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The formation and annihilation of a stacking-fa¢8F half unit in dimer—adatom-stacking-fallDAS)
structure on the $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.

Si(111) dimer—adatom-stacking-faulDAS) reconstruc- according to the number of corner holes shared with the pre-
tion is one of the most studied subjects in semiconductoexisting DAS domain and the size of the SF half unit. In this
surfaces. The DAS model proposed by Takayamagillis  work, not only the quantitative data have been provided, but
a widely accepted atomic arrangement of the most stable @lso the dependence of the rate and the activation energy on
X7 structure as well as the metastable structures with théhe number of shared corner holes and the SF size have been
periodicity ofnxn (n is odd. A variety of the experimental investigated. The formation process of the SF half unit and
techniques has revealed the dynamical process of th& 1 the growth process of the DAS domain will be discussed
— DAS structural phase transition. It has been found that théased on the data acquired for the following procesébs:
DAS domain nucleates preferentially at step edges but alsthe formation of the SF half units sharing different number
inside terraces, and grow in a triangular shape with the veref corner holes(2) the formation ofnxXn SF half units with
tices pointing in(112) direction®® Our high-temperature differentn, and(3) t'he anni'hilati.on of the SF half units:
scanning tunneling microscopySTM) observations of ~ The STM experiments in this work are the same in our
quenched $iL11) surfaces have shown that the growth of the"ecent work? The detall§ of the experimental conditions and
DAS domain is dominated by the formation of stacking faultProcedures were described in Ref. 9. _

(SP half units with sharing corner holes with the pre- Figure 1 shows the typical STM images of the first and
existing SF units® and that the critical domain size between the lastin a sequential STM images of the quenchetil3)
expansion and shrinkage exists for the growth sf77DAS ~ Surface acquired ata) 500, (b) 440, and(c) 380°C. The
domains® Recently, it has been reported by several STMPottom images of (3,(b"), and (¢) were taken 924, 1091,
works that the formation of a SF half unit proceeds throughand 3326 s after the respective top images in the same sur-
the step-by-step size change of the SF half (ifitn spite  face area. The boundary edges between the DAS andl 1
that almost full understanding has been obtained concerninggions in the top images are shown by solid white lines in
the qualitative features of thexi1— DAS phase transition both of the top and bottom images, and new edges of the
except the atomic-scale mechanism of the DAS formationexpanded DAS region by broken lines in the bottom images.
the quantitative information on the rate or the activation endn the top images, only a part of the surface is covered with
ergy for the formation of the DAS structure has not beenthe DAS region, and the high-temperaturex1 phase re-
derived yet. These information will be important for the the-mains in the large area. During the STM observations, the
oretical investigation of the atomic-scale dynamics, althoughDAS domains gradually expanded into th& 1 area. As can
only a few theoretical works using Monte Cdfloor ex-  been seen in Fig. 1, the growth rate of the DAS domain
tended Huckel molecular orbitalmethods have been per- largely depends on the temperature. The number of newly
formed so far because of the limitation due to the large uniformed SF half units is 70 in about 15 min at 500 ° C(&),

cell of the DAS structure. 15 in 18 min at 440°C in(b), and 8 in 55min at 380 °C in

In this paper, we report the rate and the activation energyc).
for the formation and annihilation of SF half units deter- Figure 2 shows a series of the STM images obtained at
mined byin situ STM observations of a quenched(Bil) 500 °C in the area surrounded by the black line in Figy.1
surface at several temperatures ranging 380—500 °C. In thiBhe 7X7 DAS domain in the right side of the images was
temperature range, the DAS domain growth is slow enouglkenlarged by the one-by-one addition okK7 SF half units
to see the appearance and disappearance of individual SRaring corner holes with the preexisting DAS domains, as
half units with the real-time STM. Further, the atomic-scaleindicated by the arrows. It should be noted that the formation
STM observations enable us to classify the SF half unitof SF half units takes place with sharing various numbers of

0163-1829/2000/623)/155714)/$15.00 PRB 61 15577 ©2000 The American Physical Society



15578 BRIEF REPORTS PRB 61

FIG. 1. Typical STM images of a quenched
Si(111) surface acquired at the temperatures of
(a) 500, (b) 440, and(c) 380 °C. All the images
of 50X 50 nnf were acquired with a constant
{ height mode and a sample bias voltage+df V.

