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Anisotropic kinetics of vacancy diffusion and annihilation on S{001) surfaces
studied by scanning reflection electron microscopy
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The kinetics of vacancy diffusion and annihilation orf0Bil)-2X 1 surfaces are studied by using scanning
reflection electron microscopy. THg; steps, which run across dimer rows, retreat 1.8 times faster3han
steps during low-energy Ar-ion sputtering at elevated substrate temperatures. This leads to virtual single-
domain stabilization in the initial stage of layer-by-layer sputtering. These different types of steps maintain an
equilibrium configuration due to a step-step interaction. On wide terraces, elongated vacancy islands with a
single atomic height and alternativex2 reconstruction are formed along the dimer rows. These results
indicate preferential vacancy annihilationSgt steps and anisotropic vacancy diffusion depending on the dimer
row direction. The diffusion length of the vacancies is estimated from the width of the denuded zones of the
vacancy islands, which are formed on both sides of the atomic steps by thermal heating after vacancy intro-
duction at room substrate temperature. The activation energy for vacancy diffusion along the dimer rows is
obtained to be 2:830.2 eV. A vacancy diffusion model mediated by dimer vacancy complexes rather than
single-dimer vacancies, interprets our experimental red8&163-18207)00315-9

[. INTRODUCTION simple and basic process on(®)1) surfaces, was analyzed
using a different application of STM by Kitamura, Legally,
The kinetics of adatom diffusion have been extensivelyand Webb'®

studied by using many kinds of surface analyses, especially Swartzentruber and Schacht also measured an effective
for Si surfaces. This is because of its technological imporactivation barrier for rearrangement of wad steps:*
tance in thin-film growth and because of scientific interestHowever, because there has been relatively little work deal-
Compared to $111) surfaces, which show large-scale sur- in_g with diffusion kineticg gnd becausg the anisotrop_y of
face reconstruction with ax¥7 period and isotropic behav- Si(001) surfaces makes this issue complicated, the details are
ior for adatom diffusion, it is well known that a @01  Not yet well understood.

surface involving X1 reconstruction is anisotropic and In previous works, we studied layer-by-layer atom re-
shows unique behavidr® For example, the diffusion barrier moval from S{111) surfaces during low-energy Ar-ion sput-
' tering by using scanning reflection electron microscopy

s e . v e o [SEM 1 e o Gemonsite the use of an aletve
) . ' SREM technique to analyze vacancy diffusiSihe results

surface reconstructions, such a&2x4) and 2<n SWUC- gy eq that vacancy diffusion on this surface was isotropic
tures, ha)l’_ee been reported, depending on preparatiof,y had an activation barrier of 3:0 0.2 eV. This energy
conditions,”™ and there are straight and wavy steps calledy,rier was explained by using the potential barrier both for
Sa andSg steps, which run parallel and perpendicular to thejhe syrface diffusion of adatoms and for the lateral binding
dimer rows on the upper terracéghe different nature of energy to release adatoms from st&ps.
these steps results in preferential adatom StiCking and in the In this paper, we present a SREM Study of vacancy dif-
formation of a virtual single-domain surface during ho- fusion and annihilation kinetics on ®01)-2x1 surfaces.
moepitaxial growtt?. The motion of two kinds of atomic stepS§{ andSg steps is

