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Formation and annihilation of various stacking-fault half units in dimer –adatom–stacking-fault
structures on quenched Si„111… surfaces
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The formation and annihilation of a stacking-fault~SF! half unit in dimer–adatom–stacking-fault~DAS!
structure on the Si~111! surface have been investigated quantitatively by the scanning tunneling microscopy
observations of the quenched surface at several temperatures ranging from 380 to 500 °C. It has been revealed
that the formation rate of the SF half unit increases with the number of corner holes shared with the preexisting
DAS domain and decreases with the size of the SF half unit. The annihilation of the SF half unit sharing one
corner hole becomes more frequent than its formation at higher temperatures. From the Arrhenius plots, the
activation energies for the formation and the annihilation have been deduced to be around 1.5–1.7 eV and 2.4
eV, respectively.
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Si~111! dimer–adatom–stacking-fault~DAS! reconstruc-
tion is one of the most studied subjects in semiconduc
surfaces. The DAS model proposed by Takayanagiet al.1 is
a widely accepted atomic arrangement of the most stab
37 structure as well as the metastable structures with
periodicity ofn3n (n is odd!. A variety of the experimenta
techniques has revealed the dynamical process of the 131
→ DAS structural phase transition. It has been found that
DAS domain nucleates preferentially at step edges but
inside terraces, and grow in a triangular shape with the v

tices pointing in^1̄1̄2& direction.2,3 Our high-temperature
scanning tunneling microscopy~STM! observations of
quenched Si~111! surfaces have shown that the growth of t
DAS domain is dominated by the formation of stacking fa
~SF! half units with sharing corner holes with the pr
existing SF units4,5 and that the critical domain size betwee
expansion and shrinkage exists for the growth of 737 DAS
domains.6 Recently, it has been reported by several ST
works that the formation of a SF half unit proceeds throu
the step-by-step size change of the SF half unit.7–9 In spite
that almost full understanding has been obtained concer
the qualitative features of the 131→ DAS phase transition
except the atomic-scale mechanism of the DAS formati
the quantitative information on the rate or the activation
ergy for the formation of the DAS structure has not be
derived yet. These information will be important for the th
oretical investigation of the atomic-scale dynamics, althou
only a few theoretical works using Monte Carlo10 or ex-
tended Huckel molecular orbital11 methods have been pe
formed so far because of the limitation due to the large u
cell of the DAS structure.

In this paper, we report the rate and the activation ene
for the formation and annihilation of SF half units dete
mined by in situ STM observations of a quenched Si~111!
surface at several temperatures ranging 380–500 °C. In
temperature range, the DAS domain growth is slow eno
to see the appearance and disappearance of individua
half units with the real-time STM. Further, the atomic-sca
STM observations enable us to classify the SF half u
PRB 610163-1829/2000/61~23!/15577~4!/$15.00
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according to the number of corner holes shared with the p
existing DAS domain and the size of the SF half unit. In th
work, not only the quantitative data have been provided,
also the dependence of the rate and the activation energ
the number of shared corner holes and the SF size have
investigated. The formation process of the SF half unit a
the growth process of the DAS domain will be discuss
based on the data acquired for the following processes:~1!
the formation of the SF half units sharing different numb
of corner holes,~2! the formation ofn3n SF half units with
different n, and~3! the annihilation of the SF half units.

The STM experiments in this work are the same in o
recent work.9 The details of the experimental conditions a
procedures were described in Ref. 9.

Figure 1 shows the typical STM images of the first a
the last in a sequential STM images of the quenched Si~111!
surface acquired at~a! 500, ~b! 440, and~c! 380 °C. The
bottom images of (a8),(b8), and (c8) were taken 924, 1091
and 3326 s after the respective top images in the same
face area. The boundary edges between the DAS and 131
regions in the top images are shown by solid white lines
both of the top and bottom images, and new edges of
expanded DAS region by broken lines in the bottom imag
In the top images, only a part of the surface is covered w
the DAS region, and the high-temperature 131 phase re-
mains in the large area. During the STM observations,
DAS domains gradually expanded into the 131 area. As can
been seen in Fig. 1, the growth rate of the DAS dom
largely depends on the temperature. The number of ne
formed SF half units is 70 in about 15 min at 500 °C in~a!,
15 in 18 min at 440 °C in~b!, and 8 in 55 min at 380 °C in
~c!.

