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Abstract

By considering the charge transfer from adatoms to rest atoms, the structure of the dimer and stacking-fault (DS)
layers in the Si(111) dimer–adatom–stacking-fault (DAS) structure was analyzed at a subunit level on a quenched
surface. In comparison with the modified model of Vanderbilt, corner holes with a completed DS structure in the
second layer, completed corner holes, were confirmed to play a key role not only in the mechanism to stabilize the
DAS structure, but also in its formation process. The formation of the completed corner hole works as a rate-limiting
process for the growth of the DAS structure. This mechanism was shown to be quite consistent with the experimental
results obtained using scanning tunneling microscopy on the quenched Si(111) surface. © 1999 Elsevier Science B.V.
All rights reserved.
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1. Introduction between high-temperature ‘1×1’ and 7×7 phases
was directly observed around the critical temper-

The reconstruction of the Si(111) surface has ature by using scanning tunneling microscopy
been extensively studied by various experiments (STM) [6,7]. The dimer–adatom–stacking-fault
and theoretical considerations [1–5], and the 7×7 (DAS) structure proposed by Takayanagi et al.
structure has been concluded to be the most stable [1], which is compatible with the experimental and
phase on the Si(111) surface in equilibrium condi- theoretical results, is widely accepted as the model
tion. In fact, the 7×7 phase is completed on the for the Si(111)-7×7 reconstructed surface struc-
well-annealed surface, and a phase transition ture, and atomic arrangement of the DAS structure

in the static form is now well established. However,
since the DAS structure involves few surface layers
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yet been completely clarified, and is still attracting agreement with the experimental results. However,
since the analysis was performed at the level ofconsiderable attention.
the DAS unit, the prediction was still very limited.In the non-equilibrium Si(111) surface pre-
For example, the mechanism to explain the growthpared, for example, by laser-annealing or quench-
of the DAS domains in a triangular shape has noting, metastable (non-7×7) phases are known to
been clarified yet. In order to understand the phasebe formed on the surface: 9×9, 11×11, 2×2,
transition from the standpoint of the dynamics inc(2×4) and E3×E3 (all of which have higher
more detail, it is necessary to obtain informationatomic densities than the 7×7), and 5×5 and
about the stability and change in the reconstructed2×1, which have lower atom densities than 7×7
structures at a subunit level.[8–12]. Since the stability and dynamics of the

As a factor in the subunit level to stabilize themetastable structures on the surface are essential
DAS structure, the role of the structure consistingfactors in understanding the mechanism of the
of a dimer and adatom pair was pointed out firstsurface reconstruction, it is very important to
[16 ]. However, from the observation of the stableelucidate the structures in detail.
dimer and stacking-fault (DS) cell, the effect ofRecently, the dynamic growth step of
the adatoms was considered to be not essential(2n+1)×(2n+1) DAS structures was directly
[17]. In fact, in the Vanderbilt model the effect ofobserved on a quenched Si(111) surface at
the adatoms is treated as an additional factor to~750 K using STM [13]. All of the metastable
shift the energy diagram [14]. On the other hand,(2n+1)×(2n+1) DAS domains (n≠3) that
the importance of the corner hole has also beenformed on the quenched surface did not survive,
pointed out recently. For example, from the analy-but transformed into the 7×7 DAS domains at
sis of the structural growth of the 7×7 structurethe end. However, during the fluctuation, growth
from the step edge, Ohdomari proposed a modeland annihilation of (2n+1)×(2n+1) DAS,
that the DAS structure is stabilized by the structuredomains were observed to occur with a single
of the corner holes fixed with oxygen atoms [18].

