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Temperature dependence of vicinal Si(111)surfaces
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Using low-energy electron diffraction, we have examined the temperature dependence of the
structure of surfaces of Si which are misoriented from the (111)plane. Our observations are on sur-
faces misoriented by 4' to 12 toward or away from the [110]direction and by 6' toward the [211].
At high temperatures all these surfaces contain a uniform density of steps which have heights ap-
proximately equal to the distance between pairs of neighboring Si(111)planes. At low temperatures,
the surfaces break up into two types of regions: one without steps but with a (7&& 7) reconstruction,
the other with a high step density. This phase separation is reversible. We interpret our results in
terms of the formation of a sharp edge in the equilibrium crystal shape. We support this picture by
showing that the orientation of the stepped regions at low temperatures is independent of the net
misorientation: all the data fall on the same temperature-orientation phase diagram. The sharp
edge appears to vanish at the same temperature as the (7)(7) to "(1X 1)"transition on the unstepped
(111) surface. We suggest a thermodynamic mechanism for this coincidence. On the surfaces
misoriented toward or away from the [110]direction, when the temperature is lowered approxi-
mately 200'C below the temperature of the (7&7) to "(1&&1)" transition, we find evidence for the
beginning of a region of coexistence between two types of stepped surfaces; one with an ordered ar-
ray of kinks, misoriented towards an azimuth slightly away from the [110]direction, and the other
with poor step order misoriented towards the [121]direction.

INTRODUCTION

It is expected that not all surfaces which might bound
a three-dimensional crystal are thermodynamically
stable, ' especially at low temperature. The stable surface
orientations of a crystal are those orientations tangent to
a plot of the equilibrium crystal shape. When not all
orientations are allowed, the equilibrium crystal shape
contains sharp edges and corners. Attempts to prepare
surfaces in unstable orientations can lead to a separation
of the surface into coexisting regions of stable orienta-
tion. This type of surface is commonly referred to' as
"faceted, " or as a surface with a "hill and valley" struc-
ture. In this paper we report on measurements which
suggest that a sharp edge on the boundary of the (111)
facet of the silicon equilibrium crystal shape exists at low
temperature, but vanishes reversibly as the temperature is
raised though the (7X7) to "(1X1)"reconstructive tran-
sition temperature on the (111) facet; in particular we

present the temperature dependence of the range of stable
orientations of Si surfaces misoriented from the (111)
plane towards or away from the [110]direction.

In invoking properties of the equilibrium crystal shape
to explain experimental data one must exercise much
caution: Only a very few direct quantitative studies of
equilibrium crystal shapes have been made. The prob-
lem, of course, is usually that limitations on mass trans-
port across the surface do not allow the attainment of
thermal equilibrium. Kinetics limits the size of facets on
a faceted surface, for example. If thermodynamics is to
be used to describe the properties of the facets they
should be large, otherwise finite-size effects will play a
role. ' Fortunately, scanning electron microscopy obser-

vations suggest that this is the case for the types of
facets ~hose temperature-dependent orientation we mea-

sure.
The case of Si(111) vicinal surfaces is particularly in-

teresting because of the (7 X 7) reconstruction of the (111)
surface. Scanning tunneling microscopy as well as elec-
tron microscopy results suggest that the (7X7) recon-
struction extends right up to the edges of atomic steps on
the surface, and that the reconstruction inAuences the
configuration of step edges. The recent dimer-adatom-
stacking fault model includes an array of dimer chains,
separating stacking faulted regions and unfaulted regions,
which might interact with step edges of a particular
orientation on a vicinal (111) surface. Finally, it seems
likely that the presence of a high density of steps on a vi-

cinal surface should alter the intrinsic surface stress
which has been discussed by several authors " as being
important in determining the reconstruction. All these
results suggest some type of interaction between steps
and the (7 X 7) reconstruction. The exact nature of the in-

teraction may be expected to vary with the orientation of
the step edges. Some possible orientations of step edges
are illustrated in Fig. 1 for an unreconstructed (111)sur-
face. Misorientation towards the (110) directions re-
sults in a low symmetry step edge. Misorientation to-
ward the inequivalent (211) or (211) directions re-
sults in a close-packed step-edge geometry, which is also
parallel to the edges of the (7X 7) unit cell.

