transi-
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tion could change the rates of kinetic processes occurring
at step edges. An indication that the step tripling might
be driven by changes in kinetic processes, and not entire-
ly by energetics, is a recent suggestion based on the scan-
ning tunneling microscopy observation that the triple-
height structure might not be stable at temperatures well
below the "1X 1"=(7X 7) transition.

An understanding of the reason for the preference for
the triple-layer height steps on the surface upon lowering
the temperature through the reconstructive transition
would require a knowledge of the configuration of atoms
at the step edges. We have performed kinematical beam
profile calculations for a number of simple structural
models of the low-temperature surface, and present the
results in the Appendix. We have found no simple struc-
ture which quantitatively reproduces all of the details of
our beam profiles. However, our measurements allow us
to rule out the simplest triple-height structure, in which
risers of height 3d(», )

and (100) orientation separate
(111)terraces. This triple-period structure produces very
nearly a simple factor of 3 decrease in the scale of the re-
ciprocal space period, and does not explain the observed
qualitative differences in profiles measured at different
in-phase conditions (e.g., for the specular beam, profiles
consisting of single peaks at S~/S(, «) =3 and 4, but
asymmetric multiple-peak profiles at S~/S(», )

=3—,', 3—,',
cf. Fig. 10). Alternative, more complex models include
structures in which steps of height d(„,) separate ter-
races whose widths vary with a period of three terraces,
and structures in which regions containing steps of height
3d(», )

coexist with regions containing steps of height

d(»&). Such models produce qualitative agreement
with some features of the observed beam profiles, as can
be seen in the Appendix. Quantitative agreement might
be possible by variation of structural parameters within
these models. However, questions of uniqueness, and the
limitations of the kinematical model in describing relative
peak intensities in LEED, would make the resulting
structural determination unreliable.

Despite the lack of a detailed structural model for the
step-edge configuration, some general remarks can be
made about the cause of the step-height tripling, based on
our LEED observations. Because the observed change in
step height seems to be primarily determined by the
reconstructive transition and not the properties of steps,
theories of transitions between steps of multiple-layer
height caused by the increased entropy due to step
wandering do not seem to be applicable here. In contrast
to the strongly angle-dependent faceting temperature ob-
served for the misorientations toward [211] and [110],
the step-height tripling temperature is independent of
misorientation for angles of up to 12 . This independence
suggests that although the step structure changes during
the reconstructive transition, the step configuration itself
plays little role in determining the transition temperature.
That is, the step structure changes because of the change
in reconstruction, but the steps have little effect on the
driving force for the (7X7) to "1X 1" transition. This is
noteworthy because our diffraction measurements show
that the steps severely limit the range of the (7 X 7)-order
perpendicular to the steps.

V. CONCLUSIONS

On vicinal surfaces misoriented toward the high-
symmetry [21 1] direction we observe a step-period tri-
pling on lowering the temperature through the recon-
structive transition temperature. The number and rela-
tive intensities of peaks in beam profiles kinematically
calculated for the simplest triple height steps which
might exist on the surface are not consistent with the ob-
served LEED pattern. This might be due to limitations
of the kinematic model. However, addition of three-
dimensional structure to the tripled-period unit cell can
cause qualitatively similar changes in intensity, within
the kinematic model. There are a number of more com-
plex triple-period structures possible for the low-
temperature triple-period phase, and a unique determina-
tion cannot be made by comparison with the data. The
coincidence of the reconstructive transition temperature
and that at which the period changes suggests that the
placement of the reconstruction relative to the step edges
is important in this structure.

The observed transition from a uniform vicinal surface
for the high-temperature "1X1" surface to a triple-
period uniform vicinal surface for the low-temperature
(7 X 7) reconstructed surface is reversible with tempera-
ture, upon warming and cooling, and occurs in a narrow
temperature range exactly coincident with that of the
"1X1"—(7X7) transition. The transition temperature is
the same for both 6' and 12' misorientations, to within
the uncertainty of the determination. The nature of the
transition is qualitatively different from the faceting ob-
served on misorientations toward the [211] and [110]
directions. This indicates a strong dependence of the
step-reconstruction interaction on the step orientation.
This conclusion holds whether the driving force is ther-
modynamic or kinetic in origin.
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APPENDIX

Simple kinematical calculations of the diffracted in-
terference function in the vicinity of the (111) specular
position were performed for a number of possible models
for a triple-oriented step structure. The calculations are
over approximately the same ranges of the parallel and
perpendicular components of momentum transfer as the
measured beam profiles of Fig. 8. Neglecting a small
variation in S~ for the measured profiles, a direct com-
parison can be made. A more detailed comparison would
require convolving the calculated profiles with an instru-
ment response function. Because of problems with
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uniqueness in a system with so many parameters, and the
neglect of dynamical effects in the calculation, the pur-
pose of this section is not to make a step-structure deter-
mination from the data. Instead, the aim is to show that
the anomalous profiles observed experimentally are con-
sistent with a triple-period structure. Table I lists
structural models for which LEED beam profiles were
calculated, and summarizes the results. This list is not
exhaustive, but does include models previously pro-
posed"'2 for the low-temperature step structure, as well

as some other simple possibilities.