In addition, because many intrinsic dimer vacancies havénvestigated byn situ SREM observation, in which alternat-
been observed by scanning tunneling microsc@yM) for ing domains of X2 and 2<1 appear with different con-
Si(001) surfaces,® several experimental and theoretical trasts. The diffusion length of vacancies is estimated from
studies have been performed to clarify the vacancies in rethe width of denuded zones of the vacancy islands, which are
cent year$:'%~ Bedrossiaret al. reported reflection high- created along steps by thermal heating after vacancy intro-
energy electron diffractio(RHEED) intensity oscillation duction by low-energy ion impact. The kinetics of vacancy
during low-energy Xe-ion sputtering at an elevated substratgiffusion on S{001) is discussed based on the experimen-
temperature; this suggested layer-by-layer removal of Si atally obtained activation barrier and previous theoretical and
oms from S{001) surfaces®* They also observed the rela- experimental studies.
tive motion between th&, and Sg steps during sputtering
and reported single-domain stabilizatithiTo describe these Il EXPERIMENT
uniqgue phenomena, one should understand the diffusion ki- '
netics of dimer vacancies, as well as their static nature. Pre- We used an ultrahigh vacuufHV) surface analysis
viously, the motion of a single-dimer vacancy, as the mossystent’ which performs high-resolution SRER This sys-
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tem is equipped with an UHV thermal field emission electron
gun (modified Hitachi S-4200 scanning electron microsgope
and an Ar-ion gun. The base pressure of the analysis cham- |-
ber was 3<10™ 1 Torr. A 30-keV electron beam wita 3 nm
diameter and a 0.2 nA current was used for UHV-SREM
observation. The diffraction patterns were monitored on a [
fluorescent screen by a charge-coupled device cafmera
croprobe RHEEID The intensity of the diffraction spot used
for the SREM image was detected by a photomultiplier
through an optical lens and optical fiber. In this study, all
SREM images were obtained by recording the changes in [
specular spot intensity. The bright and dark contrast terraces .«
correspond to the X2 and 2<x1 domains, respectively.

A Si(001) sample with dimensions of
11X 2.5 0.45 mn? was cut from a low-resistivity wafer and
was first outgassed by using a pyrolytic graphite pyrolytic
boron nitride(PG/PBN ceramic heater at 550 °C for 12 h.  F|G. 1. SREM images of 801)-2x 1 surfaces before and after
Then, flash heatingat 1100 °C for 10 swas performed by |ow-energy Ar-ion sputtering(a) The clean surface prepared by
direct current at UHV conditions of less than x50 °  flash heating. The 21 (A-domain and 1x 2 (B-domain terraces
Torr. This procedure produces typical clear(08i)-2X 1 appear to have dark and bright contrast, respectively. This
surfaces showing alternativex2l and 1X 2 terraces. These B-domain majority surface becomes lower from left to right. A
2X1 (A-domain and 1x 2 (B-domain terraces have dimer protrusion with narrow terraces at the upper right portion is an edge
rows that run parallel and perpendicular to the incident elecof a large island formed by a SiC particle during sample prepara-
tron beam, respective|y_ Using the e|ectromigration eﬁéct, tion. (b)—(d) Results of 500-eV ion irradiation at a 689 °C substrate
we can modify the ratio betweek- and B-domain popula- t€mperature with ion doses of 2@014, 4.8><_1014, and
tions by changing the current direction during subsequent-2<10'ions/cn, respectively. During ion sputtering, a typical
high-temperature annealing. An optical pyrometer was used*1 RHEED pattern was observed.

to measure the substrate temperatures. During ceramic heat-

ing, sample temperatures were corrected by measuring tHB OUr experiment. Even if a small amount of surface damage

PG/PBN heater surface covered with graphite. To study valémains on the surface, the vacancy diffusion kinetics at the

cancy kinetics, the samples were heated with the ceramiqinority sites are likely to be thinly spread over the entire
heater to avoid the electromigration effect. surface.