(2n+1)×(2n+1) stacking-fault (SF) half-cell as
Experimentally, the important role of the corner

the building unit. The (2n+1)×(2n+1) DAS hole in stabilizing the DAS structure was recog-
domains grow in a triangular shape with the nized recently even in the breakdown process of
successive addition of single SF half-cells to a the 7×7 structure by analyzing the HBO2 molecu-
(2n+1)×(2n+1) DAS domain side. In the growth lar adsorption process; the structure of the corner
process, SF half-cells were formed sharing corner hole was observed to be maintained along the
holes. boundaries between the 7×7 and the disordered

On the other hand, Vanderbilt analyzed the areas [19]. In addition, various (2n+1)×(2n+1)
energetics of the Si(111) surface, and proposed a SF half-cells were observed to grow on a quenched
model to explain the phase diagram on the surface Si(111) surface sharing corner holes. These results
[14]. Experimentally, Yang and Williams [12] mea- suggest that corner holes play an important role
sured the atomic density of the high-temperature not only in the mechanism to stabilize the DAS
‘1×1’ structure, and explained the stability of the phase, but also in the formation process of the
reconstructed structures by analyzing the energy DAS structure. However, as is well known, the
balance based on the idea of atomic conservation; DAS structure has a very complicated under-layer
the formation of each phase is governed by the structure consisting of dimers and stacking-faults,
atomic density around the area. This mechanism i.e. the DS structure. Therefore, in order to under-
was quantified by Vanderbilt by introducing the stand the mechanism, clarification is needed of the
idea of the chemical potential for Si atoms in the detailed structure of corner holes including the DS
surface layer [15]. With this model, the stability structure. However, STM images generally give
of the 7×7 structure and the formation of the information only about the topmost layer, and the
other metastable (non-7×7) phases on the Si(111) under-layer structure has not been analyzed in

detail.surface were explained, which was in good
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In this paper, we present our recent results
concerning the mechanism for the stabilization
and formation processes of the DAS structure at
a subunit level, i.e. the role of the corner holes
with the completed DS structure in the second
layer. The under-layer of the DAS structure is
discussed by analyzing the bias dependence of
STM images on a quenched Si(111) surface as a
result of the charge transfer from adatoms to the
rest atoms in a unit [20,21].

2. Experimental

Phosphorus-doped n-type Si(111) (1 V cm) sub-
strates were chemically cleaned and loaded into
the UHV-STM chamber. After prebaking for
1 day, samples were flashed at ~1100°C, and the
formation of a clean 7×7 structure was confirmed
by STM. Then, samples were heated to ~1000°C,
and quenched by turning off the heating power.
STM measurements were performed at room tem-
perature using an electrochemically etched tung-
sten tip. All STM images shown in this paper were Fig. 1. (a) STM image of a quenched Si(111) surface

(Vs=−2.0 V, It=0.3 nA), and (b) a magnification of a bound-taken in the constant-current mode.
ary between the 7×7 and disordered areas.

structure of the corner hole has been pointed out3. Results and discussion
as playing an important role in stabilizing the 7×7
structure as described above. Therefore, first, let3.1. Role of the corner hole in the stabilization

mechanism us examine the under-layer structure of the bound-
ary between the 7×7 and disordered areas.

It is well known that the DAS structure has a3.1.1. Structural analysis model and its application
to the analysis of the boundary between 7×7 and characteristic electronic property: the charge

transfer from the top-layer adatoms to the restdisordered areas
Fig. 1a shows an STM image of a quenched atoms in the under-layer [24,25]. Since the amount

of charge transfer from adatoms to rest atomsSi(111) surface (sample bias voltage Vs and tunnel-
ing current It are −2.0 V and 0.3 nA respectively). depends on the number of rest atoms that surround

the adatoms, the structure of the under-layer canTriangular areas with disordered structure are
surrounded by the 7×7 structure, as shown in the be discussed by considering the charge redistribu-

tion on the adatoms caused by the charge transferfigure. Fig. 1b shows a magnified image along the
straight part of the boundary between the 7×7 from adatoms to the rest atoms [20,21]. Fig. 2a

and b schematically show two possible models, inand disordered structural areas. There exist ada-
toms along the outside edge of the 7×7 triangular which an SF is formed (Fig. 2a) and not formed