* The bottom images of (&, (b'), and (¢) were
taken after 924, 1091, and 3326 s from the re-
spective top images. The solid white lines show
the edge of the DAS domain in the top images,
and the broken lines the edge of the domain in the
bottom images. The faster growth of the DAS
domains at the higher temperature can be clearly
recognized.

corner holes; one iffic), two in (e) and (f), and three inb).  from a corner holé.Miyake et al* and Koikeet al!® also

The annihilation of SF half units, as shown in Figdg and  have pointed out the important role of the corner holes based
the formation of the metastable SF half units such &65 on the STM results. The formation of a SF half unit without
and 9x 9 were also observed in our successive STM imagessharing corner holes, i.e., the appearance of a single SF half

To begin with, the formation rates ofX¢7 SF half units  unit in the disordered X 1 region, was also observed in our
have been measured as a function of the number of shardugh-temperature STM observations, but its formation rate is
corner holes. The corner hole we call here implies an apex of
a SF triangle, not necessarily a perfect “hole” on the sur-
face. Figure 3 shows the Arrhenius plots of the formation
rate of 7X7 SF half units sharing 1-3 corner holes. The
formation rate was determined by dividing the number of the
occasion of the formation by the total existing time of the
formation site. It is found in Fig. 3 that the formation rate
depends on the number of shared corner holes; it becomes
lower for the 7<7 SF half unit sharing less corner holes at
all temperatures. The activation energy for the 7 SF for-
mation determined from the Arrhenius plots in Fig. 3 is listed
in Table | together with the pre-exponential factors. It is
found that the K7 SF formation is produced with the acti-
vation energy of around 1.5-1.7 eV. In the previous work,
using a simple growth model of a DAS domain and assum-
ing the frequency factor to be a general value 040!, we
estimated the activation energy for the SF formation to be
2.4 eV? However, the formation rate itself, which is deter-
mined by the previous activation energy and frequency fac-
tor in the Arrhenius equation, is almost the same with the
present value. As shown in Table |, the activation energy for
the 7X7 SF formation also varies with the number of shared
corner holes; it becomes lower for the SF formation with
sharing more corner holes. The dependence of the rate and
activation energy for the formation on the number of the
shared corner holes indicates that corner holes play a leading
role in the formation process of the SF half unit.

The importance of the corner holes to the formation of SF
half units was first predicted by one of the auth@r®.).*® FIG. 2. Successive STM images (186 nn?) taken every 8.8
He proposed the model for the formation mechanism of the at 500 °C in the surface area indicated by the black line in Fig.
7X7 structure, in which the SF region nucleates from thei(a). 7x 7 SF half units were added to the preexisting DAS domain
corner holes. Our previous STM work showed a single SFsharing one corner hole ife), two in (€) and(f), and three ir(b), as
half unit sharing one corner hole at a side edge ofXa77 pointed by the arrows. The disappearance of the77SF half unit
domain, which indicates the formation of the SF half unitsharing one corner hole were also observe(tin
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10! g In Fig. 4, it is found that the formation rate becomes
; ét‘;\ ] higher for the smaller SF half unit at all temperatures. Re-
107 L S cently, several STM worKs® have revealed the formation
- i \D\\ process of the SF half unit sharing one corner hole, in which
S 107 <3 <] 3 small size of the SF half unit nucleates from one corner hole
E LF “}\_\ ik at first and then the SF region expands step by step. This
10 2 process agrees with the result of the higher formation rate for
0 : \@\i‘_ the smaller SF half unit. Further, it would be suggested that
the SF formation with sharing two corner holes proceeds
125 13 135 14 145 15 155 from one corner hole through the size changes as well. The
1000/T K] activation energy for X9 SF formation are shown in Table

I. For the formation with sharing two corner holes, the 9
X9 SF half unit has a little smaller activation energy than
IIhe 7X 7, but the dependence of the activation energy on the
F size cannot be definitely concluded from this result.
Finally, the annihilation of the SF half units has been
investigated. In our high-temperature STM observations at
quite low compared to that with sharing corner holes. The380—-500 °C, the annihilation was not observed for the SF
formation with sharing corner holes was observed abouhalf units sharing two and three corner holes at all but fre-
1600 times in total, whereas the formation without sharingquently for the SF half units sharing one corner hole and the
corner holes was only 15 times. Note that the number of th&F half units isolated in the>d1 region. This is thought to
sites for SF formation without sharing corner holes is muchbe due to the decrease in the peripheral length of the DAS
larger than that with sharing one corner hole. The preferendomain upon the annihilation of the latter SF half units, as
tial nucleation of the SF half unit at the corner hole sitewe reported previouslif The annihilation rate has been de-
might be similar to the preferential nucleation of DAS do- termined for the X 7 SF half unit sharing one corner hole
mains at the step edge. These are considered to be causedidyydividing the number of times for observing the annihila-
the easy formation of strained dimers or the easy movemenion by the total existing time of the SF half unit sharing one
of a Si atom from an UF site to a SF site. The leading role ofcorner hole. Figure 5 shows the Arrhenius plot of the anni-
the corner hole would be the key to understanding the nuclehilation rate together with that of the reverse change of the
ation mechanism of the SF region. formation with sharing one corner hole, and the activation
Next, we focused on the formation of SF half units with energy and pre-exponential factor are listed in Table I. It is
different sizes. In our STM observations, SF half units withrevealed from Fig. 5 and Table | that the annihilation rate is
the sizes of X5-15x15 were observed. Among them, the higher than the formation rate and that the activation energy
formation rates were measured for th'5 and 9X9 SF  for the annihilation is higher than that for the formation. In
half units sharing two corner holes. Figure 4 shows theour previous STM work,the critical size of the DAS domain
Arrhenius plots of their formation rates together with that ofupon the nucleation has been explained on simple nucleation
the formation rate of the X7 SF half unit sharing two cor- and growth theory, in which the Gibbs free energy change is
ner holes. Only three plots for the formation of th&5 SF  given as a sum of the energy gain due to the transition to the
half unit are obtained because of the rareness of its formastable DAS phase and the energy loss due to the strain at the
tion. 5X5 domains consisting of more than threx5 SF  periphery of the domain. The energy gain due to the transi-
units were not observed at all inside the terraces, excludingon decreases as the temperature increases, which is consid-
around the void created by an STM tip, and the% SF  ered to be the reason why the annihilation is more frequently
formation with sharing two corner holes took place only atobserved than the formation at higher temperature.
the edge of DAS domains composed ok7, 9X9 or 11 Although the annihilation rate is higher than the formation
X 11 SF half units. On the other hand, largg 9 domains rate, some of the SF half units sharing one corner hole
composed of more than forty>@9 SF units were observed, changed the number of the shared corner hole from one to
and the formation took place one after another along the sidvo by the formation of a new SF half unit at the adjacent
of the 9x9 domains sharing two corner holes. Note that thesite and survived. In our observations at 380 °C, 36% of the
favorable DAS size is different between on the terraces an&F half units sharing one corner hole disappeared, whereas
at the step edges, which has been discussed elseWhere. the rest of 64% survived. On the other hand, at the higher

