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Formation of hill and valley structures on Si(001) vicinal surfaces studied
by spot-profile-analyzing LEED
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Formation of “hill-and-valley” structures on 8)01) vicinal surfaces induced by Au adsorption which
accompanies formation of the (801)5X3.2-Au reconstruction, was studied loy situ high-resolution low-
energy electron diffraction. The “hill-and-valley” structures are compose(D61) terraces and119 facets
under the equilibrium condition independent of the miscut af@/&8—89 of the substrate surfaces. This does
not depend on sample treatments and the similar structures are obtained by annealing after Au deposition at
room temperature as well as Au deposition at high temperatugtu observation during annealing indicates
that commensurate fivefold structures such a85and+/26x 3 that were previously observed are not formed
on the S{001) surface and only the %3.2 structure is formed in this system. Double domain structures
initially formed in such a way that the>»3.2 and 3.X5 domains are formed on the<2l and 1X 2 terraces,
respectively, finally transforms into single domaiix 8.2 structure where the fivefold direction is parallel to
the miscut direction.

I. INTRODUCTION formed below 850 °C in addition to thel19 facets. Real
time observations of the surface morphology change during

Clean S{001) vicinal surfaces inclined toward tk[aTO] Au deposition4show that the faceting processes are proceeds
direction exhibit two kinds of domain and step structure de-n four stageé.. , ,
pending on the miscut angte® Vicinal surfaces with small During face“ng processes changes in domain structure are
miscut angles have double domain structure composed of Ebserved and single-domain structure of the 4° off surface

. Initially changes into double domain structure and it finall
X1 and IxX2 domains. They are arranged alternately alongchangyes intc? the single domain structure with the 32 y
the miscut direction and are separated by single height st

€R&construction. Electron microscope observations during Au
(Sa- and Sg-type steps On the other hand, 21 domains deposition reveal a large anisotropy in the growth speed of

cover most of the vicinal surfaces for large miscut angle§he 5% 32 domains and the growth speed perpendicular to
(>5°) and the dimer bond direction of the majority domain is e fivefold directions is two orders of magnitude faster than

perpendicular to the miscut direction and neighboring teryhat parallel to the five-fold direction. In the present paper

races are separated Bytype double height sted®g steps.  miscut angle and substrate temperature dependence of a
Metal adsorption on 8001 modifies surface reconstruc- «“hijll-and-valley” structure after faceting studied by spot

tions that depend on substrate temperature, adsorbate mefbfile analyzing low-energy electron diffractiofSPA-

and its coverage and modifies the surface energy and its apEED) are described. Changes in domain structures by an-

isotropy. Most metals grow in the Stranski-Krastanov modenealing after Au deposition at room temperature are also pre-

on the ${001), i.e., metal adsorption on the(801) causes a sented.

reduction of the surface free energy. Thus, metal adsorption

on Si001) vicinal surface would causes changes in step con- Il. EXPERIMENT

figuration and S0D0Y) terraces with metal adsorption expand

due to changes in surface free energy. At the same time step The experiments were performed in a standard ultrahigh

bunching occurs because the areas where surface steps ¥gguum(UHV) chamber with base pressure ok10 ®Pa

accumulated should be formed to conserve the macroscopduipped with a SPA-LEED system and an evaporator for

orientation. Au. Si samples were cut from @01) wafers with miscut
Several studies of metal adsorption-induced step bunchingngles of 0.5°, 4°, and 8° towards the10] direction. After

and faceting have been performftd® Recently, we have degassing at 650 °C for 24 h the samples were flash heated to

been studied Au adsorption-induced faceting on(@®) 4° 1200 °C to remove the native oxide. Au was deposited at a

off vicinal surfacé®'® and found that deposition of Au at deposition rate of about 0.1 ML/min at temperatures between

temperatures above 750 °C drastically modifies surface morz70 and 870 °C. Some of the Au films were annealed after

phology. The vicinal surface forms a “hill-and-valley” Au deposition at room temperature.

structure composed dDO01) terraces and facets. The facet The SPA-LEED system has two incident electron guns.

