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Gold-induced faceting on a S(001) vicinal surface: Spot-profile-analyzing LEED
and reflection-electron-microscopy study
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Au-induced faceting on a 4° off &01) vicinal surface at temperatures between 750 and 880 °C was studied
by in situ high-resolution low-energy electron diffraction and ultrahigh vacuum reflection electron microscopy.
The formation of an Au-induced incommensuratg %2 reconstruction of001) terraces triggers the trans-
formation of the initial regular step train of the vicinal surface into a “hill-and-valley” structure composed of
very wide (001) terraces and step bands. With further increasing Au coverage the step bands transform to
well-ordered (119 facets, which also exhibit the Au-induced reconstruction. For adsorption temperatures
below 800 °C the transformation to the well-ordeféd9 facet is kinetically hindered: an irregular mixture of
(115, (117, and (119 facets is observed. Th@01) terraces and facets are alternately arranged to form a
hill-and-valley structure with an average period-0400 nm and terrace lengths of more than several hundreds
of um. Driving force for the large-scale morphological transformation into the hill-and-valley structure is the
decrease of surface free energy of 1) and the(119 surface due to the formation of Au-induced
reconstruction orf119 facets as well as of001) areas[S0163-182809)03503-1

[. INTRODUCTION bunching and/or faceting are very attractive and interesting
not only from a scientific point of view but also as a new
Si surfaces show a variety of different surface reconstructechnique for self-organized formation of low-dimensional
tions depending on temperature and the crystallographic orsurface morphologies and structures without lithographic
entation. Driving force for the formation of the surface re- processes.
construction is the minimization of surface free energy, Recently, several studies have been carried out in the field
which is very often identical with a reduction of the number of noble-metal-induced step bunching or faceting of vicinal
of dangling bonds. Adsorption of foreign elements reducesemiconductor surfacés® Some of the results were ob-
the surface free energy and it strongly modifies the electronitained by reflection electron microscopy and diffraction
structure at the surface. Therefore, this process is alway(sREM-RHEED).G'7 Aoki et al. found formation of(335) fac-
accompanied by a change of surface structure, which may liféts by Au deposition on a 8il11) vicinal surface at approxi-
the surface reconstruction or change the surface unit cell. mately 780 °C2 Au adsorption on a Si{hm) surface (m/h
Metal-induced surface reconstructions on low-index Si=1.4-1.5) at approximately 700 °C results in the formation
surfaces, such ad11), (001), and(110), have been exten- of the hill-and-valley morphologies consisting ©557),
sively studied as function of substrate temperature and335), (225, and(113 facets in addition tq111) faces de-
amount of adsorbed metdisHowever, on vicinal surfaces, pending on the Au coverade(5 5 11) and (441) facets are
the steps and step-step interactions also play a significafbrmed when Au is adsorbed @8 5 12 and(331) surfaces,
role for the apparent surface morphology. Metal adsorptiomespectively. These surfaces are not stable as bare Si
modifies not only the surface free energy of the various kindsurfaces,i.e., are only stabilized by Au adsorption. Some of
of planes, but also the step free energy and the step-stdpe Au-induced facets disappear with increasing temperature
interaction. All of this together may cause a significantat 740—820 °C. These reversible transitions are considered to
breakup of a smooth vicinal surface into a “hill-and-valley” be roughening transitions with a transition temperature de-
structure composed of large, flat low index planes and aregsending on facet orientatioh.
where all the steps are accumulated. The steps may either The formation of an Au-induced surface reconstruction
form irregular highly inclined step bunchéstep bandsor  plays a very important role for Au-induced faceting of
well-ordered facets with a distinct orientation. Such a hill-Si(111) as studied by scanning tunneling microscopy
and-valley structure is stabilized by the adsorbate induce@STM).* Au adsorption stabilizes G175 and S{995 sur-
reconstruction on both the low-index plane and the highfaces. Both surfaces are unstable without Au and were not
index facet plane formed to conserve the macroscopic miscutbserved by REM-RHEED on clean cylindrical samplghe
of the sample. Under equilibrium conditions the surfacesSTM study reveals the §i75-Au surface composed of very
with low surface energies are considered to grow and veryarrow(111) terraces together with surface steps. Th&l)
wide step free areas can form, depending on the diffusiomerraces show a similar structure of 413i1)5x2-Au surface
and mobility of the Si adatom&vhich additionally may be reconstruction. The width of the narrow terraces in the
affected by the metal adsorptfon Metal-induced step Si(775) facet corresponds to the width of the unit cell of the
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surface reconstruction. The (375-Au facet is, therefore,
formed by a regular array of very narrow(8l1) terraces
separated by atomic bilayer steps. Only the formation of a
well-defined reconstruction on the single terraces of the
Si(775 high index facet stabilizes this complex structure.
Si(111) surface structure is not particularly anisotropic
neither is the surface diffusion of adatoms. In contrast
Si(001) surfaces are remarkably anisotropic in the surface
reconstruction, the surface tension and the atomic step struc
ture and step-step interaction. From this results a strong an:
isotropy for the surface diffusion of adatoms on terrates
and along steps. On Si(0p12x 1) surfaces with small
miscut with the dimers oriented orthogonal directions recon-
structed (1) and (1X2) domains exists. On the other
hand on S001) surfaces with large miscutarger than 4°

inclined to the(110) direction one orientation domain ex-
ists on the individual terraces which are separated by an
regular array of double height stepB{ steps. This con-
figuration is more stable than an alternative array of single §
height steps $, and Sy steps.1"130n a 4° off vicinal sur-

