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Real-space observation of (111) facet formation on vicinal Si(111) surfaces
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We report real-space observations of nucleation of (111) facets with 7X7 structures on a vicinal
Si(111) surface using ultrahigh-vacuum scanning electron microscopy. As reported previously by
Phaneuf et al., who used low-energy electron microscopy [Phys. Rev. Lett. 67, 2986 (1991)], (111) facets
grow in very anisotropic shapes and are much longer along steps than normal to steps. In addition, we
show that (1) the facet width is dependent on the heating current direction and (2) the facets tend to nu-
cleate adjacent to one another. The second result is explained by the fact that stepped regions near the
facets are not uniformly inclined but undulated. The local inclination is directly observed using ex situ
atomic force microscopy and is in good agreement with calculated results accounting for step-motion
kinetics. Additionally, we link the disappearance of the (111) facets to As adsorption.

I. INTRODUCTION

Vicinal semiconductor surfaces are an increasingly
popular subject of investigation, especially because vici-
nal surfaces have been used for basic studies of epitaxial
growth! and as substrates for fabrication of fractional su-
perlattices.> We expect uniform distribution of single-
layer steps on vicinal surfaces. However, real surfaces’
step arrangements vary depending on parameters such as
temperature, misorientation angle, and misorientation
direction. On vicinal Si(111) surfaces, the step arrange-
ments drastically change during the phase transition
from 1X1 to 7X7 structures. Above the phase-transition
temperature (7,), vicinal Si(111) surfaces are uniformly
covered with single-layer steps (3.14-A high). However,
below T, the surfaces have step arrangements that de-
pend on the misorientation direction. On the surfaces
misoriented to [112] or [110], the 1X 1-to-7X7 phase
transition induces separation into 7X7-reconstructed
(111) facets (henceforth 7X7-(111) facets) and stepped re-
gions.>* On the other hand, the [112]-misoriented sur-
faces are covered with single- and triple-layer steps.>¢
Moreover, when the reconstruction is changed by adsorp-
tion of other materials, the steps are sometimes rear-
ranged.”®

In order to understand the thermodynamics of the step
arrangement, we must clarify the relationship between
the step arrangement and the reconstruction. It is, there-
fore, necessary to observe the step rearrangement during
the reconstructive phase transition in real space. The
real surface morphology, however, is determined not only
by thermodynamics but also by kinetics. It has been re-
ported that dc currents used to anneal the sample resis-
tively affect the step arrangement.’”!> This is probably
because the dc currents affect the kinetics of diffusing
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atoms. Real-space observation of the step rearrangement
is also essential in investigating the kinetics of the step ar-
rangement.

The 1X 1-to-7X7 phase transition on the [110]- and
[112]-misoriented surfaces has already been studied using
low-energy electron microscopy (LEEM).'®!7 Phaneuf
et al. showed that stripelike 7X7-(111) facets appear
below T,; at a given temperature, the facet width no
longer increases without limit but is saturated at a certain
width, which is determined by elastic relaxation.'® They
also showed that there is a spinodal that divides the facet-
ing kinetics into unstable and metastable regions.!” Also,
we and our co-workers have studied nucleation and
growth of the 7X7-(111) facet using high-temperature
scanning tunneling microscopy (HT-STM).!#720  The
higher spatial resolution revealed that the nucleation of
the 7X7-(111) facet requires a critical width and that
changes in the width are quantized, the unit being a 7X7
unit cell.

In this paper, we explain how nucleation of the 7X7-
(111) facet can be observed in situ using ultrahigh-
vacuum scanning electron microscopy (UHV-SEM). We
focus on the nucleation of the 7X7-(111) facet observed
when the surface is quenched just below the temperature
at which the 7X7-(111) facets appear. (The spinodal
decomposition at lower temperatures is beyond the scope
of this work.) We will show that the facet width is depen-
dent on the heating current direction and that the facets
nucleate in groups. This grouping of facets is explained
by the kinetics of the step arrangement. The actual sur-
face morphology must be known in order to investigate
the kinetics, but imaging methods such as LEEM, HT-
STM with the constant height mode, and SEM offer no
quantitative information about the real surface morphol-
ogy. Therefore, the morphologies of quenched samples

7753 ©1995 The American Physical Society



7754

are obtained using ex situ atomic force microscopy
(AFM). The surface morphologies are compared with
calculated results for a model including step-motion
kinetics. Additionally, as another example of the step ar-
rangement during the reconstructive phase transition,
surface morphological changes caused by As adsorption
are observed using UHV-SEM.