orientations depend on the deposition conditions. @bho) One with normal incidence was used to obtain standard two-

facets are formed above 850°Q17) and (115 facets are dimensional LEED patterns. One-dimensional LEED pat-
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[001] FIG. 2. A change of the 1D LEED pattern during Au deposition
A at 870 °C.
-100% 0% ' ' 100% Au was deposited on the 8° off surface at 870°C.
° 1101 k(%SBZ) Changes in surface morphology during Au deposition were
)[ ] L investigated by using the second electron gun. The spot pro-

file of the 1D LEED pattern along th¢110] direction
through the(00) rod of the(001) surface was measured dur-
ing Au deposition. Changes in the intensity distribution of
the 1D LEED pattern are shown in Fig. @acident electron

. . energy was 110 eV and it is close to the in-phase condition
terns ('o.r 1D LEED patterns were momtored d.urm.g AU (g 1.02)) The x axis shows reciprocal space vector along
deposition using a second electron gun in a grazing incidenc —

geometry” This allows investigation of the kinetics of the 1€[110] direction and they axis shows the Au deposition

morphological transformation during Au adsorption. 1D Ume. Prior to Au deposition LEED spots from the 8° off
LEED patterns at various electron energies were taken afteilf@ce are seen as indicated/ApndB. Changes in surface

quenching to room temperature to construct a vertical cut ijnerPhology are similar to that observed during Au deposi-
reciprocal space of surfaces with as thex (the miscut tion on the 4° off surfacé and four different stages could be

- ; : distinguished. Stage 1: no change in the surface morphology,
direction axis andk, as they axis. stage 2: nucleation of (001)563.2 terraces, stage 3: growth
of the 5X 3.2 terraces and step bunching or step band forma-
lIl. RESULTS AND DISCUSSION tion and stage 4: facetingransformation of the step bands
into the facets
Just after the start of Au deposition facet spatand B
The surface morphology of the initial surface before Aujncrease in intensity due to an increase of reflectivity by Au
deposition could be deduced from Fig. 1. The morphologyadsorption. After that LEED spots andB slightly decrease
could be inVeStigated from the variation of surface rod pOSi'in intensity but do not move until approximate|y 150 s. Ad-
tions in reciprocal space as a function of the vertical scattersorption of Au on the surface enhances surface diffusion of
ing vector. Figure 1 shows a vertical cut in reciprocal spacesj atoms to enhance thermal fluctuation of narrowly spaced
of the initial S{001) 8° off vicinal surface(an 8° off surface  steps'® This corresponds to an increase in the Debye-Waller
with k; as thex axis along thg 110] direction andk, asthe factor of the system. In spite of the enhanced thermal fluc-
y axis in the[001] direction. Measured intensities are plotted tuation of the steps the surface morphology does not change
in a logarithmic and a gray-scale representation in Fig. luntil 150 s because the sp&isandB do not move(stage 1.
This vertical cut of reciprocal space was constructed as folSpots from the &% 3.2 domains on the §l01) surface appear
lows. The 1D LEED patterns along the miscut directitte 150 s after the start of the deposition showing nucleation of
[110] direction through the(00) rod of the (001) surface the 5x 3.2 domains(stage 2. With further Au deposition
were measured for various incident electron energies from 8diffraction intensity from the & 3.2 domains increases while
eV (the second Bragg conditiof®08) for (001 surfacg to  at the same time a broad spot arising from the step bands
180 eV [the third Bragg condition(0012], and they are (SB) is developing and changing its position. The increased
aligned vertically. The width of this figure corresponds tointensity of the 5< 3.2 spots corresponds to expansion of the
220% of the surface Brillouin zon€SB2) of the (001 sur- 5% 3.2 domains. The movement of the spot SB corresponds
face. All bright lines correspond to reciprocal rods from theto an increase in inclination angle of the step barstep
surface and are inclined by 8° from the verti¢die [001])  bunching (stage 3. Finally, sharp spot€-E from the facets
direction, showing that the surface is inclined towftd0]  appear and the spot SB disappears at the same time reflecting
direction by 8° from thg001) surface. the transformation of step bands into facettage 4.

FIG. 1. A vertical cut in reciprocal space of a cleari0Bil) 8°
off vicinal surface withk; as thex axis andk, as they axis. Right
hand side is th¢110] direction and vertical direction is tH®01].

A. High-temperature Au deposition
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FIG. 3. A temperature dependence of fi¢0] cross section of
a reciprocal space of th@) 8° off vicinal surface after faceting.
Substrate temperatures i@—(c) are 870, 850, 815, 800, and
775 °C, respectively. In all the figures vertical lines are from the
(001) surfaces.