In previous low-energy electron diffraction (LEED)
studies of Si(111) surfaces rnisoriented toward the [211]
and [2 1 1] directions, ' phase transitions involving

changes in the step height have been reported. ' We have
also investigated surfaces misoriented along these direc-
tions, and find that the energy dependence of the
diffracted beam shapes indicates this interpretation to be
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FIG. 1. Schematic drawing of the top double layer of un-
reconstructed Si(111)with upper Si atoms shown as open circles
and lower Si atoms as closed circles. The geometry of three
types of step edges is shown. Misorientation toward the +[110]
directions results in a low symmetry step edge structure.
Misorientation toward the [211]or equivalent ['112] and [121]
directions (i.e., toward a I 110] plane) results in one broken
bond per edge atom. Misorientation toward the [121] or
equivalent [2 1T] and [121] directions results in a step edge
with two broken bonds per edge atom. Rotation by 30' in the
+5 direction shown from the [110] direction is required to
form a [211]-type step edge.

incorrect for the [211] direction. The behavior of sur-
faces misoriented toward the ( 112) is similar to that for
(110) directions of misorientation and will be discussed
here. The results for surfaces misoriented toward the
(1 1 2) will be presented elsewhere. Some of the results
discussed here for the [110] misorientations have been
described in two short publications. ' ' In this paper we
present a more complete account of the experiment and
analysis, results for surfaces misoriented toward the
[211], and also some new results at lower temperatures
which show effects of the three-dimensional nature of the
equilibrium crystal shape.

The organization of the paper is as follows. First we
briefly describe our experimental procedure. We then
discuss our observations of the high-temperature single-
phase region which is common to all the studied
misorientations. Finally, we describe our detailed obser-
vations which suggest two-phase (and possibly three-
phase) coexistence at lower temperatures.

ward the [211]direction. The samples were mechanically
polished, but not chemically etched. The doping was n

type, and the resistivity was 10—50 0 cm.
The samples were cleaned by briefly heating in ul-

trahigh vacuum (p &2X 10 ' Torr) to 1250'C, using ra-
diation and electron bombardment from a W-wire heater
positioned behind the sample. No impurity peaks were
observable in the Auger-electron spectrum following this
treatment, indicating an upper limit of approximately
0.1% surface impurity concentration. Heating to tem-
peratures below this resulted in a surface which was con-
taminated with carbon and also showed poorly resolved
step structure-associated diffraction features. After a few
seconds at 1250'C, the electron bombardment was turned
off, and heating was via radiation power alone. This was
sufficient to hold the sample temperature above 900'C.
Sample temperature was monitored by a W-(5 at. %-
Re) —W-(26 at. %-Re) thermocouple clamped near the
edge of the sample. The thermocouple was calibrated
against a pyrometer at temperatures where the Si surface
was radiant. We estimate the relative uncertainty in our
temperature measurements to be +2'C and the absolute
uncertainty to be +25'C. While heating or cooling be-
tween taking data, the temperature was varied at approx-
imately 0.2'C/sec. At 900'C no temperature gradient
could be observed near the sample center across distances
approximately twice the electron beam diameter.

The surface structure was probed with a low-energy
electron diff'raction (LEED) system using a commercial
four-grid optics. Measurements of diffracted beam
profiles were made by imaging the diffraction pattern
onto a silicon-intensified vidicon screen. The transfer
width of this system is approximately 100 A. The profiles
were integrated over the intensity perpendicular to the
scan direction by using an aperture width that was a few
times the apparent full width at half maximum of the
features being scanned.

HIGH- TEMPERATURE RESULTS

Figure 2 shows the LEED pattern we observe at 845'C
for a surface misoriented by 6' towards the [110]direc-

(o o)

EXPERIMENT

Our experiments were performed on Si single crystals
that had surfaces of five different orientations. Four were
oriented toward or away from an azimuth within a few
degrees of the [110]direction. (Henceforth we will use
the shorthand +[110]to include [110]and [110].) These
surfaces were misoriented by 4, 6', 10', and 12' from the
(111)plane. The other surface was misoriented by 6 to-

(5 o)