(Fig. 2b). Under-layer dimers and SF regions aredomain, and corner holes are formed along the
boundary, as previously pointed out [19,21,22]. represented by closed ellipses and hatched triangles

respectively. If the dimers in the second layer areThis structure can be seen commonly. For example,
see fig. 5(c) in Ref. [23]. As a subunit factor, the formed along the boundary and around the corner
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represent those adatoms that are observed darker
and those not observed in the filled state image.
The difference in the brightness of the adatoms
depends on the amount of charge transferred from
the adatoms to the rest atoms. Normal corner and
center adatoms have one and two rest atoms in
their nearest neighbor sites. Adatoms that have
three rest atoms in their nearest neighbor sites are
not observed in the filled-state image. The number
of rest atoms in the second nearest neighbor sites
has an influence on the brightness of those adatoms
represented by gray circles.

Let us compare the structural model described
in Fig. 2 with the STM results actually obtained
at a domain boundary. Fig. 3a and b shows the
magnified STM images of a boundary region taken
at positive and negative sample bias voltages. In
the empty-state image shown in Fig. 3a (Vs=
2.0 V, It=0.3 nA), it is clear that corner holes exist
along the boundary between the 7×7 and disor-
dered areas. As shown in Fig. 3b, the adatoms at
the boundary and around the corner holes are
bright even in the filled-state image (Vs=−0.5 V,
It=0.3 nA). In consideration of the charge transfer
in the surface layers, these corner holes are sur-

Fig. 2. Schematics of the domain boundary between the 7×7
and disordered areas, in which (a) an SF is formed and (b) not
formed. Bright and dark adatoms and under-layer dimers are
indicated by open and filled circles, and closed ellipses
respectively.

holes through the formation of an SF as shown in
Fig. 2a, the number of rest atoms around adatoms
becomes the same as that in the regular 7×7 DAS
structure. Therefore, the adatoms forming the
corner holes and those along the boundary must
be bright even in the filled-state STM image in
this case. On the other hand, if an SF is not
formed, as shown in Fig. 2b, charge transfer from
the adatoms increases because the number of rest
atoms around the adatoms increases compared
with that in the regular 7×7 DAS structure.

Fig. 3. Magnified images of a boundary between 7×7 and dis-Thereby, the adatoms in the disordered area must
ordered areas taken at positive and negative bias volt-

be darker in the filled-state STM image. Normal ages are shown in (a) Vs=2.0 V, It=0.3 nA and (b) Vs=corner and center adatoms are represented by −0.5 V, It=0.3 nA respectively. Adatoms at the boundary are
indicated by dots.white circles. Gray and filled circles respectively



264 K. Miyake et al. / Surface Science 429 (1999) 260–273

rounded by a completed SF structure, and there
exist dimer chains along the outside edge of the
SF units, as is shown in Fig. 2a. These results
suggest that the ‘completed corner hole’, i.e. a
corner hole with a DS structure, plays an impor-
tant role in the stability of the 7×7 structure.

3.1.2. Analysis of the other DAS structures
In order to generalize the results obtained for

the boundary between 7×7 and disordered areas,
structures concerning the other DAS phases are
examined next. Fig. 4a shows an STM image taken
over a more highly quenched area (Vs= 2.0 V,
It= 0.3 nA). As is shown in Fig. 4a, metastable
phases such as 5×5, 9×9, and 11×11 structures
exist in addition to the 7×7 structure. Fig. 4b
shows the relative amounts of these DAS units
observed on the surface. According to the model
discussed by Yang and Williams [12] and
Vanderbilt [15], this coexistence of DAS families
is caused by a change and fluctuation in the
chemical potential during the quenching. In fact,
extra Si atoms are observed in the disordered area
between the domains of the ordered structures.
When the surface is annealed for long enough at
higher temperatures, those extra Si atoms are
incorporated by the steps, and the surface becomes
covered by only the 7×7 phase. It was reported
that the 9×9 phase with a higher atomic density
grows in a fluctuation during annealing the
quenched surface at a low temperature around
750 K [13], which is considered to be realized by
the higher atomic density occasionally formed
around the boundary due to the lower diffusion
velocity of Si atoms at this temperature. Fig. 4. (a) STM image taken over a more highly quenched sur-