face inclined to thg110) direction we expect a very pro-
nounced anisotropic surface diffusion of adatoms during the
adsorption of Au. On this surface dimer rows run parallel to  FIG. 1. LEED pattern from a bare 4° vicinal Si(001)XP2)
the miscut direction with a faster surface diffusion in this surface in a logarithmic intensity scale to show also weak details in
direction. This anisotropy may strongly enhance changes ahe background. Miscut of the sample is alofigl0). Single do-
surface morphology during metal adsorption. main structure is apparent. The very regular step train results in a
We have observed Au-induced faceting on a 4° vicinalspot splitting of all integral order spots. Incident electron beam
Si(001) surface by using REM-RHEED, spot profile analyz- energy was 80 eV.
ing low-energy electron diffractiofSPA-LEED, atomic
force microscopy, and light scatterifiy.SPA-LEED and
REM-RHEED studies are presented in this paper.

-100% 0% 100%

direction incident along the steps. All REM images are dis-
torted by a foreshortening factor of 1/40 along the electron
beam direction because the electron beam is incident under
Il. EXPERIMENTAL grazing angle.

After chemical cleaning the sample crystals were clamped
I3\lith two electrodes of a sample holder of the microscope.
After introduction of the sample crystal into the column
Mhamber of the microscope, a hative oxide of the sample was
removed by dc current heating at 1200 °C. Au was deposited
from a tungsten wire at substrate temperatures of 800—
880 °C at a deposition rate of about 3 ML/min in Figs. 6 and
14-16 (0.5 ML/min in Fig. 9. After Au deposition the
Sample temperature was usually decreased to 700 °C to avoid

a periodic double step train was always obsertass: Fig. 1 Iqss .Of Au f“’”.‘ the surface_ due to desorption and/pr diffu-
Au was deposited at temperatures in between 750 angjon into the Si bulk. REM images were taken at this lower
845 °C, using a deposition rate of about 0.1 ML/min. temperature.
LEED spot profiles were monitored during deposition of
Au using a second electron gun in a grazing geométihis
allows following the evolution of surface morphology during ll. RESULTS AND DISCUSSION
Au adsorption. Usually spot profiles along the miscut direc-
tion (the (110) direction were successively measured dur-
ing the deposition of Au at high temperatures using the sec- The LEED pattern of the bare (®01) vicinal surface be-
ondary electron gun(see Figs. 7, 8, and 13 Two-  fore Au adsorption is shown in Fig. 1. The electron energy
dimensional 2D LEED patterns were taken after quenchingvas 80 eV with a diffraction condition close to the second
to room temperature RTsee, Figs. 1, 2, and 12in all 2D Bragg condition(008), which corresponds to a scattering
pattern shown in this paper the miscut direction of thephasegzz or an electron energy= 82 eV. Under this con-
sample corresponds to the horizontal axis. dition electrons from neighboring terraces interfere construc-
The miscut direction of the sample for REM has beentjyely (in-phase condition The regular array of the step train
chosen to be parallel to the elongated side of the sample, i.secomes apparent in the spot splitting of any integral order
in the micrograph the electron beafolose to the(110) spot. The grid of perfectly arranged steps acts as a phase grid

vacuum(UHV) chamber with base pressure 0k10 8 Pa

equipped with a SPA-LEED system and an ultrahigh vacuu
electron microscop@8JHV-EM) equipped with an Au evapo-
rator and a thickness monitbt.Si samples were cut from a
(001 wafer with a misorientation of 4° towardé110)

(Wacker Chemitronicy type). After degassing at 650 °C for
24 h the samples were flashed to 1200 °C to remove th
native oxide. The formation of a single domain surface with

A. Surface reconstructions
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FIG. 2. (a) LEED pattern taken at RT after Au-induced faceting at 800 °C. Spots result fecoBi1B5reconstruction of001) terraces and
8X 2 reconstruction orf119 facets. The electron energy was 39 €k). A Schematic illustration of the LEED pattern. Solid circles are
integral order spots from the @0D1) lattice, hatched circles are spots are from&2 reconstruction on th@01) areas, and open circles are
the spots originating from thel19) facet with 8<2 reconstruction.

for electrons which results in a splitting of all spots, which isward thin arrows in Fig. @®). Due to the mirror symmetry of
reciprocal to the separation between neighboring steps. Thae crystal in the vertical line in Fig.(B), two equivalent
spot splitting of 10% of the surface Brillouin zofleere the  orientational domains are possible. All spdthe hatched
distance to the next integral order spatdicates a terrace circles could be constructed by using these two sets of basic
width or step separation of 4 nm, i.e. the existence of doubleeciprocal vectors together with a multiple scattering process
height steps. using the integral order spots of the(@1) face.