II. EXPERIMENTAL

A UHV-SEM (base pressure ~1.5X107° Torr) unit
equipped with a field-emission gun was used to observe
phase transitions on vicinal Si(111) surfaces. To enhance
surface sensitivity by reducing the penetration depth of
the primary electron, a 25-keV electron beam was in-
cident on the surface at a glancing angle of 2°-3°. With
this configuration, a reflection high-energy electron-
diffraction (RHEED) pattern in a selected area was also
observed. The spatial resolution of the SEM at normal
incidence was ~10 nm. The image-shortening effect
parallel to the incident electron beam caused by the small
glancing angle was partially compensated by reducing the
beam raster width in this direction relative to the perpen-
dicular direction. The vertical scale of SEM images in
this paper is thus ~ 1 of the horizontal scale. Additional-
ly, in order to obtain real surface morphologies, AFM
images were taken ex situ after the samples were removed
from the vacuum.

Vicinal Si(111) wafers (B-doped, 1-10 Qcm) were
misoriented 2°, 4°, 6°, and 10° to [112] and 5.6° to [110].
Samples were cut into 0.3X5X 15-mm blocks. The long
edge was parallel to the direction of the misorientation.
The sample was chemically oxidized in a H,SO,:H,0,
(4:1) solution and then introduced into the SEM chamber
through a load lock. The sample was degassed at about
550°C for several hours and cleaned by flashing at
1250°C. During observations, the longest edge was per-
pendicular to the electron beam. The sample was heated
by passing dc currents through it. The current direction
was either step up or step down. Arsenic was deposited
using a Knudsen cell evaporator.

The sample temperature was measured using an in-
frared pyrometer. The 7X7-(111) facets appeared on 2°-,
6°-, and 10°-misoriented surfaces during cooling at ap-
proximately 867°C, 825°C, and 760°C, respectively.
However, in reality, the surface temperatures were not
uniform on the sample. The temperature measured by
the infrared pyrometer was not always the same as the
temperatures in each local region observed in SEM im-
ages. Moreover, the temperature at which the 7X7-(111)
facets appear during cooling is lower than the one at
which they disappear during annealing.!®?° Therefore, in
this paper, we distinguish these temperatures as 7, and
T,, respectively, and surface temperatures are described
in terms of the difference from T,.

III. RESULTS AND DISCUSSION
A. Heating current direction dependence

Figure 1 shows UHV-SEM images of a vicinal Si(111)
surface misoriented to [112]. The sample was quenched

H. HIBINO, Y. HOMMA, AND T. OGINO 51

(a) (b)

5000nm
2000nm

2500nm
1000nm

FIG. 1. UHV-SEM images of vicinal Si(111) surface
misoriented 6° to [112] taken at room temperature. The sam-
ples were quenched after annealing at 7, —1 K for 1 min by (a)
step-up and (b) step-down currents.

after being held for 1 min at 7, —1 K (824°C). The heat-
ing current was step up in sample 1(a) and step down in
1(b). Here, white lines are 7X7-(111) facets, which ap-
pear with very high contrast using UHV-SEM. This con-
trast is due to the difference in local inclination?' and the
higher secondary electron yield from the 7X7 region
than from the 1X1 region.?? The region where the
misorientation was smaller than the nominal misorienta-
tion looked bright, and vice versa. Dark regions around
7X7-(111) facets, which are quite pronounced in Fig.
1(a), have an inclination greater than the nominal
misorientation.

As has been reported for LEEM,'®'7 the 7X7-(111)
facets grew in a very anisotropic shape. The 7X7-(111)
facet is much longer along steps than normal to steps.
Comparing the two images in Fig. 1 reveals that the
width of the 7X7-(111) facet depends on the heating
current direction. With step-up current, the width is
about 50 nm, but only about 20 nm with step-down
current. When the sample misoriented 4° to [112] was
annealed by ac current, the facet width fell between the
widths for the step-up and step-down currents. There-
fore, the step-up current widens the facet width, and the
step-down current narrows it. Moreover, because there
was no difference in T, this current effect emerges with
the appearance of the 7 X7 reconstruction.