As expected, a structure similar to that observed face (Vs=2.0 V, It=0.3 nA). (b) Relative amounts of DAS
units observed on the surface.for the 7×7 domain boundary was also observed

for the other (2n+1)×(2n+1) DAS structural
domain boundaries. An example observed for the 3.2. Role of the corner hole in the formation process
9×9 phase is shown in Fig. 5a (Vs=2.0 V,
It=0.3 nA) and Fig. 5b (Vs=−0.5 V, It=0.3 3.2.1. Nucleation of the DAS structures

In order to elucidate the role of corner holes innA). Here, the adatoms at the boundary between
the 9×9 structural domain and the disordered more detail, we examined the structure of the DAS

fragments in a disordered area. Fig. 6a and barea are bright even in the filled-state image,
indicating the existence of the DS structure in the shows empty-state (Vs=2.0 V, It=0.3 nA) and

filled-state (Vs=−0.5 V, It=0.3 nA) STM images.under-layer there. The observed results suggest the
existence of a general mechanism over the role of In the empty-state image (Fig. 6a), it is clearly

shown that the half-unit cells of 7×7, 9×9, andthe corner hole in stabilizing the DAS structure.
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corner hole works as a nucleation center for the
DAS structural formation process in the disor-
dered area, resulting in the growth of the various
(2n+1)×(2n+1) SF cells from the same corner
hole. The schematic model of this structure is
shown in Fig. 6c. Open, gray and filled circles
indicate the adatoms with different electronic struc-
tures similar to those defined in Fig. 2.

3.2.2. Relation between 7×7 and 9×9 phases
Fig. 7 shows an STM image in which three 9×9

domains exist sharing corner holes with a 7×7
triangular domain (Vs=−0.5 V, It=0.3 nA).
According to the model by Yang and Williams
[12] and Vanderbilt [15], the 9×9 phase is formed
at a lower temperature than the 7×7 phase, due
to the increase in the chemical potential induced
by quenching, as described above. Therefore, 9×9
domains are considered to be formed from the
corner hole on the side of the 7×7 domain, which
indicates that corner holes have a key role even in
the formation process, as pointed out above. In
fact, during the dynamic fluctuation of the DAS
structure observed by Ohdomari and coworkers
on the quenched surface [13], it was generally
observed that various (2n+1)×(2n+1) DAS half-
cells nucleate at the side of the DAS domains
sharing corner holes. Concerning the under-layer

Fig. 5. STM image of a 9×9 domain structure on a quenched of the corner holes, since the adatoms forming
surface. (a) Vs=2.0 V, It=0.3 nA and (b) Vs=−0.5 V, corner holes are bright in the filled-state image, as
It=0.3 nA. Adatoms at the boundary are indicated by dots. shown in Fig. 7, the corner holes are completed

with the DS structure. These results support the
model that growth of the DAS structure is gov-11×11 structures share the same corner hole. In

addition, the adatoms existing along the bound- erned by the formation of the completed corner
hole.aries of the half-unit cells are bright even in the

filled-state image, as shown in Fig. 6b. Therefore,
according to our structural analysis model [20,21], 3.2.3. A model to explain the DAS formation

processthe DS structure must exist there. One exception
is about the center adatom in the 7×7 SF unit at On the basis of the results obtained, a possible

model for the formation mechanism of the DASthe boundary indicated by an arrow in Fig. 6b.
The adatom looks darker in the filled-state image. structure is shown in Fig. 8, in which the formation

of a completed corner hole serves as the triggerHowever, it is brighter than the other darker
adatoms in the 11×11 SF unit in Fig. 6b, and its and the rate-limiting step for the 7×7 structural

growth. First, a corner hole with a DS structureshape is much closer to the normal center and
corner adatoms. Therefore, we consider this nucleates in the high-temperature disordered area