[110]

FIG. 4. A vertical cut in reciprocal space of the 0.5° off surface

. _after Au deposition wittk; as thex axis andk, as they axis.
Substrate temperature dependence of the facet orientation

formed after Au deposition on the 8° off surface was inves-are seen in Figs.(d) and 3e). Thus, the formation of vari-
tigated. As in Fig. 1, Figs. (8)—3(c) show vertical cuts in  ous kinds of facets at lower temperatures is concluded.
reciprocal space of the 8° off surfaces after Au deposition at On Si001) vicinal surfaces with small miscut angles the
various substrate temperatures wkitas thex axis andk, as  average step-step distance is large and it is not likely to form
they axis. Substrate temperatures in Fig&)33(c) are 870, facets with definite orientations such gk19] and [117].

850, 815, 800, and 775 °C, respectively. Widths of all theHowever, it was found that even on a 0.5° off surface “hill-
figures correspond to the 220% of SBZ and the center posind-valley” structures composed ¢d01) and (119 facets
tions of the lower and the upper edges correspond to thwere formed. Figure 4 shows a vertical cut in reciprocal
(008 and (0012 reciprocal lattice points. Figure(® was SPace of the 0.5° off surface after Au deposition at 870°C
obtained after measurement of Fig. 2 and very sharp vertica¥ith k; as thex axis andk, as they axis. The facet rods are
lines are seen. Distances between neighboring vertical lingduite similar to those in Fig. (8. The only difference be-
correspond to the 20% of SBZ of th@01) surface. The tween Figs. 8) and 4 is in relatlvg !r_1ten3|t|es of the two
corresponding 2D LEED pattermot shown show the for- types of the_ rods. Qn the 0.5° off initial surface all surface_
mation of the single domain ®01)5x3.2-Au structure on steps are smgle_ height steps and the average step-step dis-
the (002 terraces. Thus, the vertical lines on thsth posi- tance 1s approximately 15.6 nm. From real space observa-
. Y - tions by electron and optical microscopy we know that the
tlon§ are from th_e Si(001)83.2 .stru'cture: In addition to 'the typical width of a singlg001) terrace with the & 3.2 struc-
vertical lines, bright and sharp inclined lines are seefain

ture in a “hill-and-valley” structure formed on a 4° off sur-
They are inclined by 8.9° from th@01) surface toward the y

. ) ) ) face is larger than hundreds of nm and is at least one order of
[110] direction and the formation afL19) facets with 8<2  agnitude larger than the average step-step distance on the

reconstruction is concludéd Figures 8b) and 3¢) are simi- (50 off surface. Thus, it is possible that during Au deposi-
lar to Fig. 3a). However, in Fig. &) the background inten-  tion several tens of steps can bunch together to form step
sity is higher and the vertical and inclined lines are morepands which transform into facets.

diffuse than in Figs. @ and 3b). Integrated intensities of  Figure 5 shows the intensity of the facet spot relative to
spots from the (001)53.2 areas and thél19) facets de- that of the(00) spot of the(001) terraces as a function of the
crease with decreasing substrate temperature from Higs. 3 miscut angle of the sample. Open circles show experimental
to 3(c). These facts mean that areas with [081] and the values and all the data were obtained after Au deposition at
[119] orientations formed at lower temperature are smallerabout 870 °C. At 870 °C kinetic effects afd negligible'®

At higher temperature “hill-and-valley” structures are well and a “hill-and-valley” structure obtained after Au deposi-
ordered and the surface morphology should get closer to thiéon is considered to be th@) equilibrium structure. Filled
equilibrium shape. Intensities of vertical lines are lower incircles show calculated ratios of the projected areas of the
Figs. 3d) and 3e) and inclined lines, in several orientations facets to thg001) plane. Both behaviors are quite similar to
with larger inclined angles than those from .9 facets each other and the experimental values are approximately
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. . . various annealing witlk;, as thex axis andk, as they axis. An-
FIG. 5. An intensity of the facet spot relative to tt@9) spot as nealing temperatures @8)—(c) are 770, 825, and 890 °C, respec-
a function of miscut angle of the sample. Samples were obtained bﬁfvely.
Au deposition at 870 °C. Open circles show experimental values
and close circles show calculated ratios of the projected areas of the