Figure 2 shows a series of the STM images obtained
500 °C in the area surrounded by the black line in Fig. 1~a!.
The 737 DAS domain in the right side of the images w
enlarged by the one-by-one addition of 737 SF half units
sharing corner holes with the preexisting DAS domains,
indicated by the arrows. It should be noted that the format
of SF half units takes place with sharing various numbers
15 577 ©2000 The American Physical Society
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FIG. 1. Typical STM images of a quenche
Si~111! surface acquired at the temperatures
~a! 500, ~b! 440, and~c! 380 °C. All the images
of 50350 nm2 were acquired with a constan
height mode and a sample bias voltage of11 V.
The bottom images of (a8), (b8), and (c8) were
taken after 924, 1091, and 3326 s from the r
spective top images. The solid white lines sho
the edge of the DAS domain in the top image
and the broken lines the edge of the domain in t
bottom images. The faster growth of the DA
domains at the higher temperature can be clea
recognized.
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corner holes; one in~c!, two in ~e! and ~f!, and three in~b!.
The annihilation of SF half units, as shown in Fig. 2~d!, and
the formation of the metastable SF half units such as 535
and 939 were also observed in our successive STM imag

To begin with, the formation rates of 737 SF half units
have been measured as a function of the number of sh
corner holes. The corner hole we call here implies an ape
a SF triangle, not necessarily a perfect ‘‘hole’’ on the s
face. Figure 3 shows the Arrhenius plots of the format
rate of 737 SF half units sharing 1–3 corner holes. T
formation rate was determined by dividing the number of
occasion of the formation by the total existing time of t
formation site. It is found in Fig. 3 that the formation ra
depends on the number of shared corner holes; it beco
lower for the 737 SF half unit sharing less corner holes
all temperatures. The activation energy for the 737 SF for-
mation determined from the Arrhenius plots in Fig. 3 is list
in Table I together with the pre-exponential factors. It
found that the 737 SF formation is produced with the act
vation energy of around 1.5–1.7 eV. In the previous wo
using a simple growth model of a DAS domain and assu
ing the frequency factor to be a general value of 1013s21, we
estimated the activation energy for the SF formation to
2.4 eV.12 However, the formation rate itself, which is dete
mined by the previous activation energy and frequency f
tor in the Arrhenius equation, is almost the same with
present value. As shown in Table I, the activation energy
the 737 SF formation also varies with the number of shar
corner holes; it becomes lower for the SF formation w
sharing more corner holes. The dependence of the rate
activation energy for the formation on the number of t
shared corner holes indicates that corner holes play a lea
role in the formation process of the SF half unit.

The importance of the corner holes to the formation of
half units was first predicted by one of the authors~I.O.!.13

He proposed the model for the formation mechanism of
737 structure, in which the SF region nucleates from
corner holes. Our previous STM work showed a single
half unit sharing one corner hole at a side edge of a 737
domain, which indicates the formation of the SF half u
s.
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from a corner hole.4 Miyake et al.14 and Koikeet al.15 also
have pointed out the important role of the corner holes ba
on the STM results. The formation of a SF half unit witho
sharing corner holes, i.e., the appearance of a single SF
unit in the disordered 131 region, was also observed in ou
high-temperature STM observations, but its formation rate

FIG. 2. Successive STM images (16316 nm2) taken every 8.8
s at 500 °C in the surface area indicated by the black line in F
1~a!. 737 SF half units were added to the preexisting DAS dom
sharing one corner hole in~c!, two in ~e! and~f!, and three in~b!, as
pointed by the arrows. The disappearance of the 737 SF half unit
sharing one corner hole were also observed in~d!.
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quite low compared to that with sharing corner holes. T
formation with sharing corner holes was observed ab
1600 times in total, whereas the formation without shar
corner holes was only 15 times. Note that the number of
sites for SF formation without sharing corner holes is mu
larger than that with sharing one corner hole. The prefer
tial nucleation of the SF half unit at the corner hole s
might be similar to the preferential nucleation of DAS d
mains at the step edge. These are considered to be caus
the easy formation of strained dimers or the easy movem
of a Si atom from an UF site to a SF site. The leading role
the corner hole would be the key to understanding the nu
ation mechanism of the SF region.