(Fig. 8a to b). Then, SF half cells ofadatom to be influenced, for example, by gas
adsorption. The result obtained strongly suggests (2n+1)×(2n+1) DAS structures grow from the

corner hole (Fig. 8c). When two neighboring SFthe possibility that formation of a completed
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Fig. 7. STM image of a quenched Si(111) surface
(Vs=−0.5 V, It=0.3 nA). Three 9×9 domains exist sharing
corner holes with a 7×7 triangular domain.

units have the same size, a DAS structure is formed
completely by the formation of the structure of
corner holes that exist on the other end of the SF
unit. After formation of the corner holes, another
SF cell will grow sharing the corner holes
(Fig. 8d). Therefore, the growth of the 9×9
domains from the completed corner holes on the
7×7 domain sides, observed in Figs. 6 and 7, can
also be explained by this model.

There exist domains consisting of single 9×9
phase; however, 9×9 domains prefer to share
corner holes with 7×7 domains, as shown in
Fig. 7. This result suggests the existence of a barrier
height to form the completed corner hole shown
in Fig. 8. On the other hand, as shown in Fig. 8,
there exist three different steps in the DAS growth
process: (1) nucleation process (Fig. 8a to b), (2)
S-process (Fig. 8b to c) and (3) P-process (Fig. 8c
to d). S- and P-processes will be explained in
Section 3.4.2. Therefore, some mechanism, such as
the oxygen-related process proposed by Ohdomari
[18], may exist to induce the first nucleation
process.

Fig. 6. Magnifications of the DAS fragments: (a)
Vs=2.0 V, It=0.3 nA and (b) Vs=−0.5 V, It=0.3 nA. (c)
Schematic model of (b). White and gray circles indicate ada-
toms with normal and dark brightness in the filled-state image
(b). Black circles indicate the adatoms that are bright in the
empty-state image (a) but disappeared in the filled-state image
(b).
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3.2.4. Theoretical model based on the chemical
potential

In order to examine the model proposed here,
let us discuss the results observed by the theoretical
model proposed by Vanderbilt [14]. As described
above, following the STM work on a quenched
surface by Yang and Williams [23], Vanderbilt
introduced the idea of the chemical potential m for
Si atoms in the surface layer, and explained the
effects of variable atomic density on the stability
of the reconstructed structures [15]. Vanderbilt
gave the free energy of the DAS structure per 1×1
cell relative to the 1×1 phase as [15]

DE=Df/2+(2nDw+Dc∞)/(2n+1)2−mDN, (1)

where Df, Dw, Dc∞, and DN are respectively the
faulting energy, the dimer wall formation energy,
the normalized corner hole formation energy
(including the effect of the adatom decoration),
and the excess density of atoms in the surface layer
per 1×1 cell relative to the simple adatom phases
{DN =−(8n+9)/[4(2n+1)2]}. Substituting the
values of Df, Dw and Dc∞ by 0.06 eV, −0.65 eV
and 1.33 eV respectively, obtained by a combina-
tion of ab initio and empirical calculations, Eq.
(1) gives the most stable phase on the Si(111)
surface to be the 7×7 structure.

This model was originally derived from the
analysis of the energetics among the DAS phases
relative to the 1×1 structure. The comparison was
based on the completed DAS units in a static
form. However, the model was possibly applied to
the analysis of the phase transition on a quenched
surface, by introducing the idea of the chemical
potential m. From Eq. (1), the formation of the
quasi-equilibrium structures (non-7×7 structures)
could be explained well as a result of the fluctua-
tion or the change in the chemical potential during
the formation processes. Namely, m is usually
pinned to the bulk cohesive energy by step-medi-
ated exchange of Si atoms. However, a supersatu-

Fig. 8. Schematic diagram of the formation process of the DAS rated condition is apparently reached as Vanderbilt
structure: (a) high-temperature disordered area, (b) nucleation pointed out, for example, on a surface prepared
of a corner hole, (c) growth of half-unit cells of DAS structures by laser-annealing or quenching. In fact, various
including an SF from the corner hole and (d) complete forma-