FIG. 2. LEED pattern from Si(111)misoriented by 6 toward
[110]at 845'C. Incident energy is equal to 47 eV; incident an-
gle is equal to 7' from the [111]direction.
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tion. It has (1X1) symmetry with splittings around the
(111)surface integer-order beam positions. The splittings
are dependent on the incident electron energy, as would
be expected for a surface containing steps. The kinemat-
ic, or single scattering, approximation for diffraction
from surface atoms arranged in a perfectly periodic
monotonic staircase yields a simple form for the
diffracted intensity, ' ' which comes from the convolu-
tion theorem. The intensity can be regarded as coming
from the intersection of two sets of "rods" in reciprocal
space. The first set of reciprocal lattice rods is associated
with the lattice of step edges. These rods are oriented
perpendicular to the average surface and are spaced
along the "staircase" direction at intervals of 2n. divided
by the separation between step edges. We refer to these
as "staircase reciprocal-lattice rods. " The second set
comes from the basis of atoms comprising a single ter-
race. These "terrace reciprocal-lattice rods" are oriented
normal to the terraces and are centered at the two-
dimensional reciprocal-lattice points corresponding to
the periodicity within a terrace. The terrace reciprocal
lattice rods are broadened along the staircase direction
due to the finite size of the terrace: Their first zeros are
at the two-dimensional terrace reciprocal-lattice points
+2m divided by the terrace width. Varying the electron
energy at a fixed incident direction probes the diffracted
intensity along the intersecting rods, as the radius of the
Ewald sphere changes. Measuring the positions of the
diffracted beams in the vicinity of a terrace reciprocal-
lattice rod as a function of energy thus allows the deter-
mination of the spacing between staircase reciprocal lat-
tice rods and the angle a they make with respect to the
terrace normals, and, therefore, the staircase period and
step height. Two special cases are (1) in-phase conditions
at which a staircase reciprocal-lattice rod intersects the
center of a terrace rod, and (2) out-of-phase conditions at
which two staircase rods intersect a terrace rod at posi-
tions equally displaced from its center. These conditions
result in an unsplit and a symmetrically split diffracted
beam, respectively. At an in-phase condition the phase
difference between the scattering from successive terraces
is equal to an integral number of electron wavelengths, so
that the diffraction is insensitive to the presence of steps
on the surface. At an out-of-phase condition the phase
difference between scattering from adjacent terraces is an
odd number of electron half wavelengths. Since the
translation vector which connects equivalent points on
adjacent terraces cannot generally be written as an in-
tegral combination of the surface unit vectors, ine-
quivalent beams have in-phase and out-of-phase condi-
tions at different perpendicular components of the
momentum transfer.

Figure 3 shows the energy dependence of a profile
through the specular beam position along the [110]
direction at 916'C. The observed energy dependence is
characteristic of well-ordered arrays of steps. Calculated
in-phase and out-of-phase conditions for steps of height
equal to the Si(111)interplanar spacing of 3.135 A are in-
dicated in the figure. By analyzing the magnitude and en-
ergy dependence of splittings of a number of integer-
order beams, we deduce an average step height of
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FIG. 3. Profiles of the specular beam measured along the
[110] direction at 916'C. Conversion of the vidicon channel
number to reciprocal space position is energy dependent, scaling
roughly like E ' . For this figure, and Fig. 5, at 49 eV the con-
version is 134 channel numbers =

~

a
~
/7, where a is the

first-order reciprocal-lattice vector of the (111) surface, whose
0

magnitude is 1.89 A . Angle of incidence is 7 .

0
3.12+0.07 A, very close to the interplanar spacing, and
an average step width of 28.4+1.6 A, consistent with the
nominal 6 angle of cut and the observed step height. ' A
slight broadening of the peaks at the out-of-phase condi-
tions indicates some spread in the distribution of the
spacings between steps. All of the studied misorienta-
tions had similar high-temperature behavior, with the
magnitude of the splitting varying as expected with the
angle of cut.

Although the [110] and [110] directions are mirror
images, the (111) surface is threefold, not sixfold sym-
metric. As illustrated in Fig. 1 a 30' rotation in the posi-
tive right-hand sense about [111]from [110]yields [211];
a similar rotation from [110]yields [21 1], which is ine-
quivalent. (Surfaces misoriented from (111) towards
[211]or [21 1] would contain steps with one or two bro-
ken bonds per edge atom, respectively. ) Distinguishing
between [110]and [110]is possible by observation of the
energies, for a given incident direction, at which ine-
quivalent nonspecular beams go through in-phase and
out-of-phase conditions. By performing a calculation
similar to that of Ref. 16, and noting the direction of sa-
tellite motion relative to the integer-order positions with
energy, we find that the 4', 10', and 12 surfaces investi-
gated are misoriented toward [110],while the 6 sample
is misoriented toward [110]. Small deviations +5 (see
Fig. 1) with respect to the direction of misorientation
were observed for all the samples; for the 4 sample
5= —5.0, for the 6 sample 5= —0.5, for the 10' sample
5=+ 1.0, and for the 12' sample 5= —1.5 .