LEEM studies have proven the saturation of the 7X7-
(111) facet width.'® We also observed that this facet
width saturated under step-down current. However, the
width continuously increases under step-up current if the
facet spacing is sufficient.”? Figure 2 shows an example
of the facet width growth on a vicinal Si(111) surface
misoriented 5.6° to [110]. The growth velocity normal to
steps was much smaller than that parallel to steps. On
the 6° misoriented to [112] surface, for example, while
the growth velocities parallel to the step (long side) were
80-110 nm/s for both current directions, the growth ve-
locity normal to the step, which was estimated from the
facet widths at annealing times of 1 and 5 min, was 0.3
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FIG. 2. Facet widening on a vicinal Si(111) surface

misoriented 5.6° to [110], for a sample annealed at 7,—1 K

(822°C) by step-up current. The facet width of a certain facet

was measured from SEM images taken during annealing. The
solid curve is a guide for eye.

nm/s. The velocities parallel to the step were quite simi-
lar to the reported value for the 4°-misoriented surface to
[112].7 Growth along the steps continued until another
facet growing in the opposite direction approached
within a certain distance.'® In the nucleation, groups of
facets were usually formed as shown in Fig. 1. The
reason for this group formation will be explained later.
When the surface was kept below T,, nucleation and
growth of the 7X7-(111) facets resulted in the surface be-
ing fully covered with them.

When the surface was further cooled, the facet width
increase caused an increase in the inclination angle of the
stepped region. Eventually, below 700°C, contrasts ap-
peared in the SEM images of the stepped regions.
RHEED patterns from the surface included diffraction
spots from a 12X 1 reconstruction on the (331) facet.!®?*
These results show that (331) facets are formed in the
stepped region. Our previous HT-STM results have
shown that narrow (111) facets are made at the same time
that the (331) facets are formed.!®!® Therefore, the con-
trasts that appeared in the stepped regions are ascribed to
the decomposition of the stepped region into the (331)
and narrow (111) facets.

Next, we investigate the misorientation angle 6 depen-
dence of the 7X7-(111) facet nucleation. Figure 3 shows
SEM images of vicinal Si(111) surfaces misoriented 2°
[3(a) and 3(b)] and 10° [3(c) and 3(d)] to [112]. These sur-
faces, except that in Fig. 3(b), were also quenched after
being held for 1 min at 7, —1 K (2°-misoriented surface;
866°C, 10°-misoriented surface; 759°C). For the 2°-
misoriented surface annealed with step-down current,
after being held for 1 min at 7, —1 K, 7X7-(111) facets
nucleated all over the surface. Therefore, to investigate
the initial stage of the facet formation, the surface shown
in Fig. 3(b) was quenched after being held for 1-2 s at
T,—1 K. However, because the facet width saturates
under step-down current and the facet width on the sur-

face held for 20 s at T, —1 K is equal to the facet width
seen in Fig. 3(b), the facet width in Fig. 3(b) should have
already reached its maximum. These images show that
the facet width is dependent on the current direction at
all misorientation angles, and the smaller 6, the larger the
facet width.

The 6 dependence of the facet width is shown in Fig. 4.
In Ref. 16, because the samples were annealed by
electron-beam bombardment, heating-current-induced
effects could be neglected. On this sample, the 7X7-(111)
facet has a saturation width, which is about 70 nm on the
4°-misoriented surface.!® This value is close to that for
the case of annealing with step-up current. However,
with the step-up current, an isolated facet grew continu-
ously during our experimental time (17 min). The facet
width is, thus, dependent on the annealing time. There-
fore, the coincidence between the value reported by
Phaneuf et al. and our value is accidental and is probably
due to the difference in the temperature to which the sur-
face was quenched (in Ref. 16, the surface was cooled to
T,—3 K). On the other hand, we have already measured
the 7X7-(111) facet width on the 10°-misoriented surface
annealed by the step-down current using HT-STM. In
HT-STM images just below T,, the facet grows from a
width of four 7X7 unit cells (92 A) to six 7X 7 unit cells
(138 A).’ This value is in good agreement with the mea-

2500nm

FIG. 3. UHV-SEM images of vicinal Si(111) surface
misoriented 2° [(a) and (b)] and 10° [(c) and (d)] to [112] taken at
room temperature. The samples were quenched after being held
at T,—1 K for (b) 1-2 s and (a), (c), (d) 1 min.
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FIG. 4. Misorientation angle dependence of the 7X7-(111)
facet width. The data are the average facet widths measured on
lines drawn on SEM images along [112]. The samples except
for the 2°-misoriented surface annealed by step-down current
were quenched after being held for 1 min at 7, —1 K. The 2°-

misoriented surface annealed by step-down current was
quenched after being held for 1-2sat 7, — 1 K.

surements obtained using UHV-SEM.