After sample preparation, Ar ions with a 500-eV kinetic
energy were irradiated onto the(@1)-2X1 surface. The . RESULTS AND DISCUSSIONS
ion current and incident angle were 16 nAfciand 43° to
the surface, respectively. The Ar-gas pressure in the analysis
chamber was kept at210 8 Torr during sputtering. Forthe ~ Figure Xa) shows a SREM image of the (8D1)-2x 1
first experiment, ion sputtering was performed at elevategurface prepared by flash heating. On this surface,Bhe
substrate temperatures. The absolute motion of the atomi@omains with bright contrast form a majority and the surface
steps was analyzed after the sample was cooled to room tereecomes lower from left to right. The terraces are separated
perature. For the second experiment, after vacancy introdu®y straightS, steps and rouglsg steps of a single atomic
tion, the substrate was heated with a ceramic heater to meheight. Since the SREM image is vertically compressed,
sure the diffusion length of vacancies from the width of thethese atomic steps wave gently. The protrusion with narrow
denuded zones, which included few vacancy islands. The uderraces in the upper right portion is an edge of a large island
of this technique has been reported by @bial. for evalu- formed by a SiC particle during sample preparation. Figures
ating adatom diffusion on 801) surfaces> 1(b)-1(d) are the results of low-energy ion sputtering at a

During low-energy ion bombardment, collisions with the 689 °C  substrate temperature with ion doses of
substrate are limited to a few atoms, so some of these aton®s4x 10*, 4.8x 10" and 7.2 10 ions/cn?, respectively.
are ejected from the surface without displacing other atomsAfter ion sputtering, microprobe RHEED patterns revealed
In addition, ion bombardment at a high substrate temperaturypical 2X 1 and 1X 2 reconstructions on the dark and bright
leads to the repair of the surface structure. This thermal reterraces and th8g steps retreated with respect to the straight
pair was confirmed from the continuous RHEED intensityS, steps. This resulted in an increase of Axe@lomain popu-
oscillation during low-energy ion sputteritfiand STM im-  lation and the initiaB-domain majority surface was reversed
ages showing the 21 reconstruction on the ion-beam- to an A-domain-stabilized surfaciFig. 1(d)]. These results
irradiated S(001) surfaces at a 400°C substrate indicate that vacancies created by low-energy ion impact are
temperaturé? In our experiments, the Ar-ion current density movable to the step edges, where they are annihilated. This
of 16 nA/cnt was much lower than that of the previous re- process is characterized by a reversal of the step-flow mode
ports and the ion dose for vacancy introduction in Sec. Il Bfor film growth. Moreover, selectivity of vacancy annihila-
was extremely small. In addition, our annealing temperaturetion at Sz steps forms a virtual single-domain stabilized sur-
were higher than those used in the previous STM study. Foiace at the initial stage of layer-by-layer sputtering. This re-
these reasons, the ion-beam-induced damage can be ignordt is consistent with previous STM wotk! At a low ion

A. Step motion and vacancy island formation
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FIG. 2. Step motion during layer-by-layer sputtering measured
from SREM images in Fig. 1. The position of each step is plotted as
a function of ion dose. The open and filled circles show the motion
of S, andSg steps, respectively. At the beginning of ion sputtering,
Sg steps retreat 1.8 times faster th&n steps.

dose of 2.4 10" ions/cnt [Fig. 1(b)], the Sy steps become
much rougher and th&, steps remain straight. However,
with an increased ion dose, ti$ steps also become rough.
This is because a small amount of e portion involved in
the gently wavingS, steps acts as a sink for vacancy anni-
hilation.

. FIG. 3. SREM images of thA-domain majority Si001) surface
Compared to usual STM observations, large-scale SREl\éefore and after ion irradiation at a 689 °C substrate temperature.

observation, which involves an object as a marker, Informﬁa) An initial surface, which consists of wide>21 terraces, pre-

U§ abom at?so"%te step motion. For e)_(ample_, _Si_nce the Iargr%red by high-temperature annealing at 900 °C using direct current.
SiC island in Fig. 1 does not move in the initial stage of v The Tesult of ion sputtering with a dose of x40 ions/cn?.
layer-by-layer sputtering, we can measure the absolute Mame bright contrast islands on widex2 terraces show clear
tion of individual steps as a function of ion dose. The change x 2 RHEED patterns.