The sample nominally misoriented toward the [211]
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mately constant the angle of misorientation of the
stepped parts of the surface is increasing. Figure 7 shows
the temperature dependence of the misorientation angle
a derived from the observed splittings for the 4', 6', and
12' net (high-temperature) misorientations. The magni-
tude of the splitting, and thus a, was determined by map-

FIG. 6. Logarithm of the intensity at the specular beam posi-
tion and of a seventh-order beam as a function of temperature
on the surface misoriented by 12' toward [110]. The specular
beam intensity was measured at an out-of-phase condition. The
seventh-order intensity is measured above the thermal diffuse

intensity background. Closed circles measured on cooling, open
circles measured on heating.

ping the energy dependent positions of the satellite beams
into reciprocal space positions using the Ewald construc-
tion. In reciprocal space the satellite positions lie along
straight lines inclined by a with respect to the [111]
direction. This procedure allowed for a more accurate
determination of a than a single measurement at an out-
of-phase condition since the satellites are more intense
near an in-phase condition, and also since it averages out
small errors due to inhomogeneities in the LEED optics.

Surfaces misoriented by 6' towards the [211]direction
behaved in qualitatively the same manner as surfaces
misoriented towards or away from the [110] direction.
The temperature variation of the beam profile is qualita-
tively the same as in Figs. 4 and 6. The energy depen-
dence below the transition is shown in Fig. 8. As in Fig.
5 there is an intensity component which has an energy-
dependent position, and a component which does not.
The energy dependence of the positions of the split beams
is again consistent with a regular array of steps a single
(111) interplanar spacing high. Figure 9 shows the tem-
perature dependence of the angle of orientation of the
stepped parts of the surface: It is qualitatively the same
as Fig. 7. This temperature dependence was reversible if
the heating and cooling rates were less than 0.2'C/sec.
Below approximately 700'C the uncertainties in the beam
splitting determination are large due to the incomplete
resolution of the split beams with the nearby seventh-
order beams near out-of-phase conditions and with the
integer-order beams near in-phase conditions. The low-
temperature limit of the orientation is roughly [113];
however, the broadened peak shapes we observe at out-
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FIG. 7. Measured values of the specular beam splittings,

which are proportional to surface misorientation, as a function
of temperature for three different net angles of misorientation.
Data for the 10' misoriented surfaces (not shown for clarity) fall
on the same curve. %'e have labeled the phases according to
our interpretation of the experiment: In particular the dashed
line is speculative. The diagram is symmetric about zero split-
ting. The data shown were measured during cooling. Hys-
teresis observed for the 12' sample upon warming is shown as
solid dots. a is defined as in Fig. 3.
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FIG. 8. Angular profiles across the specular beam for a sam-.

ple misoriented by 6' toward the [211] direction, measured at
817 C. Angle of incidence is equal to 11 .
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FIG. 9. Separation of the split beams around the specular
beam as a function of temperature on the surface misoriented by
6' toward [211]. The misorientation a corresponding to the ob-
served splitting is shown on the right-hand axis. As discussed in

the text, the uncertainties in the splitting below about 700'C are
large due to incomplete resolution of the split beams and
seventh-order beams near out-of-phase conditions.

THE TEMPERATURE-ORIENTATION
PHASE DIAGRAM AND THE

EQUILIBRIUM CRYSTAL SHAPE

A remarkable property of the data in Fig. 7 is that the
orientation angle a of the coexisting stepped phase at low
temperature is independent of the net orientation. This
property substantiates our claim in the previous section
that we are observing phase coexistence, i.e., the struc-
tures observed represent equilibrium configurations. If
there were a serious limitation on mass transport, then
the orientation of the stepped regions would depend on

of-phase conditions indicate this is a rough phase, not a
facet. '