i. Periodic step structures

In this section we consider structures which can be
decomposed into a "staircase" lattice, with a period along
[111]of 31'», i, and a basis, i.e., the arrangement of sur-

face atoms between adjacent lattice points, which might
contain steps of various heights. The calculated
specular-beam profiles presented in Figs. 10—13 consist of
the product of two factors. The first is the form factor,
corresponding to the scattering from a single basis. Be-
cause of the finite size of the basis, the form factor gives

TABLE I. Summary of features of observed and calculated specular beam profiles, at triple-height in-phase conditions

(S)/S[»1]=3—,
' and 3—, ) and out-of-phase condition (S&/S[»1) =3—,

' ). In this table "in-phase" indicates a peak at the specular posi-

tion; "out-of-phase" indicates no peak at the specular position, but two peaks symmetrically displaced from this position. For
S&/S[»&) =3—,

' and 3—', the term "side peaks" indicates peaks away from the specular position; for S, /S[»1] =3—,
' this term indicates

peaks outside those closest to the specular position (i.e., outside those corresponding to the n =33 and 3—, rods, e.g., the n =3 and 4

rods). Relative observed side-peak intensities or calculated values of the interference function (Ref. 35) are described with respect to
the in-phase peak for S,/S[», )

=3—,
' and 3—,, and with respect to the n =33 and 3—', peaks for S&/S[»1) =3—,'. "Strong" indicates a

relative intensity greater than or equal to 1. "Weak" indicates a relative intensity of between 0.1 and 0.01. "Very weak or missing"

indicates a relative intensity of less than 0.01. "Asymmetric" indicates that the most intense side peaks on opposite sides of the spec-
ular position have intensities which differ in relative intensity by a factor of 1.5 or more, or that there are a larger number of intense

side peaks on one side of the specular position. "Multiple" indicates more than one intense side peak on one side, or on both sides, of
the specular position.

Model

Observed
(Fig. 8)

Periodic 3d[»1]
no 7X7
(Fig. 10)

Periodic 3d[»1)
correlated 7X7
Periodic 2d[»1) +d[»1)
6', no 7X7
Periodic d[»1)
6', no 7X7

Periodic d[»1)
6', correlated 7X7

Periodic d[»1]
12', no 7X7
(Fig. 11)

Periodic d[»1]
12, correlated 7X7
(Fig. 12)

Coexistence of
[»1]+d[»1]

(Fig. 13)

Random mixture of
21[»1]+1[1»]

Random mixture of
[1»]+1[»1]

S~/S[»1) —3 3, 3
3

in-phase,
asymmetric side peaks

in-phase,
very weak or missing side peaks

in-phase,
weak side peaks

in-phase,
symmetric, strong side peaks

in-phase,
asymmetric, multiple side peaks

in-phase,
asymmetric, multiple side peaks

in-phase,
asymmetric, multiple strong side peaks

in-phase beam weak or very weak,
asymmetric, multiple

strong side peaks

in-phase,
asymmetric side peaks

near out-of-phase,
spacings wrong

variable with mixture:
near in-phase for mostly 31[»1],
spacings right for mostly 3d[»1],
peaks broadened

S~/S[»1) =32

out-of-phase,
symmetric, multiple side peaks

out-of-phase,
symmetric, weak side peaks

out-of-phase,
asymmetric side peaks

out-of-phase,
symmetric side peaks

out-of-phase,
symmetric, multiple weak side peaks
n=3,4 side peaks very weak or missing

out-of-phase,
symmetric, multiple side peaks,
n=3,4 side peaks weak

out-of-phase,
symmetric, strong side peaks

out-of-phase,
n =3—,', 3—peaks weak

symmetric, multiple strong side peaks

out-of-phase,
symmetric side peaks

variable with mixture,
peaks broadened

out of phase
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rise to broad profiles, which are shown by dotted lines in
the Iigures. The second factor gives rise to a set of 5-
function-width "rods" in reciprocal space, which are in-
clined with respect to [111]by the staircase angle, and are
spaced alollg [211] by dESI=2%/AI, where AI is the
component of the separation between adjacent staircase
lattice points along [21 1] (i.e., the spacing is reciprocal
to the staircase periodicity}. The resulting interference
function profiles are shown by a set of vertical line seg-
ments.