Hysteresis loops in the temperature dependences of
low-energy electron-diffraction spot intensities at the
1X 1-to-7X 7 phase transition have been reported.* We
have also reported the temperature difference at the ap-
pearance and disappearance of 7X7-(111) facets using
HT-STM.'®2°  Hysteresis was also confirmed using
UHV-SEM. Since the difference between T, and T, was
found to be dependent on the heating cycle, we only show
a typical case. Figure 5 shows SEM images of a 6°-
misoriented surface annealed using step-up current.
After the surface was held for 5 min at T,—1 K, the
sample temperature was gradually increased. Image 5(a)
was taken before the sample temperature increase; 5(b)
and 5(c) were taken, respectively, after holding the sam-

Ll | i
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FIG. 5. UHV-SEM images of vicinal Si(111)

surface
misoriented 6° to [112]. The sample in panel (a) was quenched
after annealing at 7, —1 K for 5 min. Then, it was sequentially
annealed to the target temperatures and quenched. The samples
in panels (b) and (c) were quenched after the temperature was
raised to T,+20 K and T, +30 K, respectively. All the SEM
images were taken at room temperature.
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ple for 30 s at T,+20 K, and after additional annealing
for 30 s at T,+30 K. As the temperature increases, the
facet narrows. The 7X7-(111) facet mainly grows by ex-
tension along steps. However, it did not shrink ia a
reverse-growth pattern. A decrease in width as well as
shortening along the steps was noticeable. The difference
between T, and T, was also dependent on the heating-
current direction. When, after being held for 2 min at
T,—1K, the sample temperatures were increased by 2-K
increments with a 30-s hold following each increase, the
differences between 7T, and T, for the step-up and the
step-down currents on the 6° surface were about 42 and
16 K, respectively.

The effects of heating-current direction on the step ar-
rangements on flat and vicinal Si(111) surfaces have been
reported by many groups.””!* On a vicinal Si(111) sur-
face, the effects are classified in four temperature regions:
1300°C= T =1200°C, 1150°C=T =1050°C, 950°C=T
>T,., and T<T,'* In the highest temperature region
(1300°C=T =1200°C), the step-down current induces
step bunching; however, the step-up current favors uni-
form step distribution. The current direction which in-
duces step bunching is reversed between neighboring
temperature regimes. Thus, in the lowest temperature re-
gion (T =T,), the step-up current induces step bunching.
In this experiment, the 7X7-(111) facet grows continu-
ously under step-up current. On the other hand, the
step-down current keeps the facet narrower. The step-up
current gives a wider facet than the step-down current.
As described previously, groups of facets are formed in
the initial stage of facet formation. The distance between
facets in the same group is longer for step-up than for
step-down current. Therefore, more steps are bunched
under step-up current, which is consistent with previous-
ly reported results.'*

B. As deposition

Because the step arrangement is closely related to the
reconstruction on the terrace, adsorption of other materi-
als may induce changes in the step arrangement.”® For
example, As adsorption under equilibrium conditions
causes regular double-layer step arrays on vicinal Si(111)
surfaces, regardless of the misorientation direction.® Fig-
ure 6 shows the morphological change during As adsorp-
tion. Images were taken 6(a) before adsorption, 6(b) after
As was adsorbed for 20 s, 6(c) for 70 s, and 6(d) for 110 s,
but not at the same position. This figure clearly indicates
disappearance of the (111) facet due to As adsorption.
This result is in good agreement with previously reported
step rearrangement during As adsorption.®

C. Surface morphology

We obtained real surface morphologies at the initial
stage of the 7X7-(111) facet formation using AFM. Al-
though UHV-SEM images include information about the
local inclination, this is not quantitative. Therefore, after
the sample was quenched at the initial stage of the 7X7-
(111) facet formation, it was taken out of vacuum, and
the surface morphology was measured using AFM in air.
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FIG. 6. UHV-SEM images of vicinal Si(111) surface
misoriented 6° to [112] held at T, —1 K (a) before As deposi-
tion, and (b)—(d) after being exposed to an As flux for 20s, 70's,
and 110 s, respectively. The As flux corresponded to the partial
pressure of ~1X 1078 Torr. SEM images were taken at T, —1
K with interruption of As flux. Facet width increased during
interruption of As flux.