The temperature dependence of vicinal Si(111)surfaces
misoriented toward [211] was previously studied by Ol-
shanetsky and Shklyaev. ' They conclude that below
about 800'C the surface is composed of steps of height
twice the interlayer spacing, rather than the coexisting
facets and stepped regions we observe. Our data are
clearly inconsistent with their conclusion: the periodicity
in the perpendicular component of the momentum
transfer corresponding to the energy dependence of Fig. 8
would be halved if there were double height steps, i.e.,
two complete periods of the satellite motion with energy
would be observed within this range. A possible source
of confusion might have been that at out-of-phase condi-
tions the distances between peaks in the diffracted beam
angular profiles just below the phase separation tempera-
ture are half of what they are at high temperature be-
cause of the presence of the (111)facet beams. This halv-
ing is accidental, however: It only occurs at the out-of-
phase conditions. Furthermore, as for the misorienta-
tions toward the [110]and [110],as the temperature is
lowered the separation between the split beams increases
indicating that they come from a part of the surface
whose orientation changes with temperature.

the net orientation because the amount of mass transport
required for the formation of large (111) facets changes
with the net misorientation. That we do not see this
dependence means that the stepped regions at low tem-
perature are large enough to be thought of as distinct
phases. Of course mass transport does play a role at
some length scale: the net orientation of the crystal does
not change. For the lowest temperatures in Figs. 7 and 9,
a stops changing with T. This could be because it actual-
ly stops changing in equilibrium, but it seems more likely
that at these low temperatures the rate of surface
diffusion is becoming suSciently slow that a is being
quenched. ' As mentioned earlier, a small hysteresis loop
in the temperature dependence of a is observed for the
10' and 12' surfaces: The high-temperature phase is evi-
dently metastable on cooling. That only the highest an-
gles studied should show this behavior is not surprising
because for these surfaces the transition occurs at the
lowest temperatures and thus is more susceptibile to nu-
cleation barriers.

As discussed in the Introduction, another way of
representing a phase diagram like Fig. 7 is by plot of the
equilibrium crystal shape: The coexistence region at low
temperatures represents a sharp edge in the crystal shape.
At high temperatures, all (small} a's are evidently al-
lowed, implying that the crystal shape is smoothly
curved, with tangent planes at all prepared orientations.
Another remarkable feature of Fig. 7 is that the coex-
istence region, and thus the sharp edge, seems to vanish
at roughly the same temperature as the (7 X 7) to "(IX 1)"
transition on the flat (111) surface. The coincidence of
these two temperatures would suggest a simple thermo-
dynamic mechanism' for the appearance of the sharp
edge. The following description is in terms appropriate
to a first-order process. In this model there are two dis-
tinct equilibrium crystal shapes: one on which (local)
(7 X 7) reconstructions appear, and one on which they do
not. When compared on a Wulff plot the inner union of
these crystal shapes gives the actual stable shape. Our
proposed thermal evolution of the two crystal shapes is
shown schematically on a Wulff plot in Fig. 10: At high
temperatures the equilibrium crystal shape is the one
without reconstruction and is smoothly curved away
from the (111)facet. Above the (7 X 7) to "(1X 1)" transi-
tion, the reconstructed surface always has higher free en-
ergy and lies outside of the stable surface on the Wulff
plot. If we assume that the reconstructed surface is very
stable with respect to the formation of steps, then the
reconstructed (111) facet is much larger than the (111)
facet on the unreconstructed crystal shape. If no steps
are allowed on the reconstructed facet, the behavior will
be as in Fig. 10(a). If steps are more weakly unfavorable
the model in Fig. 10(b} is appropriate. In either case, on
lowering the temperature the crystal shapes first intersect
when the facets cross, which is at the temperature of the
"(1X 1)" to (7 X 7) transition on the (111) surface. Below
the transition temperature the two crystal shapes inter-
sect, forming sharp edges in the equilibrium crystal
shape, and resulting in a phase separation as shown in the
corresponding phase diagrams. In Fig. 10(b), at lower
temperature the point of intersection crosses from the
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reconstructed facet to the rounded region. This results in
a phase separation between two regions of different step
density. In both Figs. 10(a) and 10(b), the phase diagram
has the same features near the transition temperature as
observed experimentally (see Figs. 7 and 9).