(119 facets to the001) plane. Figures 6a)—6(b) show vertical cut in reciprocal space of the
8° off surfaces at various annealing temperatures Wjtas
80% of the calculated values. Assuming that the reflectivitythe x axis, which is parallel top the miscut direction akgd
of the facet spot is approximately 80% for t{@0) reflection  as they axis. Annealing temperatures of Figgap-6(c) are
of the (001) surface we can conclude that tf@1) and the 770, 825, and 890 °C, respectively. The central vertical line
(119 facets cover the entire surface. in each image corresponds to tt@) rod of the(001) sur-
From our observations that “hill-and-valley” structures face. Diffuse rods inclined from the vertical direction are
composed 0f001) and (119 facets are formed on three dif- seen in Fig. 6) and are due to the Au-covered initial 8° off
ferent substrate orientation we can conclude that they are ttmurface. In Fig. &), relatively sharp rods from the five-fold
most stable structures on(801) vicinal surfaces with mis- structure are seen and part of the surface is known to be
cut angle below 8.9°. This suggests that the following rela-covered by(001) terraces with the % 3.2 structure. Very
tionship between the surface free energies of the (001)%veak inclined rods are due to formation of small facets. The

o

do  ©0  0dn  ©0  d0do o 10

X 3.2-Au and that of the (119)82-Au holds. fact that rod from th€001) facet is stronger than that from
the inclined facet suggests th@01) facet is the most stable
(119 cos 8.9 y(001) facets around this area. Thus(001) would be lower thany
(119. The inclined rods become stronger and sharper at
or (00)cos8.9% ¥(119. 890 °C as in(c) indicating that the facet areas grow larger.
Thus, Vertical lines also become sharper in Figc)eshowing the
formation of a “hill-and-valley” structure composed of
0.988y(001) < y(119<1.012y(001). (001 terraces and119 facets. Comparing with Fig. 3, spots

The two surfaces have similar surface energies and the di orm the (QOD and_the(119) facets are more diffuse in F_|g.
(c). This is explained by smaller sizes @01) terraces in

. . 0
ference is approximately 1%. Fig. 6(c) due to large miscut.

Our previous observation during annealing after high- Changes in the surface morphology are induced by the
temperature Au deposition seems to show that A001) formation of the 5<3.2 structure and change of its domain

<7(119) because the(119 facets vanish before the o ..o The change in the domain structure during anneal-
(001)5x 3.2 areas do so during annealitfgAnother notable ' ny X 9
ing has been studied by continuous measurements of the 1D

thing is that the(001) facets grow faster thafl19) facet LEED patterns during annealing and shown in Fig. 7 at 85

during annealing after Au deposition on a 8° off surface ateV electron energy during the heating process. The intensit
room temperaturéRT) in spite of the fact that larger mass gy 9 9p i y

! in the directions parallel and perpendicular to the miscut di-
transport is necessary to form tk@01) facets on the 8° off . )
surface than thél19) facets(see Fig. 6 rections through thé00) rod of the(001) surface were mea

Thus sured alternately and are shown in Fig&a)7and 7b), re-

' spectively. Several MI's of Au were deposited on the 0.5°
¥(001) < (119 < 1.012y(001). off surface at room temperature and the sample was heated
up to 700 °C and the measurement of the intensity distribu-
tions was started after that. Sharp vertical lines at the center
in both panels correspond to tf@0) rods. The width of the

In the previous section Au adsorption-induced faceting orboth panels is 220% of SBZ for th@®01) surface. Strong
the S{001) vicinal surfaces during high-temperature Au vertical lines at the right and left sides in Fig(a¥ corre-
deposition have been described. In this section, changes spond to th€10) and(—10) spots and in Fig. (b) to the(01)
the surface morphology and domain structures during anand(0—2) spots. With increasing substrate temperature inten-
nealing after Au deposition at room temperature are desity distributions in Figs. (& and 7b) change because the
scribed. Faceting also occurs when samples are annealed afirface morphology as well as the surface reconstruction
ter several ML's of Au deposition at room temperature.changes. At the initial stage at 700 °C, strong peaks are seen

B. Annealing after Au deposition at room temperature
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FIG. 7. Intensity distribution of 1D LEED patterns in the direc- FIG. 8. Intensity distribution of the 1D LEED patterns in the
tions (a) parallel and(b) perpendicular to the miscut direction directions(a) parallel and(b) perpendicular to the miscut direction
through the(00) rod of the(001) surface during the annealing pro- through the(00) rod of the(001) surface during the annealing pro-
cess. More than 1 ML of Au was deposited on the 0.5° off surfacecess. More than 1 ML of Au was deposited on the 4° off surface at
at RT and the sample was heated up to 700 °C and the measuremeRi and the sample was heated up to 700 °C and the measurement of
of the intensity distributions were started. the intensity distributions were started.