Our AFM equipment is very sensitive to surface morpho-
logies and can detect even a single-layer step.?’ The pro-
cedure has problems detecting changes in the surface
morphologies during quench and oxidation. However,
the cooling rate in this experiment was very fast (above
50 K/s), and changes in surface morphologies on highly
misoriented surfaces are especially resistant to change be-
cause nucleation and growth of the 7X7-(111) facet re-
quire more mass transfer. On the other hand, Ross, Gib-
son, and Twesten reported using a UHV transmission
electron microscope that interface steps are at the same
positions as the steps on the original surface after oxida-
tion?® and Suzuki et al. reported that the crystallograph-
ic directions of the single-layer steps can be identified by
AFM in air.?® Thus, overall features can be regarded as
unchanged.

Figure 7 shows an AFM image of a vicinal Si(111) sur-
face misoriented 10° to [112]. Dispersed nucleation of
7X7-(111) facets can be clearly seen. Rough features on
the stepped region are due to nucleation of the 7X7-(111)
facet during quench. A cross section between 4 and B is
shown in Fig. 7(b). This figure clearly shows that the
stepped region has a curved shape. Regions immediately
adjacent to the facet are inclined the most. This local in-
clination gradually decreases with increasing distance
from the facet, and the local inclination becomes smaller
than the nominal misorientation at a certain place.
Afterwards, the local inclination approaches the nominal
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FIG. 7. (a) An AFM image of the vicinal Si(111) surface
misoriented 10° to [112]. The sample was quenched from just
below T,. The AFM image was acquired in air after removing
the sample from vacuum. The surface was, therefore, oxidized.
The scanning area was 2500X 2500 nm. (b) Cross section be-
tween A and B in (a).

misorientation. This step distribution cannot be under-
stood unless diffusion of atoms is taken into considera-
tion. If diffusion were infinitely fast, an equilibrium step
density would be reached instantaneously. Then the
stepped region would be uniformly inclined and steps
would be equally spaced. The shape of the stepped re-
gion reflects the kinetics of the step motion.

Grouping of 7X7-(111) facet nucleation in SEM im-
ages can be explained by the step distribution described
above. T, is dependent on the misorientation angle: The
smaller the misorientation angle, the higher 7,. The step
redistribution, therefore, causes 7, to be different from
place to place. Because the regions immediately adjacent
to the facet are inclined more than the nominal misorien-
tation, their local 7,’s are lower. However, away from
these regions, there are regions inclined less than the
nominal misorientation, so 7, is higher there. Nu-
cleation of the 7X7-(111) facet, therefore, occurs prefer-
entially there. Thus, the 7X7-(111) facets nucleate adja-
cent to one another. In order to confirm this idea, we
compared the distance between neighbor facets with cal-
culated surface morphologies in the vicinity of an isolated
facet. This comparison will be presented later.

D. Modeling

When the 1X 1-to-7 X 7 phase transition occurs only on
the central terrace in a step train (Fig. 8), the difference in
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FIG. 8. Schematic views of step structures before and after
the 1X 1-to-7 X7 phase transition. The 7X7-(111) facet appears
at T, during cooling, but the facet disappears at T; (= T,) dur-
ing heating. L, is average terrace width determined by the
misorientation angle 8. L is the 7X7-(111) facet width.

the total free energies per unit area before and after the
transition is

AIrtotal = 2'AI;«’,dge - AErecL + AEstep +Ee1(L) >

where L is the width of the 7X7-(111) facet, AE ., is the
energy cost per unit length to make a 7X 7-reconstructed
step edge from a nonreconstructed one, AE__ is the ener-
gy gain per unit area from forming the 7X7 reconstruc-
tion on the central terrace, AE,, is the change in the
step interaction energy caused by the step redistribution,
and E,; is the strain energy: E,(L)=—vy In(L /a), where
v is proportional to the square of the difference between
surface stresses of the 7X7-(111) facet and nonrecon-
structed stepped region, and a is a length on the order of
the 7 X7 unit cell width.'® As for the step interaction en-
ergy, the elastic and dipole-induced interactions are well
known, and both are proportional to / ~2 where [ is the
distance between steps.?”?® The free-energy cost due to
restricting the step motion is proportional to (1) ~2.2%2°
Therefore, we assume that the step interaction may be
written as GI 2.