FIG. 3. Arrhenius plots for the formation rate o7 SF half
units sharing one@), two ((J), and three {\) corner holes. The
formation rate is higher for the SF half units sharing more corne
holes. The activation energy and the preexponential factor are Iiste§
in Table I.

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

units.
Number of Activation Preexponential
shared corner hole energgV) factor (s'%)
Formation X7 SF 1 1.670.31 10922
2 1.54-0.16 1§36
3 1.49+0.52 1§-3=36
9% 9SF 2 1.45-0.29 1G5+20
Annihilation 7XTSF 1 2.42:0.28 164720
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FIG. 5. Arrhenius plots for the formation)) and annihilation
(O) rates of SF half units sharing one corner hole. The annihilation
takes place at higher rates than the formation at all the temperatures,
and the temperature dependence of the annihilation rate is larger
(fhan that on the formation rate. The activation energy and the pre-
exponential factor are listed in Table I.

FIG. 4. Arrhenius plots for the formation rate of SF half units
with the sizes of X5(0O), 7x7(0), and 9X9(A) sharing two
corner holes. The formation rate is higher for the SF half units with
the smaller size. The activation energy and the preexponential fa
tor are listed in Table I.

temperature of 500°C, only 30% of the SF half unit SUr-5,q the SE half unit of the smaller size. This can be ex-
vived and contributed to the subsequent growth of the DA lained by the formation process of the<n SF half unit in
domains. As a result, the configurations of the DAS domain hich a small SE unit nucleate from a corner hole and ex-

at the high and low temperatures are different. The bound- o L
aries bet\g/]veen the DAS ar:1d><]1 regions at 500 °C are more pands its size step by ste@) The SF half units is produced

straight compared to those at 380 °C, as can be seen in Fi with the activation energy of around 1.5—-1.7 eV, which also
1(a) and 1c). Namely, it can be said tr;at the periphery of theg&épends on the r]umber of shared corner holes..lt decreases
DAS domai.ns becor,nes shorter at higher temperature A2S the SF half unit shares more corner holes, which suggests

) ; . " Nhat the corner hole plays an important role in the formation
seen in our previous STM studythe periphery of the do-

o ) J .of the SF half unit(3) The annihilation of SF half unit shar-

g;gzi ISorZT;.\o::irrswter?IEgltea\}vgso?wotc,ol;"vsre]?\:gdtgﬁ ;rwri‘;:fsu.lf]"ng one corner hole has higher rate and higher activation

due togits very short lifetime. It can be concluded from theenergy, 2.4 eV, than the reverse process of the formation.
Y ' This affects the growth of the DAS domain, that is, the

STM results that the annihilation of the SF half units largely . . .
affects the growth of the DAS domains. girgr\?g:\tpe)rrgnggtislglth the shorter periphery of the domain at

In conclusion,in situ STM observations of the &ill)
guenched surface at 380—500 °C has revealed the following This work was supported by a Grant-in-Aid for Scientific
findings in the kinetics of the DAS domain growtfi) The  ResearchB) from the ministry of Education, Science and
formation rate of the SF half unit depends on the number ofulture, Japan, and by a Grant-in-Aid for the Research for
shared corner holes and the size of the SF half unit; it bethe Futur(RFTF from the Japan Society for the Promotion
comes higher for the SF half unit sharing more corner holeof Science(JSPS.
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