DAS phases were observed by STM on thetion of the DAS structure.
quenched surface experimentally, indicating that
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m=m(t) (t: time after starting quench) for each down to m=−0.0179 eV, where 5×5 and 7×7
phase was realized on the surface during the phases now have the same free energy. Therefore,
quenching. existence of the 5×5 SF half-cells may be due to

As shown in Fig. 4b, almost 20% of the DAS the fluctuation in the local atomic density during
structures formed on the surface in the area shown quenching. On the other hand, the 11×11 phase
in Fig. 4a is the 9×9 phase. From Eq. (1), with is essentially not stable, as shown in Fig. 9, which
an increase in m=m(t) due to the change in the is consistent with the observed result. In fact, the
atomic density during quenching, the DAS struc- large DAS domains grown on a quenched surface
ture formed on the surface changes from 7×7 to observed by Yang and Williams [23] and
the high atomic density phase. The change in Ohdomari and coworkers [11] was up to the
DE(n) of Eq. (1) for various values of the chemical 9×9 phase.
potential is shown in Fig. 9. As is shown in Fig. 9, As is shown here, the observed result is consis-
7×7 is the most stable phase for the positive tent with the mechanism introduced by Yang and
chemical potential up to m=0.1145 eV, where 9×9 Williams, and Vanderbilt [15,23]. Excess atoms
and 7×7 phases have the same free energy. The are produced during the phase transition from the
structure of the 7×7 phase is stable for the chemi- higher atomic density ‘1×1’ phase to the 7×7
cal potential in a wide range, which must be the phase, and remain on the surface by quenching
reason for the high amount of the 7×7 phase instead of being incorporated at the step edges,
observed in Fig. 4. which induces the formation of the higher atomic

There exist 5×5 and 11×11 phases in Fig. 4, density phase. In fact, excess Si atoms are scattered
but they are only in the form of the half-SF cells. in the disordered area on the surface, as shown in
Concerning the 5×5 phase, since the atomic den- Fig. 4a. However, since the energy balance ana-
sity is considered to be higher on the surface lyzed in this model is related to the units of the
prepared by quenching, the 5×5 phase must be

(2n+1)×(2n+1) DAS structures, its prediction
less stable in this condition, which is in good

is still limited to the comparison in a static form.agreement with the observed results. In fact, as
Therefore, in order to understand the role of theshown in Fig. 9, 7×7 is the most stable phase even
completed corner hole in more detail, it is necessaryin the negative region of the chemical potential
to understand the stability of the DAS structure
at a subunit level. Let us discuss the model shown
in Fig. 8 further.

3.3. Energetic analysis of the DAS formation
process at a subunit level

Fig. 10 shows the schematic model for the for-
mation of one 7×7 SF half-cell. Several formation
paths are possible at the atomic level. Then, in
order to estimate the structural energies, discussion
here is limited to the (2n+1)×(2n+1) SF struc-
tures: (a) 3×3 (completed corner hole), (b) 5×5,
(c) 7×7, (d) 7×7+dimer, (e) 7×7+corner hole
without SF, and (f ) completed 7×7 SF unit. From
the experimental results, the (2n+1)×(2n+1)
DAS structure grows from a completed corner
hole to form a 7×7 SF structure (Fig. 10a–c), andFig. 9. Change in the relative structural energy of DE(n)

[Eq. (1)] with the value of the chemical potential. dimers are formed on the other side in Fig. 10d.
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Fig. 10. Schematic of the formation of 7×7 SF half-cell. The change in the relative structural energy is also shown.