in the position of the step front measured from Fig. 1 is
plotted in Fig. 2. The solid and dotted linéspen and filled
circles show the motion o5, andS; steps, respectively. At
first, the Sg steps retreat 1.8 times faster than Besteps.
This means that the probability of vacancy annihilation is 1.
times larger at thé&g steps than at th&8, steps. Then, after

the results of ion sputtering of this surface at the same sub-
strate temperature (689°C) and ion dose 14
8ions/crr"F) as in Fig. 1b). In spite of the initially
A-dominated surface, it is clear that tBg steps retreat with

: respect to theS, steps again and the surface maintains an
the Sg steps catch up with th&, steps, the speed of the equilibrium configuration with a step distance of less than

Se steps becomes equal to that of tBg steps and these 100 nm. These results correlate well with those of Figs. 1

steps maintain a certain distance from each other of less than X S i
. o ) L and 2 and mean that the selective annihilation of vacancies at
100 nm. Because this equilibrium step configuration is deter;, AN . .
he Sy steps is intrinsically independent of the initial surface.

mined by the balance of selective vacancy annihilation a : o ; . :
o . . he main feature of this figure is that vacancy islands, which
Sg steps and thermal healing, ion sputtering at high tempera-

ture makes the distance between these steps longer than tﬁhow a X2 microprobe RHEED pattern, are formed on the

of previous STM studié€*® due to increased thermal heal- V\%e 2X1 terraces. This result suggests that individual va-
ing. [Note that since the speed of tl8 steps does not

cancies on the wide terraces cannot reach the step edges and
change within the ion dose of 4810* ions/cnt (Fig. 2),

they form vacancy islands with a single atomic heigtto-

where the majoB domain becomes a minority, the thermal dimensional is]and growh as iIIustrate;d in Fig. 4. Consi'd-'
healing effect cannot be the driving force for selective va-*' 9 the vertical compression of this SREM image, it is

g g
cancy annihilation at th&g steps] Moreover, a slight de-
crease in motion of th&, steps is also observed at an ion Anisotropic diffusion Vacancy island
dose of over 4.8 10" ions/cnf. Considering anisotropic
vacancy diffusion along the dimer rows, this result is attrib-
uted to the decrease in vacancy transport perpendicular to the
steps on the X1 terraces. The details of anisotropy will be
discussed later.

Next, we used ar\-domain majority sample as an initial
surface. The flash-cleaned(®1) surface was annealed at
900 °C by using step-down current for 8 min. This formed a
B-domain majority surface consisting of wide terraces and F|G. 4. Schematic illustration of vacancy diffusion and annihi-
bunched steps. Then, the sample was heated again by usiRgion on S{001) surfaces. The main features on the surface are
step-up current for 3 min to replace the wiBedomain ter-  elongated vacancy islands along the dimer rows and preferential
race with anA-domain terrac¢Fig. 3(@)]. Figure 3b) shows Sy step retraction.