The interpretation of our results in terms of equilibri-
um thermodynamics would seem questionable if the sizes
of the separated phases were very small. Since we see no
broadening of the integer-order beams along the direction
of misorientation (see, however, the next section), our
measurements place a lower limit of perhaps 200—300 A
on the width of the (111)facets at low temperature. Elec-
tron microscopy suggests that the (111) facets are mic-
rons across and that typically 1000 double-layer steps are
clustered together in the misoriented regions which we
observe at low temperature. As it is necessary to clean
the surfaces by heating to 1250'C before the faceting is
observed, and as the Si sublimation rate at this tempera-
ture is large [on the order of 1 Alsec (Ref. 20)] one might
have concluded that these large facets were created dur-
ing sublimation. However, as we have shown, the facets
do not occur until around 800'C, where the sublimation
rate is negligible. The Si surface mobility is evidently
large enough to allow facets to form at this tempera-
ture. '

THREE-DIMENSIONAL EFFECTS
AT LOW TEMPERATURES

Figure 10 is a two-dimensional picture appropriate if
the direction of misorientation is perpendicular to an
edge in the equilibrium crystal shape. The behavior of
the [211]misoriented sample appears consistent with this
description, as does that of the +[110]misoriented sam-
ples above approximately 700 C. However, below 700 C
the +[110]samples undergo additional changes in struc-
ture indicative of the three-dimensional nature of the
equilibrium crystal shape. Figure 11 is a picture of the
LEED pattern for the 12' orientation at 350'C. Three
new features have appeared. First, the split beams have
rotated from the [110]direction approximately 8' in the
+5 direction of Fig. 1. The direction of this rotation is
the same for all the samples, indicating it is not an ar-
tifact of the initial small deviations from the [110]direc-
tion. (This discussion and Fig. 11 are appropriate for the
4', 10', and 12' samples. The pattern for the 6' sample,
which is misoriented toward the [110],can be obtained
by reflecting through the (110) plane. ) The temperature
dependence of the rotation is shown in Fig. 12. The
second new feature in the LEED pattern is the appear-
ance of two new satellite beams [most easily seen in Fig.
11 for the (11) and (01) beams] around the integer-order
beams. The inset in Fig. 13 shows the satellite beams,
along with the directions needed for our discussion of
them; the solid dots represent seventh-order beams, the
hollow dots the satellite beams. The new, "secondary"
satellite beams are displaced from the original, "primary"
satellite beams by +B' (Fig. 13) and are approximately
half as intense. These new features evolve over the same
temperature range as the rotation (see Fig. 12). They ap-
pear first as a broadening and then as "spurs" of intensity
at the edges of the original satellite beams. These spurs
develop into resolved satellites which migrate monotoni-
cally, roughly along the B* direction, with decreasing
temperature to their final positions. This migration
ceases at the same temperature as that at which the rota-
tion of the primary satellite azimuth saturates. Finally,

FIG. 10. Wulff plots illustrating the effect of a reconstructive
transition on the equilibrium crystal shape, and corresponding
temperature-orientation phase diagrams. The solid curves
represent the crystal shape with an unreconstructed "(1X1)"
facet, and the dashed curves with a reconstructed facet. As
temperature decreases, the relative free energy of the recon-
structed facet decreases. Below the transition temperature, the
two shapes intersect, giving a net equilibrium crystal shape that
is the inner envelope of the two. The phase diagram shows re-
gions where all orientations a are allowed for the unrecon-
structed crystal "(1&(1)," regions of phase separation (coex.),
and regions where the reconstruction (rec.) is allowed for cer-
tain values of a. The relative size of the reconstructed and un-
reconstructed facets depends on the nature of the interaction be-
tween the reconstruction and the steps. Panel (a) shows the be-
havior for a strongly repulsive interaction. Panel (b) represents
a weaker repulsion. Solid circles show the sharp edge at the
temperature at which the crystal shapes cross. Crosses show
the intersection of the facet and the rounded part of the crystal
shape for the reconstructed phase.

(o ~)

(o o)

FIG. 11. LEED pattern from Si(111) misoriented by 12' to-
ward the [110]at room temperature. Incident energy is equal
to 42 eV, incident angle is equal to 9 .
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lite beams over an entire in-phase, out-of-phase, in-phase
period is shown as the solid lines in Fig. 14.

The periodicity parallel to the step edge can arise from
a reconstruction on the terraces or from an ordered array
of kinks along the step edge. In view of the low symme-
try of the step edge, the latter seems likely. In Fig. 13, we
show one possible model for such a kink structure. The
model consists of alternating [211]and [121]edges with
a repeat vector B. A very crude kinematical intensity
calculation which includes scattering from only the top-
most double layer of atoms suggests that this kink ar-
rangement more closely reproduces the observed
primary-to-secondary intensity ratio than an arrange-
ment made up of either alternating [211]and [110]edges
or [211]and [112]edges. The calculation gives a ratio of