In order to reproduce the real surface morphology ob-
tained using AFM, we modeled the 7X7-(111) facet for-
mation, taking account of step-motion kinetics. In the
following discussions, however, we ignore E,, for simpli-
city. We also ignore the effect of the heating current.
The propriety of this omission will be discussed later. Be-
cause AE 4, is not dependent on L, it does not contrib-
ute to the step-motion kinetics. The step distribution is,
therefore, determined by AE_ . and G, which we hereaf-
ter replace with e =AE L, and g =G /L}, where L, is
the nominal terrace width determined by the single-layer
step height and the misorientation angle. Results of such
modeling, following the assumption proposed by
Nozieres,*® have already been shown in Fig. 2 in Ref. 16.
This figure also shows local step density variation, and is
consistent with our AFM results. However, the overall
shape is expected to be dependent on e and g. Through
our calculated results in Fig. 9, we can compare surface
morphologies obtained when e is the same but g’s are
different. Recently Bartelt, Einstein, and Williams
showed that the motion of steps calculated numerically
using the theory proposed by Rettori and Villain3! for the
evolution of surface morphology is in good agreement
with the Monte Carlo simulations of step motion.*?
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FIG. 9. Surface morphologies during an isolated facet

growth. Surface morphologies are normalized by the facet
width. They were the results of numerical integration of atom
current density, which is calculated from the free energy of a vi-
cinal surface using Rettori and Villain’s theory (Ref. 31) for the
evolution of surface morphology. e is the energy gain for form-
ing the 7 X7 reconstruction times, the nominal terrace width L,
determined by the misorientation. g is the step interaction ener-
gy between steps L, apart. Surface morphologies obtained
when e is the same but g’s are different are shown.
g/e=0.05-0.3. t+=10000000 was selected so that the central
facet width for g/e=0.15 is about ten times larger than the
width determined by the misorientation. The positions whose
misorientations are equal to the nominal misorientation are in-
dicated by arrows.

Therefore, we also used this theory for the step rear-
rangements during facet growth. Figure 9 shows that
stronger step interaction causes smoother variation of
step density. In this calculation, because the strain ener-
gy was neglected, the facet growth did not saturate.
Kinetic theory predicts that if the facet growth is con-
trolled by the surface diffusion of atoms, the facet width
grows in time as ¢!/43% In our model, when the facet
width growth is fitted to ¢%, a is dependent on the growth
time and g /e. The longer the growth time, the closer a is
to 1, and the larger g /e, the smaller a.

Since the surface morphology depends on g /e, com-
parison between the experimental results and the model
calculations gives information about the relation between
g and e. To fit the calculated and the AFM results, we
compared the ratio R between the 7X7-reconstructed
terrace width and the distance between the points where
the inclination angle first equals the nominal misorienta-
tion angle away from the central terrace. R of the 10°-
misoriented surface obtained from the AFM image in
Fig. 7 is about 0.11. The model requires g /e =0.18 for
an R of 0.11. Using the reported value of G,**** g for
the 10°-misoriented §urface is 1.4 meV/A, so g/e=0.18
gives e=7.8 meV/A. R of the 6°-misoriented surface
was about 0.15. R of 0.15 corresponds to g /e =0.13, re-
sulting in e =3.7 meV/A.