Preferential annihilation
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FIG. 6. Magnified SREM image of the $001) surface after
vacancy introduction and thermal heating at 718 °C for 10 min.
Preferential vacancy annihilation at the end of dimer rows causes
retraction of theSg steps and forms dark contrasX2 terraces
underneath th&g steps. The width of the denuded zone formed on
FIG. 5. Formation and diffusion of vacancy islands of08i)- the upper X2 terrace is wider than that of the lower side of the
2x 1 surfaces(a) An initial surface prepared by high-temperature step band.
annealing at 900 °C. This surface includes wide 2 terraces and
bunched steps and becomes lower from left to right. After vacancyern from 1X 2 reconstruction could hardly be observed after
introduction onto this surface by low-energy ions at a dose ofion irradiation, clear X2 RHEED patterns appeared at the
1.4x 10" ions/cn?, the sample was heated in a temperature rangéeginning of thermal heating. This suggests that ion-beam-
from 597 °C to 737 °C by using a ceramic heat®—(d) Typical  induced structural damage was rapidly repaired. Therefore,
results of thermal heating at 737 °C for 10 min, 698 °C for 10 min,we believe that vacancy diffusion during further thermal
and 624 °C for 30 min, respectively. The dark portions on WidEheating can be treated as a surface process or((m]$.|
terraces correspond to vacancy islands, which are elongated alongy 1 syrface. Figures(5)—5(d) show typical results of ther-
dimer rows. Denuded zones, which include no vacancy islands, agal heating at 737 °C for 10 min, 698 °C for 10 min, and
observed along the step band. 624 °C for 30 min, respectively. In these SREM images, we
. . can recognize the formation of vacancy islands on the wide
obvious that these vacancy islands are elongated along the, 5 erraces, as well as the creation of denuded zones. As
dimer rows of the wide X1 tgrraces. Moreover, since step ¢hown in Fig. §b) high-temperature annealing allows long-
retraction observed for wide X2 terraces on the 546 \acancy diffusion and forms large vacancy islands and
B-domain majority surfacéFig. 1) shows a sufficient va- \yije denuded zones. Figure 6 is a magnified SREM image

cancy mobility, we can conclude that vacancies diffuse anxgiar thermal heating at 718 °C for 10 min and Fig. 7 illus-

isotropically along the dimer rows. Note that denuded zoneSyqse5 the features of these surfaces. It is obvious that va-

whic'h include few vacancy islands, are formed at the edgeéancy islands are elongated along dimer rows on the wide
of wide 2x1 terraces. 1X 2 terraces, the same as in Fig. 3. The ughestep of the
step band in Fig. 6 selectively retreats and becomes rough
B. Activation energy for vacancy diffusion due to vacancy annihilation. As a result, x 2 terrace is
along the dimer rows formed underneath th&g step. The width of the denuded

When the sample was sputtered at elevated substrate tefen€ formed on the upperx2 terrace Wg) is wider than
peratures, vacancy creation and diffusion occur simultathat of the low side of the step banuVf) because vacancy
neously. Here we investigate the vacancy diffusion kinetic§lensity becomes larger at the lower side than at the upper
by analyzing the denuded zone width on théd81) surfaces side due to the selective vacancy annihilation at3hestep.
formed by thermal heating after vacancy creation at roon{n addition, contrary to the roug8 step, theS, step at the
temperature. We preparedBadomain (1x 2 terrace major- ~ bottom of this step band remains smooth.
ity surface by high-temperature annealing at 900 °C by using
step-down current. The SREM image of this initial surface is
shown in Fig. %a), where wide X2 terraces and bunched
steps are observed. Unfortunately, since the SREM image is
vertically compressed and we used a highly orient¢d(d)
wafer, the atomic steps on this surface wave gently and can-
not be arranged exactly parallel to the incident electron
beam. In this case, denuded zones created by vacancy diffu-
sion along the dimer rows onX2 terraces are clearly ob-
served.

Vacancies were introduced onto this surface by low- FG, 7. Schematic illustration of denuded zone formation on the
energy Ar-ion irradiation at a dose of x40 ions/cnf at  sj(001) surface. Preferential vacancy annihilation at S steps
room substrate temperature. Then the sample was heated rigsults in wider denuded zones along Bg steps. The diffusion
the temperature range from 597 °C to 737 °C by using aength of vacancies along the dimer rows can be estimated from the
PG/PBN heater in UHV conditions. Although a RHEED pat- width of the denuded zones.
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With an increase of the annealing time and temperature,
we confirmed that the vacancy islands grew laterally and 10-M
moved away from the steps. In our previous refforre
discussed possible processes that would explain these phe-
nomena(Fig. 7 in Ref. 19. When we consider Si adatoms .
released from the steps of the vacancy islands or naturally §
existing steps, neither the motion nor the growth of vacancy ’§
islands would be allowed. Thus we introduced the aniso- 10-13 ]
tropic emission of vacancies outside of the vacancy islands. | | .
That is, when vacancies are annihilated at naturally existing 1.0 11 1.2
step edges, a selective emission of vacancies takes place at 1000/T (K-1)
the side of the step edges of vacancy islands neighboring