Next, we focused on the formation of SF half units wi
different sizes. In our STM observations, SF half units w
the sizes of 535 –15315 were observed. Among them, th
formation rates were measured for the 535 and 939 SF
half units sharing two corner holes. Figure 4 shows
Arrhenius plots of their formation rates together with that
the formation rate of the 737 SF half unit sharing two cor
ner holes. Only three plots for the formation of the 535 SF
half unit are obtained because of the rareness of its for
tion. 535 domains consisting of more than three 535 SF
units were not observed at all inside the terraces, exclud
around the void created by an STM tip, and the 535 SF
formation with sharing two corner holes took place only
the edge of DAS domains composed of 737, 939 or 11
311 SF half units. On the other hand, large 939 domains
composed of more than forty 939 SF units were observed
and the formation took place one after another along the
of the 939 domains sharing two corner holes. Note that
favorable DAS size is different between on the terraces
at the step edges, which has been discussed elsewhere9

FIG. 3. Arrhenius plots for the formation rate of 737 SF half
units sharing one (s), two (h), and three (n) corner holes. The
formation rate is higher for the SF half units sharing more cor
holes. The activation energy and the preexponential factor are l
in Table I.
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In Fig. 4, it is found that the formation rate becom
higher for the smaller SF half unit at all temperatures. R
cently, several STM works7–9 have revealed the formatio
process of the SF half unit sharing one corner hole, in wh
small size of the SF half unit nucleates from one corner h
at first and then the SF region expands step by step. T
process agrees with the result of the higher formation rate
the smaller SF half unit. Further, it would be suggested t
the SF formation with sharing two corner holes procee
from one corner hole through the size changes as well.
activation energy for 939 SF formation are shown in Tabl
I. For the formation with sharing two corner holes, the
39 SF half unit has a little smaller activation energy th
the 737, but the dependence of the activation energy on
SF size cannot be definitely concluded from this result.

Finally, the annihilation of the SF half units has be
investigated. In our high-temperature STM observations
380–500 °C, the annihilation was not observed for the
half units sharing two and three corner holes at all but f
quently for the SF half units sharing one corner hole and
SF half units isolated in the 131 region. This is thought to
be due to the decrease in the peripheral length of the D
domain upon the annihilation of the latter SF half units,
we reported previously.16 The annihilation rate has been d
termined for the 737 SF half unit sharing one corner ho
by dividing the number of times for observing the annihil
tion by the total existing time of the SF half unit sharing o
corner hole. Figure 5 shows the Arrhenius plot of the an
hilation rate together with that of the reverse change of
formation with sharing one corner hole, and the activat
energy and pre-exponential factor are listed in Table I. I
revealed from Fig. 5 and Table I that the annihilation rate
higher than the formation rate and that the activation ene
for the annihilation is higher than that for the formation.
our previous STM work,6 the critical size of the DAS domain
upon the nucleation has been explained on simple nuclea
and growth theory, in which the Gibbs free energy chang
given as a sum of the energy gain due to the transition to
stable DAS phase and the energy loss due to the strain a
periphery of the domain. The energy gain due to the tran
tion decreases as the temperature increases, which is co
ered to be the reason why the annihilation is more freque
observed than the formation at higher temperature.

Although the annihilation rate is higher than the formati
rate, some of the SF half units sharing one corner h
changed the number of the shared corner hole from on
two by the formation of a new SF half unit at the adjace
site and survived. In our observations at 380 °C, 36% of
SF half units sharing one corner hole disappeared, whe
the rest of 64% survived. On the other hand, at the hig

r
ed
half
TABLE I. Activation energy and preexponential factors for the formation and annihilation of SF
units.

Number of Activation Preexponential
shared corner hole energy~eV! factor (s21)

Formation 737 SF 1 1.6760.31 107.962.2

2 1.5460.16 108.361.6

3 1.4960.52 108.363.6

939SF 2 1.4560.29 107.562.0

Annihilation 737SF 1 2.4260.28 1014.762.0
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temperature of 500 °C, only 30% of the SF half unit su
vived and contributed to the subsequent growth of the D
domains. As a result, the configurations of the DAS doma
at the high and low temperatures are different. The bou
aries between the DAS and 131 regions at 500 °C are mor
straight compared to those at 380 °C, as can be seen in
1~a! and 1~c!. Namely, it can be said that the periphery of t
DAS domains becomes shorter at higher temperature.
seen in our previous STM study,4 the periphery of the do-
mains is more straight at 600 °C, where the SF half u
sharing one corner hole was not observed at all with S
due to its very short lifetime. It can be concluded from t
STM results that the annihilation of the SF half units large
affects the growth of the DAS domains.