Superlattice spots from the KI2) reconstruction indi- From these vectors the unit cell of the Au-induced surface
cated by(0 1/2) and(0 —1/2) are also clearly seen. The weak reconstruction on 8001) is derived as an incommensurate
intensity of the (1) spots reflects the formation of an (5X3.2) structure with one basic reciprocal vector rotated
almost perfect single domain structure with the dimer rowsby 5.7°, which will be referred to as>3.2. This structure
of the major (2< 1) domains parallel to the miscut direction seems to be similar to the Au-induced26x3) and the
andDg type steps. (5% 3) structures already found on($00).1""*°However, it

Au adsorption at 800 °C results in the 2D LEED patternmust be pointed out that both of these structures show LEED
shown in Fig. 2a) after quenching the sample to room tem- patterns which are different from the pattern shown here.
perature. A schematic illustration of the LEED pattern is  The unit cell in real space of the complex.2 structure
given in(b). Vertical arrows in(@) indicate the integral order s illustrated in Fig. 3 on a (X1) unit mesh. From the
(00), (10), and(11) spots from the $001) surface. The large LEED pattern shown in Fig.(@), it is obvious that no rota-
number of additional spots arises from complex reconstructional 3.2<5 domain exits. The & 3.2 reconstruction exits

tions on flat Si001) terraces and facets. The spots from thealso in a twisted domain with the mirror plane perpendicular
initial LEED pattern of the step train of the 4° off vicinal
surface are no longer visible. [b), solid circles indicate the

00O 900
integral order spots of the bulk terminated Si(00X)1 sur- 000 000
face and hatched circles indicate spots arising from the Au- 000 000
induced surface reconstruction on tf@1) surface. Open oo oe
circles correspond to spots from the Au-induced surface re- ob oo
construction on the facets. oo oo
The first set of superlattice spdisatched circlesshow a 00 000
well-defined fivefold periodicity with respect to the distance oo
between integral order spots along the misclt0) direc- oo
tion. This indicates that these spots arise from a reconstruc- PO ure i -
000 0000CO <110>

tion on the Si001) surface. The basic reciprocal vector in the

(110) direction is(1/5 0) which is indicated by a horizontal  FIG. 3. A schematic illustration of the unit cell of the (001)5
thin arrow in Fig. Zb). The second basic reciprocal vector of x 3.2-Au surface and its mirror domain. The 90° rotated domains
the reconstruction unit cell was found to be one of two up-are also shown.
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FIG. 4. Spot profiles along thgl 10) direction from LEED patterngas shown in Fig. 2 at various energiese plotted in a gray-scale
representation as a cut through reciprocal space. The vertical bright lines are reciprocal lattice rods from integral order spots and from 5
X 3.2 reconstruction spots. Tilted lines correspond to tilted areas at the surface, i.e., reflect the movement of facet spots in reciprocal space
as a function of electron energfa) Au adsorption at 750 °C results in formation of various kinds of fagts (115), (117), and (119
facets.(b) Au adsorption at 750 °C results in the formation of solgly9 facets.

to the miscut direction as also shown in Fig. 3. The initialrocal space as function of the vertical scattering vector. This

surface prior to Au adsorption showed a>(2) reconstruc- has been done by recording spot profiles along(ftg® di-

tion so the 5¢3.2 domains are formed on thex2 domains. rection for various incident electron energies from 82 eV
The second set of spots is indicated by open circles in Fig.S=2 or (008 Bragg condition to 180 eV[S=3 or (0,0,12

2(b) and belongs to an Au-induced commensurate reconBragg conditio. Such profiles are depicted in Fig. 4 as a

struction on a facet plane. The facet plane could be easilyertical cut in reciprocal space with), as thex axis andk

determined from the variation of facet spot position in recip-as they axis.
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FIG. 6. RHEED pattern taken after the Au adsorption at 800 °C.
Diffraction spots from th€002) terraces with the & 3.2 structure
are marked by downward arrowd,19 facet spots by large upward

FIG. 5. Schematic illustration of the unit cells of thx @ (left)
arrows, and117) facet spots by small upward arrows.

and the 4< 2 (right) structures on thé119 surface. The primitive

(119 unit cell is labeled X 1. . ) .
the positionsA and B are not equivalent positions on the