initially existi_ng step.edges. This sglective emission is driven £ g Arrhenius plots for vacancy diffusion length in the tem-
by the density gradient of vacancies on terraces. To creatgature range from 597 °C to 737 °C. An activation energy of

vacancies, Si atoms at the step edges must move forwargdz+ 0.2 ev was obtained for vacancy diffusion along the dimer
inside the vacancy islands. This results in vacancy islangows on Sj001) surfaces.

motion away from the naturally existing steps. Moreover, the

growth of vacancy islands takes place due to the vacancyction to the vacancy motion. So we describe the elemental
supply from neighboring islands and by the gathering to‘grocess of vacancy diffusion on the terrace as being caused

the vacancies can be evaluated from the denuded zone widtfherefore, the diffusion constaBt is given

After high-temperature annealing=ig. 5b)], denuded
zones seem to be formed both along and perpendicular to the D=Aexg — (Eq+Ey+Eg,)/KT] 1)
dimer rows on the wide % 2 terraces. However, considering st b mSw ’
the preferential vacancy diffusion along the dimer rows, theyhereA, E, E,, Eg,, andT are the frequency factor, the
creation of vertical denuded zonéperpendicular to the activation energy for surface diffusion of adatoms, the lateral
dimer rows in these SREM images can be attributed to va-hinding energy of Si atoms at step edges, the Schwoebel
cancy annihilation at wavy steps along the dimer rowsparrier energy, and the substrate temperature. When we use
When the steps on the widexi2 terraces run horizontally - the values ofEg and Ey, reported for previous studies of
(along dimer rows formation of a denuded zone across thepgmeepitaxial ~ Sil11) surfaces E.=1.3eV and
dimer rows can hardly be recognized, as indicated by thg —1 6 ev) and the Schwoebel effect is negligible
dotted arrow in Fig. &). This means that the vacancy dif- (g_ —0 ev) 212425 the experimentally obtained activation

fusion length along the dimer rows can be measured frongnergy for the Si111) surface(3.0 eV) is successfully ex-
these SREM images. Since thermal diffusion of vacancies i3|ained €.+ E,+ Eg,~2.9 eV)° If we apply this simple

dominated by Brownian motion, the diffusion constanis  y5del to the S001) case, the small activation barrier of
given by the relationship between annealing timend dif-  aqatom diffusion along the dimer roj&.=0.67 eV (Ref.
fusion lengthx asD=x?/t. For example, the vacancy diffu- 2)] reduces the potential barrier for vacancy diffusion. As a
sion constant was calculated to be (4.4-84p > cn’/s  primitive discussion, we can predict the activation energy for
at a 737 °C substrate temperature. This value is about ﬁV@acancy diffusion to be about 2.27 eV by using the energy
times larger than that of the vacancy diffusion on thd 8l)  \gjye E,=1.6 eV, even for §D01) surfaces. This value is
surface$’ and one order less than that of Si adatom diﬁUSiO”surprisingly close to our experimental results
along the dimer rows on the ®01) surface’® (The differ- (2 3+0.2 eV). However, we should also carefully consider
ence in these diffusion constants also means that adatom dike vacancy diffusion model for ®01) surfaces based on
fusion does not play a major role in our SREM stydihe  he 2% 1 reconstruction as follows.
results indicate that vacancy diffusion on th€¢08il) surface STM images of clean 8301) surfaces prepared by an-
has an easier reaction pat_h relating to the surface reconstrulqea”ng always show that typical defects are not missing sites
tion, but the vacancies diffuse more slowly than adatomsgf individual atoms, but single-dimer vacanciésissing
Figure .8 is an Ar.rhenius plot of thg diffusion constant of dimers and their complexek® Therefore, layer-by-layer
vacancies determined from SREM images versus annealing,tering at elevated substrate temperatures must be medi-
temperature over the range from 597 °C to 737 °C. All ex-gted by surface defects related to dimer vacancies. The acti-
perimental data fit well with the dotted line shown in this ,5tion energy obtained by Kitamura, Legally, and Webb by
figure. The activation energy for vacancy diffusion Wassing STM was 1.7 0.4 eV for single-dimer vacancy diffu-
2.3+0.2 eV. sion along the dimer rows at a sample temperature range
between 217 °C and 252 “€.This value is much smaller
than that of our result and the theoretical estimation of dimer
vacancy diffusion(2.5 eV) reported by Wang, Arias, and
The activation energy obtained from the change in theJoannopoulos, in which they calculated the potential barrier
denuded zone width is attributed to the potential barrier folby assuming a sequence of simple bond breakifithe most
vacancy diffusion on the terraces. Assuming the vacancpossible mechanism, which could reduce the activation bar-
motion that occurs on a simple cubic isotropic surface, the Siier of single-dimer vacancy diffusion, is a coherent ex-
atoms next to the vacancies must move in the opposite dihange of pairs of atoms between the top and the second