at the half-order positions in each panel. At this temperaturéwofold direction of the domains is perpendicular to the mis-
ac(2x8) structure is formed on th@®01) terraces and cor- cut direction(2x 1 domaing are dominant. After annealing
responding spots are seen at tidth order positions with up to 700°C the X1 structure transforms into the(2
stronger intensities in Fig.(& than in Fig. Tb). Intensity =~ X 8) structure and the eightfold direction of thg€2x8)
distributions in the both panels change drastically at 770 °Cstructure is parallel to the twofold direction of thex4
The c(2X8) spots decrease in intensity and new spots apstructure. Thus, spots at half order positions indicated by
pear atn/5th order positions in Figs. (& and 7b). The arrowheads in Fig. @) are considered to be from the2
c(2x8) structure transforms into a fivefold structure. It is X 8) structure. In this figure, intensities of the spots from the
noted that spots from a three-fold structure are observed ig(2x 8) structure are much lower than that in Fig. 7. In Fig.
both panels. This does not mean that commensurate threefoftotal areas with the(2x 8) structure and their domain size
structures as reported previously?! such as %3 or V26 will be much smaller than those in Fig. 6 because inclination
X3 structures are formed on this surface. Only a structur@ngle of the surface in Fig. 8 is larger than that in Fig. 7. In
denoted as the 83.2 structure is observed in 2D LEED spite that the intensity distribution in Fig(& is much com-
patterns by annealing after Au deposition at room temperaplicated due to formation of rough surface, many spots are
ture. We conclude that thg{2X 8) structure transforms into seen. The spots at the half-order positions fie{f2x 8) do-
the 5x 3.2 structure at about 770 °C and the 8.2 structure  mains are not seen in Fig(& showing that thec(2Xx8)
is only the structure observed by diffraction methods abovestructure is in a single orientation. At about 770 °C spots
770 °C in the present study. Recently, an scanning tunnelinffom the fivefold structure especially at the £@/5) posi-
microscopy(STM) study showed that the>63.2 structure is  tions appear only in Fig.(®). As described before the(2
composed of the 83 and the\26x 3 units and quasiperi- X 8) structure transforms into thexX&3.2 structure and this
odicity with five unit cells of &, period gives rise to the indicates that the fivefold direction of the<&.2 structure is
3.2-fold periodicity?? parallel to the eightfold direction of the(2x 8) structure
The superlattice spots from the fivefold structure appear aand to the twofold direction of the clean Si(002 struc-
the same temperatures in Figéa)7and 7b). This means that ture.
the 5x3.2 domains with two orientations nucleate at the Spots from the fivefold structure indicated by arrow heads
same temperature at about 770°C. The spots from the Bppears around 850 °C in Fig(a® showing that nucleation
X 3.2 structure in@ remain up to more than 900 °C, while of the 5x3.2 domains starts at this temperature. The spots
those in Fig. ) disappear at about 880°C and a singlefrom the 5<3.2 domains in Fig. &) as well as those in Fig.
domain 5< 3.2 structure is formed. 8(b) increase in intensity with increasing substrate tempera-
Using samples with 4° and 8° miscut surfaces, similarture. However, the intensities in Fig(l8 decrease and the
experiments as in Fig. 7 were performed and qualitativelyspots from the fivefold structure disappear at 880 °C. This
similar changes in the intensity distributions are observedsuggests that the 3<5 domains re-arrange into the<3.2
Figures 8a) and 8b) show changes in the intensity distribu- domains by annealing and step structure should change dras-
tions in the directions parallel and perpendicular to the mistically during this process. Finally, the spots from the 5
cut direction, respectively, through tti@0) rod of the(002) X 3.2 structure are seen only in FigiaBindicating that the
surface during annealing after Au deposition on the 4° offsingle domain X 3.2 structure is formed on the surface as in
surface. Before Au deposition the single domain structuréhe case of high temperature deposition. When Au is depos-
characteristic to large miscut is formed aBderraces where ited on the 4° off surface at about 800 °C, a change from a
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ate on respective terraces. Th€8x2) andc(2x8) do-
mains transform into the83.2 and 3.X5 domains, respec-
tively at about 770 °C. The 8 3.2 and 3.X 5 domains grow