) ] (129 surface the unit cell of the surface reconstruction on
Figures 4a) and 4b) reproduce plots of LEED intensity the (119 surface should be taken as the larger parallelogram
distributions along thé110) direction after Au deposition at AB’C’D. The superlattice structures indicated by the solid
750 and 800 °C, respectively. [b) the vertical lines corre- lines are described in matrix notation as
spond to the spot&r reciprocal lattice rodsfrom the (001)
surface with the % 3.2 reconstruction. There are four addi- 2 1
tional spots in between integral order spots. Now the move- 0 8
ment of the facet spots with respect to the stationary spots of
the (001 areas becomes obvious in the lines running in obwith mirror domain. For simplicity, we will describe this
ligue directions. From their inclination and the intersectionstructure as the “& 2" structure. Depending on details of
with the (001) rods, a(119 facet orientation is easily de- the adsorption process sometimes & 24 structure, in the
rived. Both the facet rods an@®01) rods show no broaden- matrix notation the
ing, which reflects a perfect order on a scale larger than the
transfer width of 100 nm of the instrument. 2 1
For adsorption at lower temperatures three kinds of ob- (O 4)
lique lines are seen in Fig.(@ in addition to the vertical
lattice rods from the(001) surface. One corresponds to a and its mirror domain has been observed as shown in Fig. 5
(119 facet as in(b) and the others are frof117) and(115  right. Instead of an eightfold periodicity in th&@10) direc-
facets. Here the facet rods are much broader and more difion a fourfold periodicity is observed. It is not clear which
fuse with a lower intensity than those () (Au was depos-  details of the adsorption process determines the formation of
ited at higher temperaturesThis means that the facets(@  the fourfold or eightfold periodicity.
are smaller than those ifb). It should be noted that in the  |n contrast to the strict appearance of the reconstruction
temperature range between 750 and 80QT15), (117), and  on the (119 facet we have never observed a surface recon-
(119 facets are formed, although at lower temperature thetruction on thé117) facets in any of the LEED patterns. As
facets are not well developed. For adsorption temperaturegentioned before th€119-Au surface is considered to be
above 800 °C only119) facets are formed. In no case was more stable than thel17)-Au surface. This is mainly due to
the formation of only(117) facets observed. the fact that Au-induced surface reconstructions are formed
The superlattice reflections indicated by open circles inon the(119 surface.
Fig. 2b) are from(119 facets. The length of the basic re-  Reflections from superlattice structure on @91 ter-
ciprocal vector in{110) direction is of the reciprocal vec- races and facets were also observed by RHEED. Figure 6
tor of the bulk terminated001) surface. This reflects the reproduces the RHEED pattern after deposition of Au at
formation of(119) facets with double step structure sketched830 °C. The pattern was taken at a temperature of about
as a IX1 unit cell in Fig. 5. Narrowly spacedth-order 700 °C. Reflections indicated by downward arrows results
reflections can be seen along the horizontal lines indicated biyom the 5x 3.2 structure on th€001) surface. Between in-
horizontal arrows in Fig. @). This reflects the formation of tegral order spots four additional and equidistant spots are
an eight-fold structure on th@ 19 facets in the(110) direc-  present indicating that the fivefold direction of thex3.2
tion. The unit cell vectors in reciprocal space are plotted astructure runs parallel to the miscut direction and perpen-
horizontal thick arrows to the left and one of the two shortdicular to the step edges. The initial surface shows a single
downward arrows in Fig. 2. The resulting real space unitdomain structure with the twofold direction of thex2
cells for the possible reconstructions on {149 facet are  structure perpendicular to the miscut direction. Thus, the 5
shown in the left of Fig. 5 as parallelograBCD. Because X 3.2 domains form on the*12 domains.
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FIG. 7. The kinetics of the faceting process is studied during Au adsorption by recording LEED intensity profileGld@ndirection.
The profiles are shown as a function of adsorption time in a logarithmic gray-scale representation. Top line represents the initial 4° off step
train, the last line the formation of a hill-and-valley structure with various different spots originating(@@tnhterraces and facets. Due to
grazing incidence the LEED pattern is distorted, which causes the different scalesxadtize

In addition to the reflections from the>&83.2 structure, The changes in the spot profiles during Au adsorption are
reflections from (119 and (117) facets are seen in the shown in Fig. 7 in a gray-scale representation withxlais
RHEED pattern and are indicated by large and small upwargor k;, and the downward axis corresponding to the deposi-
arrows, respectively. Thugl19) and(117) facets are formed tion time. Changes of the intensity distribution, in other
on the surface by Au adsorption in accordance with the SPAwords, changes of the surface morphology during Au depo-
LEED study. sition can be divided into four stages as follows.

Stage 1.Fromt, to t;. The split(00) spots originating
from the 4° vicinal surface is seen before Au deposition and
The large-scale morphological transformation of a reguladenoted by spoté andB. The intensity of SpoA increases
stepped (X 2) reconstructed 801) vicinal surface into a at the initial stage of Au deposition. This is probably caused
hill-and-valley structure composed of alternatively arrangecby an increase in reflectivity due to the increased Au cover-
(001) terraces and119) facets has been studied lny situ  age on the surface. However, its position and width does not
SPA-LEED measurements using an external electron guohange, which indicates that the surface morphology does
with a grazing incidence of 30°. Continuous recording ofnot change during this stage although the Au coverage in-

spot profiles along110) direction during Au adsorption al- creases almost linearly.

lows following a change of surface morphology in detail. An  Stage 2Fromt; to t; . Above a critical Au coverage new
electron energy oE=96 eV corresponds to a phase condi- spots appear very suddenlytat These spots can be attrib-
tion of S=0.95 for external geometry, which allows to easily uted to the(00) spot from the flat(001) surface denoted as
separate facets with different orientations, 1@01) areas, (00). At the same coverage spots from thé0Bi)5x 3.2-Au
and differently inclined step bands. This is impossible for thestructure arise at positions20% and—20% of the surface
in-phase condition a=1, where all spots collapse at the Brillouin zone (% SB2) denoted a< andD. Diffuse inten-
(004 Bragg condition. sity indicated as step bar{®B) appears to the left of spét

B. Kinetics of morphological transition
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The horizontal scale fok, is nonlinear due to the grazing
incidence of the electrons in this diffraction geoméftyrhe
x scale has been corrected for this distortion. The first nucle- (00) - spot A
ation of the flat SI001) terraces happens at the same cover- p : TAnA
age as the formation of the>x&3.2 structure. It is concluded (5x3.2) —spot C ‘ : '
that the surface free energy of tf@01) areas is reduced due (5x3.2) — spot D
to the formation of the Au-induced reconstruction. Reduction
of the surface free energy of tl@@01) areas is a driving force
for the break up process of the vicinal surface into the flat £
(001) terraces and step bands. The diffuse intensity SB is
considered to be from step bands with higher inclination
angle than the initial 4° surface.

With increasing Au coverage the intensity of @) spot
and the spot€ and D from the 5x3.2 reconstruction in-
creases, while that of the spotsand B from the 4° initial
surface decays and disappearg-at; . The position of the
diffuse intensity SB does not change at this stage, which :
means that the average inclination angle of the step band: : 5 ° : - o
does not change. From the mean position of the diffuse in- : ' : :
tensity the inclination angle of the step bands is estimated to3
be 8°. During this adsorption stage, 4° off vicinal areas are 3]
still present and transform into flat wide Si(00X 3.2 ter-
races separated by step bands with higher step density.