The 7×7 structure is formed completely by the the energy diagram, which mainly depends on the
number of dangling bonds, is quite consistentformation of the corner holes that exist on the

other end of the SF unit (Fig. 10f ). Relative between the two cases. The existence of oxygen
lowers the structural energy, but since the generalstructural energies corresponding to the schematics

in Fig. 10 were estimated using the values of Df, p characteristic is similar, we treat the oxygen-free
structure here.(dangling bond energy), d (contribution per dimer

to the surface energy), and c (contribution per For further growth of the 7×7 phase on the
surface, corner holes must be formed on the othercorner hole to the surface energy) that Vanderbilt

adopted to obtain the Eq. (1) [14]. As is shown end of the newly formed SF cell (Fig. 10e). When
an apparent corner hole without an SF structurein Fig. 10, growth of the fractional SF structures

increases the energy, and the 7×7 SF cell is is formed on the surface the structural energy
increases as c+p=4.16 eV for each one (Fig. 10e),stabilized by the formation of the dimers on the

other end of the SF cell. The observed structures which is considered to be a possible barrier height
in the process of the formation of the completedin Fig. 6 are quite consistent with this model. A

similar analysis including the effect of oxygen was corner hole; see Fig. 10d–f. As is shown in Fig. 10,
there exist two barrier heights for the growth ofrecently carried out by Hoshino et al. using the

extended Hückel method on the cluster model 7×7 structure: the formation of the SF cell (from
Fig. 10a–d), and the formation of the completed[26 ]. Their analysis can be compared with the

change in Fig. 10a–d. The general characteristic of corner holes (from Fig. 10d–f ). Since the barrier
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height in the latter is higher, the formation of the
completed corner hole may work effectively as the
rate-limiting process in this model. In fact, as
described above, during the annealing of the
quenched surface, the growth and annihilation of
single (2n+1)×(2n+1) SF cells (Fig. 10a to c or
d) were observed to occur. After the structure of
the corner hole is completed on the other end of
the SF cell (Fig. 10f ), growth of the SF cells is
followed sharing the corner holes, which is also in
good agreement with the observed results. Since
the activation energy for the formation of the
completed corner hole (Fig. 10d–f ) seems to be
high, the oxygen-related process proposed by
Ohdomari and coworkers may play some role in
reducing the barrier height [18,26 ].

As has been shown, the results obtained look
quite consistent. However, if the formation of the
completed corner hole is the only limiting process,
SF cells can be formed from a corner hole of an
SF cell into two symmetric directions. This still
does not explain the triangular shape of the
(2n+1)×(2n+1) DAS domain growth with suc-
cessive additions of single SF half-cells. Therefore,
there must exist some other factor in the domain
growth process. Let us examine the remaining
problem next.

3.4. Phase matching in the formation process

When formation of the completed corner hole
Fig. 11. (a) STM image of a quenched Si(111) surfaceis the rate-limiting process, phase matching of the
(Vs=−2.0 V, It=0.3 nA). Characteristic structure of the

SF units strongly affects the formation process of boundary with (b) positive (Vs=2.0 V, It=0.3 nA) and (c)
the DAS structure. Namely, when different sizes negative (Vs=−0.5V, It=0.3nA) bias voltages. Corner holes at

the boundary with complete and incomplete structures are indi-of DAS structures are formed from the same
cated by white and black circles respectively.corner hole, the domain growth of a single phase

DAS structure must be hampered by the phase
mismatching, which is considered to govern the Fig. 11b and c show the empty-state (Vs=2.0 V,

It=0.3 nA) and filled-state (Vs=−0.5 V, It=growth velocity of the DAS domains. From this
standpoint, let us examine the formation process 0.3 nA) STM images of a characteristic zigzag

structure at the boundary between the 7×7 andof the DAS domain in detail.
disordered structural areas. From comparison
between Fig. 11b and c, it is clear that the structure3.4.1. Characteristic structure of the boundaries

between the DAS and disordered areas of corner holes and dimer chains are formed along
the straight domain boundaries, as expected. OnAn STM image obtained over a quenched sur-

face is shown in Fig. 11a. Here, we chose the area the other hand, the structure of corner holes is not
completed at the kink sites; triangular edges of thewhich has a zigzag boundary consisting of SF half-

units for the analysis of the growth process. 7×7 structural area formed in the disordered area.
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Namely, growth of 7×7 domain is considered to in the formation of an SF cell by the P- and
S-processes. In any case, a DAS structure is formedbe suppressed at the edges. In Fig. 11, corner holes

at the boundary with complete and incomplete from a completed corner hole and is stabilized by
the formation of the dimers that exist on the otherstructures are indicated by white and black circles

respectively. When the structure of a corner hole end of the SF cell, as shown in Fig. 10d. For
further growth, corner holes must be completed asis completed at an edge of the boundary, another