larger by further annealing. Growth speed of th&x&%2
structure, however, is very anisotropic and the speed perpen-
dicular to the fivefold direction indicated by arrows is much
faster than that parallel to the fivefold directithwhen a
5% 3.2 domain(formed on theA-type terracg grows along
the preferential growth directiofperpendicular to the five-
fold direction almost no mass transport of Si is necessary.
On the other hand large amount of mass transport of Si is
necessary when a 35 domain grows along the preferen-
tial direction because step movement is necessary. Thus, the
5% 3 2 growth speed of the 3:25 domain should be reduced due to
T, mass transport restriction. Nucleation rates of the352 and
/ ///// 7 the 3.2<5 domains should be the same. However, the 5
7 A//é/ / X 3.2 areas can become larger than>X3X2areas due to the
different growth rates.
A reason for the transformation from the double domain
o structure into single-domain structures by high-temperature
FIG. 9. Schematic diagrams, that show changes of the domaignealing is as follows. When thed.2 structure is formed,
structures after Au_ deposition followed by anneal_l@.an initial an array of domain boundarigsteps or step banfsre
surface,(b) nucleation of the & 3.2 structure(c) a final surface. f - .
ormed on the vicinal surface, because the preferential
double domain structure to a single domain structure igrowth direction of the % 3.2 domains is perpendicular to
observed? Figures 7 and 8 show a similar change in thethe miscut direction and is parallel to the steps on the vicinal
domain structure during annealing. surface. On the other hand, growths of the>X35domains
Before Au depositiorB-type terraces cover the entire sur- are limited not only along the slow growth directigrerpen-
face of the 4 and 8° off surfaces aith-type steps are the dicular to the miscut directigrbut also along the preferential
domain boundaries. As described before the32 terraces growth direction(parallel to the miscut directigrdue to sup-
cover the entire surfaces at the final stage and th&88  pression by surface diffusion of Si atoms as mentioned be-
domains are formed on theX2l A-type terraces. These fore. Thus, the surfaces covered mainly by thex32do-
mean that all the surface steps after Au depositiorAaigpe ~ Mains or two orientational domains are considered to have
steps with even integer height steps. Thus, Au adsorption ighort segmented. These structures would cost more energy
considered to destabilize ths-type steps, to separate them than that covered mainly by the<83.2 domains because the
into S, and Sg-type steps at the initial stage and to stabilizeformation energy of the domain boundaries is relatively high.
DA-type steps, which accompany growth of the single do«This can be known from the fact that domain boundaries are
main 5x 3.2 structure. very straight'¥) Thus, the 5¢< 3.2 domains would be a lower
During annealing, changes in the surface morphology irenergy structure and thex3.2 domains should transform
Figs. 7 and 8 are not clearly seen as in Fig. 2. This is due t#1to the 5<3.2 domains during the growth of the domain
the fact that in the case of annealing, nucleation densities dftructure to reduce the total energy of the system.
the 5x3.2 structures are much higher and their sizes are For the case of the surface with large miscut angle
much lower than those in the case of high temperature Aghanges in the domain structure can be explained in the same
deposition. As shown beforén Fig. 6), the facet rods ob- Wway as in Fig. 9. However, difference in domain structure at
tained by annealing is more diffuse than that obtained byhe initial stage should be taken into account. In the case of
high temperature Au deposition in Fig. 3. Another possiblethe surface with large miscut ang2g-type step is the most
explanation of differences between Figs. 7 and 8 and Fig. Ztable steps and>2 domains(B terraces cover the entire
and between Fig. 6 and Fig. 3 is kinetic effect. Since a “hill- surface before Au deposition. In this case nucleation rate of
and-valley” structure composed of t1i@01) and(119) facets  the 3.2<5 domains is much higher than that of the8.2
is the most stable structure, mobility of Si and Au atoms aredomains at the initial stage of the annealing process. How-
much higher when Au was deposited at high temperaturegver, there may be21 domains on the surface due to ther-
The kinetic effect on the surface morphology still exists inmal step fluctuation. Si atom density included in the 5
deposition below 860 °C. Thus, a “hill-and-valley” structure X 3.2 structure and/or the(2x 8) structure may differ from
obtained by annealing experiment would not be a complet¢hat in the Si(001)X 1 structure and a difference may also
equilibrium structure probably due to shortage of annealingnodify step configuration during annealing. Thus, nucleation
time. of the 5X 3.2 domains also occurs on th&x2 domain. As
Schematic diagrams in Fig. 9 show changes in the domaidescribed before $3.2 domains can easily expand and
structures during the annealing process on the vicinal surfaggrow larger than the 3:25 domains. The 3.25 domains
with a small miscut angle such as 0.5°. In the case of thehould be destroyed by the growth of the8.2 domains
surface with a small miscut anglex2L(A) and 1X2(B) and the 5< 3.2 domains cover the almost all the surfaces at
terraces exist and th&(8x2) andc(2x8) domains nucle- high temperature.