In conclusion,in situ STM observations of the Si~111!
quenched surface at 380–500 °C has revealed the follow
findings in the kinetics of the DAS domain growth.~1! The
formation rate of the SF half unit depends on the numbe
shared corner holes and the size of the SF half unit; it
comes higher for the SF half unit sharing more corner h

FIG. 4. Arrhenius plots for the formation rate of SF half un
with the sizes of 535(s), 737(h), and 939(n) sharing two
corner holes. The formation rate is higher for the SF half units w
the smaller size. The activation energy and the preexponential
tor are listed in Table I.
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and the SF half unit of the smaller size. This can be
plained by the formation process of then3n SF half unit in
which a small SF unit nucleate from a corner hole and
pands its size step by step.~2! The SF half units is produced
with the activation energy of around 1.5–1.7 eV, which a
depends on the number of shared corner holes. It decre
as the SF half unit shares more corner holes, which sugg
that the corner hole plays an important role in the format
of the SF half unit.~3! The annihilation of SF half unit shar
ing one corner hole has higher rate and higher activa
energy, 2.4 eV, than the reverse process of the format
This affects the growth of the DAS domain, that is, t
growth proceeds with the shorter periphery of the domain
higher temperature.
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FIG. 5. Arrhenius plots for the formation (s) and annihilation
(h) rates of SF half units sharing one corner hole. The annihilat
takes place at higher rates than the formation at all the temperat
and the temperature dependence of the annihilation rate is la
than that on the formation rate. The activation energy and the
exponential factor are listed in Table I.
I.

be,

B

s.

I.
1K. Takayanagi, Y. Tanishiro, S. Takahashi, and M. Takahash
Vac. Sci. Technol. A3, 1502~1985!.

2N. Osakabe, Y. Tanishiro, K. Yagi, and G. Honjo, Surf. Sci.109,
353 ~1981!.

3W. Telieps and E. Bauer, Ultramicroscopy1, 57 ~1985!.
4T. Hoshino, K. Kumamoto, K. Kokubun, T. Ishimaru, and

Ohdomari, Phys. Rev. B51, 14 594~1995!.
5K. Kumamoto, T. Hoshino, T. Ishimaru, H. Kawada, and

Ohdomari, Phys. Rev. B53, 12 907~1996!.
6T. Hoshino, K. Kokubun, H. Fujiwara, K. Kumamoto, T. Ish

maru, and I. Ohdomari, Phys. Rev. Lett.75, 2372~1995!.
7H. Tochihara, W. Shimada, H. Yamamoto, M. Taniguchi, and

Yamagishi, J. Phys. Soc. Jpn.67, L1513 ~1998!.
8M. Chida, Y. Tanishiro, H. Minoda, and K. Yagi, Surf. Sci.423,

L236 ~1999!.
9T. Ishimaru, K. Shimada, T. Hoshino, T. Yamawaki, and
J.

.

Ohdomari, Phys. Rev. B60, 13 592~1999!.
10M. Itoh, Phys. Rev. B54, 5873~1996!; 56, 3583~1997!; 58, 3537

~1998!.
11T. Hoshino, N. Kamijou, H. Fujiwara, T. Watanabe, and

Ohdomari, Surf. Sci.394, 119 ~1997!.
12T. Ishimaru, T. Hoshino, H. Kawada, K. Shimada, T. Watana

and I. Ohdomari, Phys. Rev. B58, 9863~1998!.
13I. Ohdomari, Surf. Sci.271, 170 ~1992!; Appl. Surf. Sci.56-58,

20 ~1992!.
14K. Miyake, M. Ishida, K. Hata, and H. Shigekawa, Phys. Rev.

55, 5360~1997!.
15M. Koike, Y. Einaga, H. Hirayama, and K. Takayanagi, Phy

Rev. B55, 15 444~1997!.
16T. Ishimaru, K. Shimada, T. Hoshino, H. Kawada, and

Ohdomari, Appl. Surf. Sci.130-132, 18 ~1998!.