The energy difference between “1X1” and 7X7 struc-
tures, AE (T=0 K), is estimated using the relation
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AE . (T=0 K)=eT,(flat)/Ly[T.(flat)-T.(0)]. AE_ (T
=0 K)’s estimated from the data of the 10°- and 6°-
misoriented surfaces are 4.6 and 3.1 meV/A%
AE_ . (T=0 K) can also be estimated using calculated en-
ergies of reconstructed Si(111) surfaces. RHEED pat-
terns from the Si(111) surface above T, include diffusive
V3 XV'3 streaks,>® which can be explained as effects of
adatoms diffusing on the bulk-terminated 1X 1 surface.
Recent ab initio calculations show that the surface energy
of the 7 X 7 reconstruction is lower by 60 meV/(1X1 cell)
than for a 2 X1 7-bonded chain model.3”>3® The energy of
the V'3 X V'3 reconstruction is about 60 meV higher than
in the 7-bonded chain model.>® However, a 2X2 struc-
ture, which is also explained by an adatom arrangement
on the 1X1 surface, has an energy close to that of the
2X 1 reconstruction. Therefore, AE_..(T=0 K) is about
60 meV/(1X1 cell)=4.7 meV/AZ Furthermore, Willi-
ams et al. experimentally obtained the energy difference
between “1X1” and 7X7 structures. AE . (T =T, (flat)-
200 K)=0.8+0.3 meV/A? gives AE, . (T=0 K)=4.5
+1.7 meV/A.3% These values are very close to our es-
timated AE . (7T =0 K) for the 10°-misoriented surface,
and AE, . (T=0 K) for the 6°-misoriented surface is also
in the error of the experimentally obtained AE . (T =0
K), which shows that our calculated surface morpholo-
gies are appropriate.

Next, in order to clarify that the surface morphology
in the vicinity of an isolated facet consistently explains
the facet nucleation in groups, we show the comparison
between the neighbor facet distance and the calculated
surface morphology. The surface in the vicinity of the
facet undulates due to the kinetics of the step motion.
The regions immediately adjacent to the facet are in-
clined more than the nominal misorientation. As the dis-
tance from the facet increases, the local inclination de-

creases, and there are regions inclined less than the nomi--

nal misorientation. 7X7-(111) facets are apt to nucleate
there. Therefore, the distance between neighbor facets
should be close to the distance between the facet and the
region inclined less than the nominal misorientation.
First, we obtain the ratio R1 of the facet width to the
neighbor facet distance from the SEM images (Figs. 1
and 3). R 1’s of the 10°-misoriented surfaces annealed by

t=t'

FIG. 10. Calculated step rearrangement during facet disap-
pearance. The procedure of the calculation is the same as in
Fig. 9. The facet width increases under the condition of
g/e=0.15till t=1¢' (=10000000). Then, e was changed to O.
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FIG. 11. UHV-SEM images of 6°-misoriented surface (a)
quenched to room temperature after being held just below T,
for 5 min, and (b) then the same sample annealing to 900°C,
holding just below T, for 1 min, and again quenching. The
same location in (a) and (b) is marked by arrow heads.

step-up and step-down currents are both about 0.19.
R I’s of the 6°-misoriented surfaces annealed by step-up
and step-down currents are 0.21 and 0.23. Next, we ob-
tain the ratio R2 of the facet width to the distance be-
tween the facet and the region inclined least from the cal-
culated surface morphologies. For the misorientation an-
gle of 10°, g /e =0.18 well reproduced the surface mor-
phology obtained by AFM. Then, R2=0.17 is obtained
from the calculated surface morphology. For the
misorientation angle of 6°, g/e=0.13, which gives
R2=0.23. The good agreement between R1’s and R2’s
indicates that the step arrangement during the 7X7-(111)
facet nucleation causes the facet nucleation in groups.
Morphological change during the disappearance of the
7X7-(111) facet is also investigated using the model. Cal-
culations assume that when the facet has grown wide
enough, the energy gain due to the 7 X7 reconstruction is
lost. This corresponds either to the temperature increase
up to T, on a flat surface or to the reconstruction change
from 7X7 to 1 X1 by As adsorption. Figure 10 shows
the calculated results. At z=t’, the energy gain of the
central terrace is lost. Then, the region around the facet,
whose inclination is greater than the nominal misorienta-
tion, rapidly changes, and the sharp edge between the
(111) facet and the stepped region is lost; the (111) facet is
smoothly connected to the stepped region. This is seen
clearly in Figs. 5(b) and 5(c) and 6(b) and 6(c), where im-
ages show bright regions adjacent to the facets, and dark
regions beyond. Figure 10 also shows that even after the
facet has almost completely disappeared, the surface
remains undulated, which is in good agreement with the
experimental results [Fig. 6(d)]. Moreover, as shown in
Fig. 10, because the shapes of the regions not close to the
facet change slowly, smooth surface corrugation remains
for a very long time. This is symbolically shown in Fig.
11. When the surface is kept just below T, for 5 min, the
nucleation of 7X7-(111) facets was observed [Fig. 11(a)].
Then [Fig. 11(b)], the surface was heated up to 900°C,
and again cooled to just below 7T,. Comparison of the
two images shows that new 7X7-(111) facets exist at the
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same positions where such facets existed previously. This
repeated nucleation at the same position is a result of the
surface corrugation not completely vanishing even after
900 °C annealing.