5678 H. MINODA et al. PRB 61

IV. SUMMARY the surface steps. The growth speed perpendicular to the
five-fold direction is much faster than that parallel to it. The

sition at high-temperature deposition and annealing to " 5% 3.2 domains can easily expand without appreciable mass
9 b P g transport of Si in the direction perpendicular to the fivefold

SI?S s%:-ﬁLeéé%onjr;Zr:ﬁreerztggtgzggsgéﬁn?:ﬁ Sélég'eera\tsgmdirection, which is perpendicular to the miscut direction.
' y Moreover, total length of the steps should not increase dur-

two types of experiments on substrate surfaces with inclina- . i
tion angle in a range of 0.5—-8° from thB01) orientation ing growth of the 5¢3.2 domains. On the other hand, an

toward the[110Q] direction. (1) “hill-and-valley” structure other type of dom"’?'”ﬁhe 3'2X.5 dqma|n$ cannot expand
along the preferential growth direction because large amount
composed of the (001)53.2-Au terraces and the (119)8 o e
of mass transport of Si is necessary in this case. Moreover,

X2-Au facet.s are formeq at high temperatures, W.h'Ch.'nd" rowth of the 3.X5 domains along the preferential growth
cates that this structure is the most stable phase in this sys- "~ . ! TR i
irection (the miscut directionincreases domain boundary

tem. The surface morphology depends on the deposition con-

dition and it gets apart form the equilibrium shape and facets’ the surface steps, which increases the total energy of the

with larger inclination angles are formed at lower substrateSyStem' Thus, the surface morphology with the>3&2do-

temperature(2) During the growth process of the>&3.2 mains is not energetically favorable._ This explanat|or! is
common to the two types of the experiments and to various

structures double domain structures are formed and they. . .
. ) . iscut angle surfaces, although there are some differences in
transform into the single-domain structures of the &2 ter- i . inth . .
races whose fivefold direction is parallel to the miscut direc—de'[al as discussed In the previous section.
From the comparison of the annealing experiments on the

E'g)n _?;]éhe ::anv?cl)iellgergfgr]tee(?rz\gmng)érfgﬁif SAtLlf;:jusrc?r.be éiifferently oriented vicinal surfaces, relationship of the ori-
P y rep entations of the X 1, thec(8x2) and the 5 3.2 structures

Si(001) structure such as thex&3 and they26x 3 structure are clarified. Thex(8x 2) and thec(2x8) domains nucle-

are not formed in either experiments and only the incommen, " the %1 and 1x 2 terraces, respectively and they

?l;roafg 3.2 pattern is observed in this system abovetransforms into the & 3.2 and the 3.8 5 domains, respec-

From the fact that two facets are thermally stable on var—tlvely' Thus, the two-fold direction of the 21 structure is

ied miscut angle surfacdgact (1)], relatively large cusps at parallel'to the fo'urfolld direction of the(2 < 8) structure and
the[001] and[119] orientations in they plot of Au-covered to the fivefold direction of the 5 3.2 structure.

Si surfaces are concluded. The surface free energy of the
(119)8x 2 surface is almost the same as that of the (001)5

X 3.2 surface but the (001)63.2 facet is more stable than  Discussions with Professor M. Henzler are gratefully ac-
the (119)8x 2 facets. knowledged. This work was supported by Grant-in Aid from
The fact(2) was explained by anisotropy in growth speedMinistry of Education of Japan(Nos. 07044133 and
of the 5X3.2 domains and high formation energy of the 09NP1201 and the Deutsche Forschungsgemeinschaft

domain boundaries of the>63.2 and the 3.2 5 domains or (Ho1611/4-).

Faceting on SD01) vicinal surfaces induced by Au depo
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