FIG. 12. Temperature dependence of the rotation of the split
beam azimuth on the sample misoriented by 12' toward the
[110] direction. Measured for the (Il) beam at angle of in-
cidence is equal to 8', incident energy is equal to 44 eV (out-of-
phase condition). The curve is reversible.

the third new feature in the LEED pattern of Fig. 11 is
diffuse streaks of intensity along those azimuths which
connect near-neighbor integer-order beams and run
parallel to the [121] direction. In the vicinity of the
integer-order beams the streaks are not evident at calcu-
lated monoatomic-height step in-phase conditions, and
are most pronounced at calculated out-of-phase condi-
tions. In addition, for the 12' net misoriented surface, a
slight broadening of the integer-order beams along the
[121]direction is observed.

Significantly, as seen in Figs. 11 and 13, A* no longer
points in the [110]direction: It is rotated by an angle P.
By varying the incident electron energy, we observe that
the positions of both the primary and secondary satellites
relative to the integer-order positions move along the A'
direction, as shown in Fig. 14. The vectors A* and B*,
derived from mapping the observed satellite positions
into reciprocal space coordinates, are constant to within
the uncertainties of the determination. The lattice vec-
tors A=4a/3 —7b/3 —c and 8=3a+Sb, shown in Fig.
13, produce the best overall fit to the observed reciprocal
lattice vectors A* and B* for the 12' sample below about
500'C, where they stop changing. The satellite motion
with energy yields a period in the perpendicular com-
ponent of the momentum transfer very close to that ob-
served at high temperature.

The rotation of the vector A*, which occurs without a
change in its energy dependence, indicates that the origi-
nal step edges have rotated by the angle P without a
change in height. The correlated motion of the secon-
dary satellites shows that the reciprocal-lattice rods of
the primary and secondary satellites are parallel and are
almost certainly associated with the same step structure;
this indicates a periodic structure with lattice vector B
parallel to the step edges. Using these assumptions, the
magnitudes and directions of A* and B' have been cal-
culated, and are compared with the measured values in
Table I. The calculated energy dependence of the satel-
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FIG. 13. Inset: Schematic drawing of the beams near an
integer-order position from the pattern of Fig. 11. The large
solid spot is the integer-order beam, the small solid spots are
seventh-order beams. The large open circles are the original sa-
tellite (split) beams which have rotated by an angle P with
respect to the [110] direction. They are separated by the
reciprocal-lattice vector A*. The small open circles are the
new satellites, and are positioned with respect to the original sa-
tellite beams with reciprocal lattice vector B*. In the main
figure, the real space coordinates A and B correspond to the
diffraction pattern. Open circles represent the top layer of Si
atoms, closed circles the second layer and straight lines the step
edges. The step edge orientation has rotated by an angle P and
a periodicity corresponding to the reciprocal-lattice vector 8*
exists parallel to the step edge. A plausible origin for this
periodicity is a kink structure along the step edges as shown.
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FIG. 14. Motion of the satellite beams with respect to the
integer-order beam (solid square) as observed as a function of
energy. Incident energies as indicated in the figure. Measure-
ment is for the (11)beam. Incident angle is equal to 8' towards

[110]. The solid line shows the calculated energy dependence
over an entire in-phase, out-of-phase, in-phase period for the
lattice vectors of Fig. 13, corresponding to an energy range of
32 to 56 V. Overall scale is determined via measurement of the
screen positions of neighboring seventh-order reflections, rela-
tive to the integer-order position.

-4:1 for the illustrated model compared to an observed
2:1 ratio. However, this is certainly not a unique deter-
mination of the structure. Furthermore, the ordered ar-
rangement of Fig. 13 represents only an average struc-
ture. The satellites are broader than the instrument lim-
ited angular width, indicating some spread in the distri-
bution of lattice vectors A and B.

The rotation of the steps away from the [110]direction
below 700'C implies that other parts of the surface must
have compensating misorientation so as to keep the total
misorientation fixed. We hypothesize that the streaks ob-
servable in Fig. 9 are due to these compensating regions.

Such streaks can arise from regions misoriented towards
the [121] direction which are composed of very disor-
dered step arrays. This interpretation is supported by
our observations of an energy dependence for the streaks
consistent with monoatomic-height steps.