Stage 3Fromt; to t,. With the disappearance of the 4°
spot A, the position of the diffuse reflectiof8B) gradually
and continuously moved away from ti@0) spot. This dif-
fuse reflection is considered not to be from the distinct facets
but from the step bands. The continuous shift of the position
of SB with further Au deposition indicates a continuous in-
crease of the average inclination angle of the step bands fron.
8° to ~14°. During this motion in the position of the diffuse ; ; L e
reflectio_n SB,.the intensity of thé0) and the superlattice fer;:teésc;t;— zzwepnoml Fcigér;?es of the integral intensities of the dif
spots slightly increases and almost saturates .at

Stage 4fromt, to t;. At a second critical coverage ( cal coverage the facet area increases linearly with increasing
=t,) the diffuse reflection SB disappears and new sfiots  Au coverage. At the same time the intensity of {06) spot
dicated byE andF) appear. The intensity of these new spotsand the 5<3.2 spots decreases slightly due to the transfor-
increases with no change of position during further Au depomation of steep step bands into smoother facets at the ex-
sition. These new spots are identified as facet spots originapense of the001) terraces.
ing from facets with a distinat119) orientation. It is surpris- Step bunching and faceting processes were also observed
ing that the position of the facet spot kispace does not using REM. Figure 9 reproduces a series of REM images
coincide with the final position of the step band spot SB.recorded on a video tape that show changes in surface mor-
This can only be explained by a decrease of the inclinatiophology during Au deposition at 800 °C at a deposition rate
angle of the stepped areas during the faceting process. ABf 0.5 ML/min. The white arrow in{a) points in the direction
though the step bands transform into the facets they argf the imaging electron bean{110) direction. The length
much steeper(~14° inclination) than the resulting(119  of the white bar in(a) is 300 nm and is oriented along the
facet with 8.9° inclination angle. This overshooting phenom-miscut direction((110 direction. The downward direction
enon will be discussed later. Conservation of the macroof the step train is the lower right part of the image. The
scopic miscut of the sample requires that the G4i1) ter-  images are foreshortened by 1/40 in the direction perpen-
races shrink in size during this process, which is observed agicular to the scale bar as mentioned in Sec. II. The infage
a weak decrease in intensity of ti@0) spot fromt, to t;  was taken during the Au deposition just after the first nucle-
(see Fig. 8. ation of a dark region, which corresponds to a (00132

The relative integrated intensities of the different spots interrace. The surrounding areas have not changed in contrast,
Fig. 7 are plotted on a linear intensity scale as a function ofvhich indicates that they still have the step structure of the
Au deposition time in Fig. 8. The different stages mentionedoriginal 4° off surface. The individual double height steps
above can be clearly separated. The sudden onset of a linegdn not be resolved because the step-step distance of 4 nm
increase in the intensity of th@0) spot and the % 3.2 spots  (double height step trajris below the resolution limit.
with Au coverage starting at, reflects the formation of re- In (b), the (001) terrace visible as dark lingnarked byA)
constructed areas only above the first critical Au coverageéucleates and grows. The shape of terrAds very aniso-
and this growth proportional to the additional Au coverage.tropic and it grows preferentially along the direction perpen-

Faceting proces@ftert=t,) can be explained by a simi- dicular to the miscut direction, i.e., along the step edges.
lar process to that betweéhandt,: above the second criti- Taking into account the foreshortening factor of 1/40, an

ensity {a.u.)

©spotA | step-band | facetspols

Intensity

-oo

0 50 100 150 200 250 300 350 400
Au deposition time (s)
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FIG. 9. A series of REM images during the deposition of Au at 800 °C shows first the formatiofO6flaterracesa) and(b). Step
bunching and formation of step bands are showricinand (d); facet nucleation on the step bands is shown(fdrand (g). Complete
transformation of the entire vicinal surface into a hill-and-valley structur@®01) superterraces and 19 and(117) facets.

aspect ratio of more than 400 results for terrAcélthough  LEED results. In(d) several step bands are seen between the
the field of view in(c) is slightly shifted from that inb), it is (001) terraces as indicated by arrows. With increasing Au
obvious that terracé has grown wider and has a compli- coverage th€001) terrace become broader resulting in even
cated shape. A secon@®01) terrace—marked byB—has steeper step bands. The step bunching process has almost
nucleated betweetb) and (c). Conservation of the number finished between imag@l) and (e).

of steps and the overall miscut of the sample requires the With further Au adsorption, nucleation and growth of
formation of a step band between the terraeendB: The  dark areas is seen in the step bands as indicated by arrows in
step density in the step band areas must have increased sig) and(g). The change in contrast in some parts of the step
nificantly, which is in very good agreement with the SPA- bands indicates a change of reflection condition due to the
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width and facet morphology were observed. The white scale
bar in(a) is 300 nm. The field of view changes slightly from
(a) to (f) due to thermal drift. Arrows indicate the same po-
sition in all images. The well-developed bright and dark
bands correspond to large and elonga@@ll) superterraces
and facets. From the similar width of terraces and facets it is
concluded, that most of the facets are(d19 orientation.