The calculations for these models include contributions
from identical scatterers located in the atomic positions
in the top Si(111)double layer only. To investigate how
large an effect the (7 X 7} reconstruction has on the calcu-
lated profiles, we have considered two extreme cases. In
the first case, the reconstruction is neglected, and the
scatterers are arranged in bulk Si(111) atomic positions.
In the second case, on the reconstructed parts of the sur-
face the scatterers are arranged according to the dynami-
cal LEED optimized DAS (7 X 7) model (including ada-
toms); on the remaining parts of the surface the scatterers
are arranged in bulk Si(111) atomic positions (with no
adatoms included). The first case might approximate a
structure on which the position of the reconstruction on
successive reconstructed terraces is entirely uncorrelated.
The second case represents a perfect positional correla-
tion between reconstructed terraces.

I-
OX'
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4J
4J
4
IX
LLJ

K

-0.2 0.0
s„/a*

0.2

FIG. 11. Calculated specular beam profiles for a vicinal sur-
face containing steps of height d~» & j, and unreconstructed (111)
terraces of modulated width. Period of modulation is three ter-
races. Basis contains a terrace seven Si(111) bulk lattice spac-
ings wide alternating with pairs of terraces two spacings wide.
Terrace widths correspond to staircase angle of 12'.
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FIG. 10. Calculated kinematic specular beam profiles for a
vicinal surface containing steps of height 3d~»» and unrecon-
structed (111) terraces. Form factors are shown by dotted
curves. Beam profiles consist of narrow peaks, indicated by
vertical line segments. Terrace width of 25 Si(111)bulk lattice
spacings corresponds to a staircase angle of 6' (see text for de-
tails of basis).

I

—0.2 0.2

FIG. 12. Calculated specular beam profiles for a vicinal sur-
face containing steps of height d~»& j and a DAS (7X7) unit cell
on every third terrace. Terrace widths and staircase angle as in
Fig. 11.
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FIG. 13. Calculated specular beam profiles for a vicinal sur-
face composed of coexisting, positionally uncorrelated regions
containing steps of height 3d~»&~, and regions of height d~&l&~.

The form factors, which are different for the two types of re-
gions, are omitted for clarity. The staircase angle for both types
of regions is 6'.

b Steps of 2d. i»&i and di»&i

A stronger variation in the form factor with Sj occurs
for triple-period structures in which the basis contains a
group of steps. Previous workers' proposed that these
surfaces contain a mixture of steps of height 2d», j with
steps of height d~», ~, here we consider an ordered group-
ing of steps of these two heights. Calculations were per-
formed for this model for terraces of a single width, con-
taining scatterers arranged in bulk Si(111) atomic posi-

a. Steps of height 3diqtti

Figure 10 shows the result for a surface on which risers
of height 3d(», )

and of (100) orientation separate terraces
of (111)orientation, 25 spacings wide, corresponding to a
misorientation angle of 6'. Over the same range in S~ as
in Fig. 8, the shape of the calculated form factor varies
little, and yields significant intensity only near the specu-
lar position, with essentially zero intensity at
S~~ =+2m/Ai. The calculation was repeated with the ter-
race atoms arranged in the positions of three adjacent
(7 X 7) unit cells, with a dimer chain placed against the
[21 1] upper step edge, and an unreconstructed region
four spacings wide adjacent to a lower step edge. The
form factor in this case yields some weak intensity away
from the integer-order beam position, but still does not
account for the large relative intensity observed in side
peaks at in-phase and out-of-phase conditions for steps of
height 3d(), i).

tions, and separated by alternating risers of height 2d», j
and d(», l. The calculated beam profiles at in-phase con-
ditions for steps of height 31~», j show a peak at the spec-
ular position, as well as two symmetrically displaced,
equal-intensity side peaks, in contrast to the asymmetry
visible in Fig. 8.

c. Steps ofheight di, t'ai only

There are many ways to generate a grouping of three
steps of height d~», ~

separating terraces of different
widths, however the small step separation on surfaces
misoriented by 12' toward [211] limits the number of
models involving the (7 X 7) reconstruction. (Triple-
period step structures containing only steps of height
d(», l

separating terraces, each of which is seven or more
spacings wide, are not possible on a uniformly stepped
surface misoriented by an angle greater than 7.0', struc-
tures containing only steps of height d(», ) separating ter-
races, two-thirds of which are seven or more spacings
wide, are not possible on a uniform surface misoriented
by an angle greater than 10.0'. ) An example of this type
of structure has every third terrace width equal to the
(7 X 7)-unit-cell width times the maximum integer con-
sistent with the misorientation angle, and the widths of
the intervening two terraces adjusted to make up the
misorientation. Such a basis, for a 6 misorientation, in-
cludes terraces 21 spacings wide alternating with pairs of
terraces, each two spacings wide. The beam profiles were
calculated for both 6' and 12' orientations, both with and
without the (7X7) reconstruction. The results showed a
trend to better agreement with the observed profiles than
those discussed above. In particular, an asymmetry in
the side peaks near triple-height step in-phase conditions
is qualitatively reproduced in the calculated profiles.
This is more pronounced for the 6' misorientation in the
presence of the (7 X 7) reconstruction. However, for the
12' misorientation, s inclusion of the (7X7) reconstruc-
tion greatly reduces the extent of the agreement with the
observed profiles. The calculated curves for the 12'
misorientation, with and without the (7X7) reconstruc-
tion, are shown in Figs. 11 and 12.