SF cell of the DAS structure must be formed to shown in Fig. 10f. In the case of the P-process,
since two of three corner hole positions are fixedreproduce the observed structure. The observed

result also supports the model that the formation from the beginning, the formation of the SF cell
is performed easily. On the other hand, in the caseof the completed corner hole is the rate-limiting

process in the growth of the DAS structure. of the S-process, since the SF unit begins to grow
from one corner hole, there exists an uncertainty
for the positions of the another end of the SF cell.3.4.2. P- and S-processes in the formation

mechanism The uncertainty has already been observed in the
case of the DAS fragment formation in a disor-A schematic of the boundary structure is shown

in Fig. 12a. From the edge of the SF unit indicated dered area shown in Fig. 6. When DAS structures
with different sizes are formed sharing the sameby E in Fig. 12a, there are two possible processes

for an SF cell to be formed; an SF unit can grow corner hole, they must change so that their sizes
become the same for the growth of the structuralin the directions parallel or perpendicular to the

domain boundary, as shown in Fig. 12b by the domain consisting of a single size DAS structure.
In addition, the dangling bond energy of 1.45 eVarrows P and S respectively. We term these two

processes P- and S-processes respectively. dominantly affects the change in the energy during
the formation process, and the number of danglingAccording to high temperature STM studies, the

7×7 domain grows by forming SF cells along bonds appearing in the process is larger for the
S-process, as shown in Fig. 13c. In the moredomain boundaries between the 7×7 and disor-

dered structural areas, instead of perpendicular to detailed energetic analysis by Hoshino et al., the
P-process-like formation was concluded to be thethe boundary [13], corresponding to the P-process.

Let us compare the two formation processes of most probable path [26 ]. For the reasons shown
here, an SF unit must be formed in the P-processan SF unit more in detail. Fig. 13 schematically

shows the recombination progress of each Si-bond more easily than in the S-process. This fact causes
the preferential growth of the DAS structural
domains along the domain boundary, resulting in
the growth of the domains with a rather straight
domain boundary. Once a straight boundary is
formed the structural energy is lowered, as shown
in Fig. 10a. This process is quite consistent with
the experimental result obtained by Ohdomari and
coworkers [13]. As described above, a similar
structure was observed in a breakdown process
induced by HBO2 irradiation; completed corner
holes remain on the straight boundary between
7×7 and disordered phases [19]. Therefore, the
stability of the completed corner hole is also
working in the breakdown process of the DAS
structure.

Let us examine again the structure where theFig. 12. (a) Schematic of the boundary structure in Fig. 11. E
9×9 phase was formed in additional to the 7×7indicates an edge of the SF unit in the domain. (b) Two possible

growth processes for an SF unit from the edge E in (a). domain during quenching (Fig. 7). When the
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Fig. 13. A schematic of the recombination process of each Si-bond in the formation of an SF unit by the P- and S-processes shown
in Fig. 12b.

corner holes on the boundary between the 7×7 the P-process in a similar fashion to that shown
in Fig. 12.triangular domain and the disordered areas are

shared, the 9×9 domain growth must adopt the
S-process in order for phase matching. In fact, the
9×9 domains are formed in the direction perpen- 4. Conclusion
dicular to the boundary between the 7×7 and
disordered areas, as shown in Fig. 7. By considering the charge transfer from ada-

toms to rest atoms, the structure of the dimer andSince the 7×7 structure has already grown
around the step edges even on the quenched sur- stacking fault layers in the Si(111) DAS structure

was analyzed at the subunit level on a quenchedface, it is difficult to analyze the detailed formation
process at the step edges here. However, the 7×7 surface. A corner hole with a completed stacking

fault and dimer structures in the second layer, i.e.structure may easily be formed at step edges by
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