With increasing temperature, i.e., decreasing Au cover-
age, the widths of the dark bands decrease and the contrast of
the dark areas changes slightly frdm to (b). This is con-
sidered to be due to a decrease of the facet areas due to a
transformation from facets to step bands with a higher incli-
nation angle than the facets. At the same time the width of
the flat (001 terraces increases. By further annealifay
with decreasing Au coveragjéhe dark bands also change
their shape and are more smooth and roundgd)iand(d).

This may be due to the fact that the facets have completely
transformed into step bands, which are not so well oriented.
In (c) the step bands are the narrowest, the inclination angle
has changed from 8.9° for tH&19) facet to 12° for the step
bands, as estimated from the ratio of bright to dark areas. It is
important to note that the slope of the facets is smaller than
the maximum slope of the step bands. This behavior is at-
tributed to the formation of an energetically favored well
ordered(119 facet, which additionally decreases the surface

desorption reveal the time-reversed process of faceting. The whit nergy by formation of a reconstruction. Thls_ also |mpl_|es
arrows mark an identical position in each image. The length of scalé at the surface free energy of the step bands is much higher
bar is 300 nm. Thé00D-terrace and119-facet structure ifa) was ~ than that of the flat (001)83.2 terraces and that of the
obtained at 870 °C. With decreasing Au coverage the facets reafvell-ordered(119 facet.
range to steeper step ban@s while the (001) terraces increase in With further decreasing Au coverage the fl@dl) ter-
width. With further decreasing Au coverage t@91) terraces be- races start to shrink and the step bands get wider. The flat
come unstable and become narrower while the step bands gé@01) terraces are stabilized only by the Au-induced 52
broader by debunching due to conservation of macroscopic miscuteconstruction. The LEED experiments show a linear depen-
dence 0f{0021) areas with Au coverage above the first critical

nucleation and the formation of well-ordered facets. TheCOvVerage necessary for the formation of the %2 recon-
nucleation of the facets takes place at the upper and thefruction. Therefore, th€001) terraces decreases in width

lower edges of the step bands and they grow larger—as se jth decrea_sing Al.’ coverage during desorption as seen in
from (e) and (f)—at the position indicated by arrows {e). —(f). The inclination angle of the step bands decreases and

Finally all the facets increases in size and all step bands arloWly @pproaches the macroscopic miscut angle of the vici-
completely transformed to facets ). In (b) one of the nal §urface. . .
facets shows two different contrast areas: the middle of the Figure 11 schematlcally |IIu§trate§ the changes of surface
facet area indicated by white and dark arrows is slightly™°rPhology during Au adsorption. Figure (&lshows the 4°
darker than the surrounding areas. As described in Sec. 111 R'f vicinal surface at,. Above the first critical Au coverage
both (119, and (117) facets are formed during Au deposi- at.tl Au-induced reconstructe@@01) areas appear torgether
tion. Therefore, these different contrast areas result from dif?ith narrowly spaced step$SB) as shown in(b). At t; 4°
ferent structure factors for diffraction and reflection condi-Vicinal regions disappear due to the expansion of (O@)
tions in electron imaging and are considered to be eitheferraces. All steps are accumulated in step bands. During
(117 or (119 facets. _stage 3 the expansion of t1t@01) surfaces causes a further
The transformation of step bands to facets has been studicrease of the slope of the step bands as se¢u).ifrinally
ied in more detail during the desorption process. Because td t2 (119 facet planes are formed being accompanied by a
whole morphological transformation is reversible with re- slight decrease of thé01) terrace areas.
spect to the Au coverage, the time-reversed process could be A LEED pattern taken after the onset of the step band
studied without the kinetic limitations that may occur during formation betweert; andt, reveals a more complex situa-
high Au adsorption flux. Figure 10 shows a series of REMtion: beside the formation of the>53.2 reconstruction also a
images that reproduces changes of the surface morpholog}f® rotated 3.X5 reconstruction is observed in Fig. 12.
of the hill-and-valley structure during desorption of Au. Prior Strong superlattice spots with fivefold periodicity are not
to this sequence Au was deposited at 870 °C to form thenly seen along horizontal lineén (110) direction be-
alternative arrangement @01 super terracegoright areas  tween the integral order spots but also along vertical lines
and facets(dark areas For the desorption experiment the along the(110 direction. The intensities of the spots of the
sample temperature was set to 750 °C and was graduallptated domain are almost the same as those of the majority
increased to 850 °C while the changes of (b@l) terrace in  domain. This implies the nucleation of two rotational do-

O RIREER

FIG. 10. A series of REM images during annealing and Au
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(a) The kinetics of the formation and annihilation of the mi-
nority domain has again been studied with LEED. Figure 13
reproduces temporal changes of the LEED spot profile dur-

ing the deposition of Au at 800 °Gg) along the(110) and
(b) along the(110 direction with the(00) spot in the center.
The LEED spot profiles in the two directions were measured
alternately. The incident electron energy was 73 &¥ (
=0.9). The scales of the axis in (a) and (b) are not the
same’® while those of the vertical axigime) are identical.