2. Coexisting periodic stepped phases

By "coexisting phases, " in this context we mean the ex-
istence of patches of different step structure on the sur-
face, with each patch large compared to the staircase
period, and with relative patch placements not correlat-
ed. The resulting diffracted interference function is the
sum of that from each patch, or domain. The only simple
coexistence of regions of regular structures which might
produce in phase condition beam profiles consistent with
our observations would be domains containing steps of
height 3d~»,

~
and domains containing steps of height

d~», ~. The relative intensities of the two sets of
reflections depend on the sizes and relative numbers of
each domain. Figure 13 shows calculated specular-beam
profiles for a simple illustrative case, with both types of
domain contributing equally at the in-phase positions.
Since the orientations of the two types is the same, the
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n =3 and 4 peaks from patches of the two step heights
overlap. The profiles consist mainly of four intense split
components corresponding to n =3, 3—,', 3—', , and 4. In ad-

dition, the n =3 and 4 component peaks are quite prom-
inent in the calculated profile at the Sii'S~»,

~
=3—,

' out-

of-phase condition, which is not observed experimentally
for the 6' misorientation, but is observed for the 12'
misorientation.

3. Uncorre]ated mixtures of step heights

Calculations of interference function beam profiles for
step structures containing an uncorrelated mixture of
different step heights can be performed approximately, as
considered previously. The analysis is two dimen-
sional, i.e., the steps run along a single direction. Effects
due to reconstruction of the terraces and contributions to
the scattering from riser atoms are not included. The
risers we have considered are of the simplest type for
misorientations toward [21 1], and have orientation [100]
resulting in reciprocal unit mesh vectors which are not
orthogonal. In the calculation, the momentum transfer
for each calculated profile was varied along a direction
parallel to [211] (i.e., the components along both re-
ciprocal unit mesh vectors were varied simultaneously) to
allow for direct comparison with the measured beam
profiles of Fig. 8.

a. Steps of height 2d[ttt] and d[t&t]

This model was suggested in Ref. 12 to explain poorly
resolved integer-order LEED beam splittings for vicinal
misorientations toward [21 1] at temperatures below the
appearance of the (7X7) reconstruction (this is in con-
trast to our observations of well-resolved beam splitting,
shown for the specular beam in Fig. 8). The step-height
distribution is taken to be the sum of two 5 functions of
strength h, and h z, where h, +h z

= 1. For simplicity, we

include only a single terrace width in the structure, L„,

which is taken to be consistent with the angle of
misorientation and the average step height
h„=(h&d[»,]+2h21[», ) )/(h, +h2). The disorder in

the step heights produces a broadening of the calculated
peaks, and a departure of the peak positions from
straight lines in reciprocal space, near SJ /S[]]]] n +
(i.e., near single-height step out-of-phase conditions).
This effect is maximal for an equal fraction of steps of
height dl]»l and 2dl]]]l, where it results in a coalescing
of split beams into a single broad (FWHM=2n. /L„)
peak at the specular position at the out-of-phase condi-
tion.

A comparison of the calculated profiles with those of
Fig. 8 yields poor agreement for any choice of the relative
fractions of the two step heights. In particular, for calcu-
lated profiles in which split beams are resoled, the spac-
ing in Si between adjacent peaks is not 2m/3L„, as ex-
pected (cf. Figs. 3 and 8), but rather varies between
2m/L „and2'/2L&, depending on the relative fractions
of the two step heights.

b Steps o.fheight 3d[ttt] and d[ttt]

We find analogous results to those of Sec. III A for un-
correlated mixtures of steps of height 3d(»]) and d(»]).
Equal fractions of steps of these two heights produce very
broad, unresolved peaks at the specular position at in-
phase conditions for steps of height 3d

1 ]]]1 (e.g.,
S] /S[]») =3—,

' and 3—,'). Calculations for a small admix-
ture of steps of height d~ & & & i

with steps predominantly of
height 3d~», i produce beam profiles similar to those of
Sec. IA, i.e., for a regular staircase containing steps of
height 3di»&i. For this case the calculated spacing in Sii
between adjacent peaks is very close to 2rr/3L&, but the
peaks broaden away from the n =3 and 4 in-phase condi-
tions, and the positions of the interference maxima depart
slightly from straight lines in reciprocal space.
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