Lastly, consider the propriety of ignoring the strain en-
ergy E, and heating-current effect in our calculation.
We estimated e /g by comparing the experimental (AFM)
and calculated morphologies. Because the strain energy
and the heating-current effect were ignored in the calcu-
lation, the estimated e /g includes uncertainty. We
showed previously that R 1’s obtained from SEM images
are consistent with the calculated morphologies. R1’s
obtained for the 10°- and 6°-misoriented surfaces hardly
depend on the heating-current direction. R 1 is affected
very little by the heating-current direction, so the
heating-current effect can, therefore, be safely ignored.
This is because the step interaction determines the step
distribution for a given facet width. Meanwhile, the
strain energy E,; is a function of the facet width, so E,,
as well as the heating current, mainly change the facet
width. Therefore, R would be barely changed by the in-
clusion of the strain energy in the calculation. However,
when annealing is continued even after the facet width
reaches its maximum value, the stepped region changes in
shape. Indeed, the model shows that the gently curved
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region slowly changes in the shape during disappearance
of the facet. Thus, R obtained experimentally would be
little affected even when the facet width is saturated. The
coincidence of R 1’s estimated from the samples annealed
by step-up and step-down currents also indicates that an-
nealing after facet width saturation can be neglected in
the case of quenching after holding for 1 min at 7, —1 K.

IV. CONCLUSION

Nucleation of (111) facets with a 7X7 structure on a
vicinal Si(111) surface was investigated using UHV-SEM.
Results show that (1) the facet width depends on the
heating-current direction and (2) the facets tend to nu-
cleate adjacent to each other. The second result is caused
by step redistribution with (111) terrace formation. The
redistribution is well reproduced by a model that takes
into account step-motion kinetics, and the model yields a
valid rough estimate of the energy difference between
1X1 and 7 X7 structures.
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FIG. 1. UHV-SEM images of vicinal Si(111) surface
misoriented 6° to [112] taken at room temperature. The sam-
ples were quenched after annealing at 7, —1 K for 1 min by (a)
step-up and (b) step-down currents.
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FIG. 11. UHV-SEM images of 6"-misoriented surface (a)
quenched to room temperature after being held just below T,
for 5 min, and (b) then the same sample annealing to 900°C,
holding just below T, for 1 min, and again quenching. The
same location in (a) and (b) is marked by arrow heads.



c
2 | 2500nm

1500nm

FIG. 3. UHV-SEM images of vicinal Si(111) surface
misoriented 2° [(a) and (b)] and 10° [(c) and (d)] to [ 112] taken at
room temperature. The samples were quenched after being held
at T,—1 K for (b) 1-2 s and (a), (c), (d) 1 min.
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FIG. 5. UHV-SEM images of vicinal Si(111) surface
misoriented 6° to [112]. The sample in panel (a) was quenched
after annealing at 7, —1 K for 5 min. Then, it was sequentially
annealed to the target temperatures and quenched. The samples
in panels (b) and (c) were quenched after the temperature was
raised to T,+20 K and T, +30 K, respectively. All the SEM
images were taken at room temperature.
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FIG. 6. UHV-SEM images of vicinal Si(111) surface
misoriented 6° to [112] held at T, —1 K (a) before As deposi-
tion, and (b)-(d) after being exposed to an As flux for 20's, 70s,
and 110 s, respectively. The As flux corresponded to the partial
pressure of ~1X 10" ® Torr. SEM images were taken at T, —1
K with interruption of As flux. Facet width increased during
interruption of As flux.
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FIG. 7. (a) An AFM image of the vicinal Si(111) surface
misoriented 10° to [112]. The sample was quenched from just
below T,. The AFM image was acquired in air after removing
the sample from vacuum. The surface was, therefore, oxidized.
The scanning area was 2500X2500 nm. (b) Cross section be-
tween A and B in (a).