The temporal behavior shown i@) is similar to that in
Fig. 7. An increase of intensity of the spot from the 4° off
vicinal surface, appearance of the (00¥)3.2 domains to-
gether with an appearance and an increase of step bands, an
increase of the average angle of the step bands, and finally,
the formation of the facets are noted. Due to a higher depo-
sition rate (than in Fig. 7 facet spots with two different
orientations are apparent in the pattern and correspond to
(119 and (117 facets, respectively. First thd19 facet is
observed, formation of the weaké¢tl1l?) facet happens at
slightly higher coverage. This implies a higher critical cov-
erage for the formation ofL17) facets compared witfiL 19

FIG. 11. Schematic illustrations showing the four stages duringacets.
the transition of the surface morphology. The nucleation and growth The pattern in(b) is quite different from that ifa). At the
processes of the step bands and the facets are shown. very beginning no spot was observed, because the LEED

profile was taken perpendicular to that(a at a position in

mains (together with their twins during the early stage of reciprocal space where no spots of the initial vicinal surface
step bunching. However, the minority domain 82 is no  are presentsee Fig. 1 At t; the (00) spot from the(001)
longer present at the end of the adsorption process, when thgeas appears. At slightly higher coverage a superlattice spot
whole surface was transformed to a single domam3%2  of the 3.2<5 minority domain appear&ue to image distor-
reconstruction on the terraces. tions only the spot at-20% SBZ is observed, the LEED
profile does not intersect the spot-a20% SB2. Its inten-
sity, though much weaker than that(a), increases up to,
and disappears towards the end of the adsorption process.
From a comparison of the time scale (@ and (b), it is
concluded that the increase and the decrease of the intensity
of the 3.2x5 spots takes place during step bunching and
facet formation processes, respectively. It should be noted
that the initial surface forms a single domain structure with
(1X2) majority domaingdimer rows are parallel to the mis-
cut direction. The present observation indicates that after
the initial 1X 2 single domain structure is partially destroyed
by the nucleation of all possible major<3.2 and minor
3.2x5 domains. During the facet formation processes after
t, the minor 3.%5 domains are annihilated, resulting in the
5X3.2 single domain structure shown in Fig. 2.

C. Morphology of the hill and valley structure

Figure 14 shows the surface morphology after Au depo-
‘ _ sition and phase separation of the vicinal surface into the flat
0% iy 100 (001 areas and the facets at different temperatures between
K, (%B2) 800 °C aﬂd 880 °C. The direction of the incident electron
beam (110) direction is vertical and the miscut direction
FIG. 12. Temporal changes of the intensity distribution of the (110 direction is horizontal in each image. At all adsorp-
LEED pattern along thé10) direction(a) and the(01) direction (b) tion temperatures bright and dark areas are visible. Due to a
during the deposition of Au at 800 °Qit should be mentioned that bright field imaging condition the bright areas correspond to
due to a reversed specimen clamping the horizontal direction to ththe flat S{001) terraces and the dark areas to the facets,
left in (a) corresponds to the right in Fig.]6. which is confirmed as follows: In Fig. 15 the same area is
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FIG. 13. 2D LEED pattern taken at RT after nucleation ofd81)5x3.2-Au surfaces at 800 °C during the Au deposition. Incident
electron beam energy was 82 eV.

imaged by usinda) the specular reflection arftd) the (1/5 0) The average period between the fl@d1) terraces is quite
reflection from the Si(001)% 3.2 structure. An arrow iita)  similar in Figs. 14a)—14(d): the separation between super-
indicates the direction of the incident electron beam. Theerraces is about 400 nm. However, the average width of the
dark scale bar ita) corresponds to a length of 300 nm. The dark bands, i.e., the step bands or facets increases with tem-
field of view in (b) is slightly shifted from that ifa) due to  perature. Wider dark bandacets correspond to lower in-
a thermal drift and arrows indicate the same rhombic areaclination angle of the facets due to the conservation of the
The shapes of the rhombus are slightly different from eachmacroscopic miscut of 4°: The area of the f{@01) areas
other due to different imaging conditions. It should bedecreases with increasing facet area and decreasing facet
pointed out that bright areas {g) are also observed as bright angle. At an adsorption temperature of 880 °C the ratio of
areas in(b), which means that these areas under bright fieldhe (001) areas to th€119) facets is almost 1:1, which agrees
conditions(using the specular beancorrespond to (001)5 well with a (119-facet orientation. In(d) the average width
X 3.2 terraces. of all facets is the same as the width of (0®1) flat terraces

The facets observed as dark areas in Fig. 14 are consiihdicating that almost all facets exhibit(a19 orientation.
ered to be the well-ordered (819-Au and S{117)-Au fac- Formation of (117) and (115 facets is observed at lower
ets. Therefore the images clearly show the phase separatibemperatures in imag@) and (b).
of a smooth vicinal surface into the hill-and-valley structure  The step bunching process is a kinetically limited process
initiated by the adsorption of Au. With increasing substrateand is therefore governed by the deposition conditions of Au.
temperature froma) to (d) the hill-and-valley structure be- At lower temperatures the length of the superterraces de-
comes simpler: The structure is two dimensional agan creases due to reduced Si adatom diffusion and a large num-
and(b) but more and more one dimensional aganand(d). ber of nucleation sites. The facet orientation also depends on
It is important for the interpretation of the images to consideradsorption temperature. At high temperatures most of the
the strong image distortion due to the foreshortening factofacets show the energetically favorabl&l9 orientation,
of 1/40! The superterracdbright bands in(c) and (d)] are  with decreasing temperaturé&1?) and (115 orientations
very straight and run almost perfectly along #1140 direc-  are observed. It should be pointed out, that these facets do
tion. It is surprising that the bands are almost straight ovenot exhibit an Au-induced reconstruction, i.e., do not have
300 um and that such a well-ordered structure can be obthe low surface free energy of ttig19 facet.
tained by self-organization due to an adsorption-induced The dark elliptical dots in Fig. 1#) and 14d) are 3D
change of surface free energies. islands formed by excess Au deposition beyond the satura-
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FIG. 15. REM image with higher magnification after Au adsorp-
tion at 825 °C:(a) bright field image condition using the specular
spot. (b) dark field imaging condition using thel/5 0) spot. The
length of the scale bar is 300 nm.

lines in the flat(001) terraces are visible along two directions
as indicated by arrows. The lines along the horizontal direc-
tion are parallel to the miscut directid¢fl 10 direction; the

others are estimated to point in ti&10) direction (consid-
ering the foreshortening factor of 1/40 and the azimuth mis-

orientation of the incident beam from ti& 10) direction.