There are at least two possibilities for how this [121]
misoriented phase could enter the phase diagram. First it
could represent a third coexisting phase; the surface
misoriented towards the [121] could coexist with the
(111)facet and the kinked surface. The possible existence
of a region of three-phase coexistence at low temperature
is not surprising. Three-phase coexistence corresponds to
a sharp corner on the equilibrium crystal shape. At zero
temperature, when the crystal shape is completely facet-
ed, surfaces oriented in nonhigh symmetry directions
(such as the +[110])will only be "tangent" to the equi-
librium crystal shape at a sharp corner. The other possi-
bility is that there are still only two coexisting phases;
i.e., the (111) facet has been replaced by the [121]
misoriented stepped surface in a second transition as il-
lustrated in Fig. 10(b). In this picture a sharp edge
separates two types of stepped surface rather than a facet
and a stepped surface. Under either of these interpreta-
tions, that we resolve no splitting of the specular beam in
the [121]direction at any energy indicates that the steps
are too far apart for our instrument to detect, or that
there is considerable disorder in the step-step correla-
tions. A slight broadening of the specular beam observed
along the [121]direction of the 12' misoriented samples
is consistent with a low step density just at the limits of
observability with our resolution. The thermal evolution
of the diffraction pattern is also consistent with either of
these interpretations. The diffuse streaks and the extra
beams only appear when the azimuth containing the orig-
inal beams begins to rotate from the [110] direction.
Higher resolution measurements of the beam profiles to
determine the magnitude of the misorientation toward
the [121],as well as measurements of the thermal evolu-
tion of surfaces misoriented toward the [121],direction
are needed for a more complete understanding of this
three-dimensional behavior. This work is in progress.

Calculated
from model

0.371
0.176
8.2'

44.7
20.4

Calculated
value in

(111) plane

0.396
0.182
8.2'

42.8'

Measured

0.37+0.03
0.185+0.02

8'+1'
43 +3

TABLE I. Calculated vs. measured reciprocal lattice vectors.
The first column contains calculated magnitudes A* and B*,
the rotation azimuth, P, the angle between A* and B, y, and
the angle between the surface normal and [111],a, for the lat-
tice vectors of Fig. 13. The second column, to be compared
with the measured values, contains values corrected for the in-

clination angle a. The third column contains "measured"
values in the (111)plane, derived by mapping observed satellite

positions into reciprocal space coordinates.

CONCLUSION

We have studied the structure of vicinal Si(ill) sur-
faces using kinematical low-energy electron diffraction.
The increasing complexity of the LEED patterns ob-
served at lower temperature emphasizes the necessity to
examine the shape of the diffracted intensity reflections as
a function of energy (and thus the perpendicular com-
ponent of the momentum transfer), in addition to angular
position, in order to fully characterize a structural phase
transition. Qualitative differences in our results for
misorientations toward [110],[211],and [2 1 1], make
clear the further need to examine a variety of orientations
to understand the three-dimensional surface structure of
nonhigh symmetry orientations.

At temperatures above the (7X7) to "(1X1)"transi-
tion, the LEED pattern indicates that vicinal Si(111)sur-
faces consist of a single stepped phase. The energy
dependence of the integer-order reflection angular
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profiles is consistent with predominantly monoatomic
height steps and wandering step edges, as expected from
entropic considerations. On surfaces misoriented toward
the +[110]or the [211]directions, the onset temperature
of the (7 &(7) reconstruction decreases monotonically with
net misorientation. This transition coincides with a re-
versible phase separation of the surface into reconstruct-
ed unstepped regions and unreconstructed stepped re-
gions, which must occur via migration of Si atoms
across the surface. The phase separation is driven by the
formation of a sharp edge in the Si equilibrium crystal
shape, and can be understood via a picture of intersecting
reconstructed and unreconstructed crystal shapes, as
shown in Fig. 10. In this model, the specific form of the
observed phase diagram arises due to an unfavorable in-
teraction between the reconstruction and the step edge.
Many different types of phase diagrams can be predicted
for different step-reconstruction interactions. Such ob-
servations may serve as a severe test for models describ-

ing the energetics of semiconductor surfaces.
The surfaces misoriented toward the +[110] and to-

ward the [211]behave similarly down to 700'C. Howev-
er, at approximately 700'C, a second transition occurs on
the +[110]-misoriented surfaces, resulting in the coex-
istence of two types of steps on the surface. Thus the
tangent planes for these misorientations either cut across
a sharp corner or a sharp edge between rounded parts in
the equilibrium crystal shape. Observations of a single
stepped phase at low temperature for a surface misorient-
ed toward [1 1 2] favor the latter model.
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