E=23+0.2eV
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C. Model for vacancy diffusion on S{001)
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showed the presence of this configuration o0& sur-

(a) dimer vacancy faces after high-temperature anneafirlg. our experimental
- conditions, although there must be an energy barrier for va-
cancy clustering, thermal annealing over 597 °C can form
> < dimer vacancy complexes at the initial stage of thermal treat-

ment. Since, in the basic component illustrated in Fig. 10, the
center atoms of the second layer of the divacancy move to-
ward either side of the defect, vacancy transport by the
simple coherent exchange reaction shown in Fig. 9 cannot be
expected at the nonbonded sites. When we assume an un-
stable configuration with two pairs of rebonded sites or dis-
sociation of these vacancy complexes, there must be excess
potential barrier for the surface diffusion of the vacancy
complexes. Therefore, the excess activation energy obtained
in our SREM experiment (2:80.2 e\V) compared to the case

of a single-dimer vacancyl.7 eV) can be attributed to the
FIG. 9. Schematic illustration of the coherent exchange reaction?fﬂ?éﬁ?ﬁﬁgemlea;nnsefﬁ ;tsargréo ac;\e/et:;grcg c?irr: gyn zf?fglsel OCnO? eﬁr%l_]

which allows diffusion of a single-dimer vacancy along the dimer . . . o .
) . erature regions, which have different activation barriers de-
row. The open and filled circles are top- and second-layer atoms,p

respectively. In this reaction, the second-layer atoms at the dim%endlng gn ]Ehe hcluster .?'ZPT' IA S|fm|Iar d'SCléSS'Onbhgs. aléo
vacancy are first brought together to form rebonding sites. Then een made Tor homoepitaxial surtaces, as described In Eg.

pair of second-layer atoms move up to form a neighboring ad-dimeFl)' where the "_"Ctivat_ion energy es_timated from the d_enUded
and the connecting dimer is pulled down to the second layer. zones of two-dimensional islands increases with an increase