The dark lines in thd001) terraces are very likely narrow
minority domains with a 3.25 structure. Domain bound-
aries between % 3.2 domains and 3225 domains must be

accompanied by steps along #14.0) or the(lTO) direction.
The boundaries between th@01) terraces and the facets are

also along thg110) and the(110) direction. The existence
of the (110 boundaries, which causes a deviation of the

average direction of the dark facets bands from {h&0)
direction, is due to a slight azimuth misorientation of the 4°
miscut from the perfectl10 direction, which is adjusted by

a small number of kinks. The estimated value is about 1.9°,

and an off angle to th€110) direction less than 0.1° exists.
Additional domain boundaries or steps are also observed
in the dark facet areas. Due to the grazing incidence of the
electron beam, i.e., the foreshortening factor of 1/40, the
slight misorientation of the incident electron beam and the
not exactly known orientation of the facet areas it is impos-
sible to determine the orientation of these defects. Further

FIG. 14. Surface morphology after Au adsorption at variousgetajled studies are necessary to determine the exact nature
temperature¢a) 800, (b) 825, (c) 850, andd) 880 °C in bright field of these defects.

imaging condition using REM. Field of view is 16 and 3@@n,
respectively. Bright bands correspond(@1) superterraces, dark
bands to facets. With increasing temperature the length of the struc-
tures exceeds 30@m and the facets get wider.

tion coverage of the surface monolayer. The 3D islands pref-
erentially nucleate on the facet areas. The faceting is not
affected by the formation of 3D islands because the morpho-
logical changes are already complete when the clusters start
to nucleate. Electromigration of 3D islands to the anode di-
rection was also observé&cf?and details will be described in
elsewhere. This is in strong contrast to the case of Au depo-
sition on the(hhm surface withm/h=1.4-1.5, where the
morphology of the hill-and-valley structure depend on the F|G. 16. Details of the domain structure on t@91) terraces
Au coveragé. and facets after Au adsorption become apparent in higher magnifi-
Figures 16a) and 1€b) show the surface morphology cation. The REM images show the zigzag shape of the facet areas,
with higher magnification after Au adsorption at 800 anddomain boundaries as dark lines in {881) terraces and also in the
880 °C, respectively. Boundaries between the facets and thfacet areas(a) Au adsorbed at 800 °C gaw@17) facets.(b) Au
(00Y) terraces are zigzagged in shape in both images. Dar&dsorbed at 880 °C producétil9 facets.
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IV. SUMMARY the faceting of th¢115), (117), and(119 planes seems to be

Au-adsorption-induced step bunching and faceting wer erelated partly to kinetic processes. However, th&9 facet

. is the most stable because th& 8 structure or the %2
ilt;gls?f?egﬁlnts(ﬁﬁuligzeznfs Eﬁ?wg?ﬁi?a&;‘fgﬁstszez fgn bs(?tructure is formed on thé€l19 surface. The formation of
: the hill-and-valley structure composed of the fl@01) ter-
t=1,) no changes of sur/face morphology are observed. I:Olraces and thél19 facets is energetically favored.
stage 2form t=t, to t=t,) nucleation of the X 3.2 struc- The large-scale morphological transformation of a smooth
ture on the(001) surface resulting in the formation of the 4° off Si(001) vicinal surface into a 1D terrace and facet
step bands is observed. During stage(f®m t=t; to t  gyrycture during Au adsorption has been studiedirbgitu
=t;) expansion of the001) surface areas resulting in an Rem. Triggered by the formation of the Au-induced recon-
increase of the slope of the step bands ?s opserved. Finally igction on the $001) plane extremely elongated fl€01)
stage 4(from t=t, to t=t;) facet formation is observed.  terraces are formed with an average separation of 200—1000
Step bunching takes place due to the expansion of thgm and a length of more than 3gn. Conservation of the
Si(001)5x3.2-Au terraces because the surface free energy Qfumber of steps, i.e., the macroscopic miscut requires the
the (001 areas is reduced by the formation of th&8.2  formation of the step bands that finally transform into well-

structure. The step bunching is a kinetic process and the stef}dered and well-oriented 19 facets that separate th@01)
bands ultimately form facets. The driving force for the for- tgrraces.

mation of such a hill-and-valley structure composed of
Si(001)5x 3.2-Au terraces and facets is the reduction of the
surface free energy of the system.

Three kinds of facet§119), (117), and(115) facets were Fruitful discussions with Professor M. Heuzler are grate-
observed depending on the substrate temperature and thély acknowledged. This work was supported by a Grant-in
deposition rate. Under optimum conditions o1 9 facets Aid from the Ministry of Education, Science and Culture
are formed but there is no temperature in the range betweeiNos. 07044133, 09650026, and 08NP1pahd the Deut-
750 and 845 °C at which onlgd17) facets are formed. Thus, sche Forschungsgemeinsch@fio1611/4-).
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