in substrate temperatures due to the change of critical nuclear

layer (Fig. 9). In this reaction, the second-layer atoms at thes'ze;m’2 _ . _ _
dimer vacancy are first brought together to form rebonding Finally, we discuss possible mechanisms for selective va-
sites[atomsa and b in Fig. 9@)]. Then a pair of second- Cancy annihilation af_SB steps. Swartzentruber and Schacht
layer atoms moves up to form a neighboring ad-difaéoms reported that fluctuatlc_)ns & steps on {001 surfaces was
b in Figs. 9b) and 9¢)] and the connecting dimer is pulled frequenltllly observed in STM images at temperatures over
down to the second lay¢atomsc in Figs. 9b) and 9c)]. In 230 °C." The _step rearrangement gvents were alway_s com-
the latest theoretical study, Yamasaki, Uda, and TerakurBised of multiples of four-atom units including two dimers
calculated the energy barrier for this coherent exchange rénd the effectl_ve activation energy barrler_for step rearrange-
action to be about 1.6 e¥. This correlates well with the Ment was estimated to be 8.3 eV. This suggests that
STM experiment. These results mean that the diffusion prodimer vacancy annihilation at steps should occur with a pair
cess of a single-dimer vacancy does not govern the actu@f dimer vacancies with lower activation barrier than the
layer-by-layer sputtering process observed in our SREM eXexperlme_ntally qbta!ned value for Q|mer vacancy d|ffu§|on.
periment at a temperature range between 597 °C an¥hen anisotropic dimer vacancy diffusion along the dimer
737 °C. rows on the X2 terraces transports vacancies to the lower
According to anab initio total-energy calculation, some @nd Upper steps, vacancy complexes coming from upper ter-
kinds of dimer vacancy complexes, such as a cluster of twot@ces can be easily annihilated at loviy steps. However,
dimer vacancies and single-dimer vacancies neighboring ¥acancy diffusion toward the upp&, steps results in the
cluster of two-dimer vacancies, significantly reduce the surformation of local double atomic height steps. In this case,
face energy® The basic mechanism of reducing energy isbecause a large-scale rearrangement is required to fill up the
the elimination of dangling bonds and the release of surfac¥acancy and because an unstable kink site is formed on the
stress. The favorable configuration of dimer vacancy comstraightS, step, vacancy annihilation on t& step should
plexes consists of a pair of rebonded and nonrebondefi€é much slower than on ti&; step. However, for a §111)

second-layer atom&ig. 10. A recent detailed STM study surface, we could not observe any difference in vacancy an-
nihilation rates between upper and lower terraces; that is, the

Schwoebel effect was not recognizZ€dThese results mean
g?gégl:glrgz%ggf gz?\%fl‘iggdbﬁ% elimination) that the presence of dimers on(@1) surfaces requires a
d much more complicated bond rearrangement for vacancy an-
nihilation at S, steps. However, a detailed explanation re-
> quires further investigation.

IV. CONCLUSION

FIG. 10. Schematic illustration of the basic component of an We have investigated the kinetics of vacancy diffusion
energetically favorable dimer vacancy complex. This configurationand annihilation on $001) surfaces by using SREM. Low-
is characterized by a pair of rebonded and nonrebonded secon@nergy Ar-ion sputtering at elevated substrate temperatures
layer atoms, which eliminates dangling bonds and releases surfa¢esults in layer-by-layer atom removal through a reversal of
stress. the step-flow mode or two-dimensional vacancy island
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nucleation, depending on both the vacancy mobility and tereancy diffusion increases from that of a single-dimer va-
race width. The notable features for thé(Bil) surface are cancy dominated at low substrate temperatures to that of va-
anisotropic vacancy diffusion along the dimer rows and secancy diffusion mediated by stable dimer vacancy
lective annihilation at théSg steps. These processes form acomplexes.
single-domain-stabilized surface. From measurement of ab-

solute step motion during ion sputtering, it was found that

vacancy annihilation abg steps occurs 1.8 times faster than

at S, steps. By measuring the diffusion length from the The authors are grateful to Dr. Takahiro Yamasaki of
width of the denuded zones, the activation energy for vadRCAT for valuable comments on the vacancy diffusion
cancy diffusion along the dimer rows was obtained to bemodel. This work, partly supported by NEDO, was per-
2.3+0.2 eV at a temperature range between 597 °C anfbrmed at JRCAT under a joint research agreement between
737 °C. At these temperatures, the activation energy of vaNAIR and ATP.
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