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Fluctuations of monatomic steps on Si(001)
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The motion of monatomic steps on Si(001) is studied on an atomic scale at elevated temperatures with
scanning tunneling microscopy. The kinks in the step edges move in units of two dimers along the
monatomic A-type step edge and perpendicular to the monatomic B-type step edge. The overall time
dependencies of the equilibrium step fluctuations of 4- and B-type step edges were found to be both pro-

portional to ¢%6+0.1

. The fluctuations of long kinks in the B-type step edge are, however, much larger

and exhibit initially a linear ¢ dependence, i.e., one-dimensional random-walk behavior. Both time
dependencies can be understood in terms of the Langevin equation.

Step edges on surfaces play an important role in epitax-
ial growth and adsorption processes. From a more fun-
damental point of view, step edges are also challenging
because they play a key role in many surface thermo-
dynamic problems like roughening and faceting.? In
most cases, step edges are unavoidable because it is virtu-
ally impossible to cut a crystal exactly along one of its
low Miller indices planes. The slight misorientation that
usually results must be accommodated with surface steps.
The exact time dependence of step fluctuation has been a
topic of interest in several theoretical®* as well as experi-
mental papers.’”'? Bartelt et al.> and Pimpinelli et al.*
have shown that depending on the exact mechanism of
mass transfer, different time dependencies can be expect-
ed. In the case when step motion occurs through the ex-
change of atoms with a reservoir of adatoms on the ter-
races the equilibrium step fluctuation is proportional to
the square root of time, whereas it goes as the one fourth
power of the time in the case when the motion of the
steps occurs only through diffusion along the edges. If the
adatom diffusion rate on the terraces is, however, slow
compared to the adatom emission rate from the steps the
step fluctuations become proportional to the one third
power of time. In this specific case, a crossover to a V't
dependence is expected when the step separation is
sufficiently small.

Recent experimental work has revealed that in the case
of Si(111) (Ref. 5) and Au(110) (Ref. 6) the step fluctua-
tions are proportional to the square root of time, whereas
they are proportional to the one fourth power of time for
vicinal Cu(001) surfaces.” Another very interesting pa-
per, in this context, which should certainly be mentioned
is that by Kitamura et al.® Kitamura et al.’® analyzed the
step fluctuations of a vicinal Si(001) on a time scale which
was significantly smaller than the typical time lapse be-
tween successive detachment/attachment events (7). The
measured probability distribution of the positional
change of the step edge after a time lapse of 13 s [t=40s
(Ref. 9)] indicates that the step segments perform a one-
dimensional random walk. This random-walk behavior is
in agreement with predictions of Abraham and Upton,**
who have shown that there is a crossover from a linear ¢
dependence for times smaller than 7 (the exact position of
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the crossover depends on the strength of the interaction
between the neighboring steps edge atoms'®) to V¢ for
times larger than 7.

It is the aim of this paper to study the time dependence
of the step fluctuations on short-time scales, i.e., a time
scale ranging typically from a few times 7 up to about
307. Besides the already mentioned possible time depen-
dencies of the equilibrium step fluctuations, vicinal
pinned parts of the step edge (which contain often several
long kinks) exhibit initially a random-walk-like behavior
on a time scale, which goes significantly beyond the typi-
cal crossover time, i.e., =~7. It will be shown that this
time dependence can easily be understood by making
contact with the Langevin equation. In our study, we
have focused our attention mainly on protruding parts of
the step edge. This was for two reasons: first, protruding
segments are easy to follow in subsequent images even if
the STM suffers from a significant thermal drift and rela-
tively long scanning times and second especially these
parts of the step edge fluctuate most rapidly.

The Si(001) samples were cut from commercially avail-
able wafers (Wacker, floating zone B-doped 8-12 Q cm)
and ultrasonically rinsed in ethanol before loading them
into the vacuum system. The sample and holder were
subsequently outgassed inside of the vacuum system with
a base pressure of 1X107!° Torr at a temperature of
about 700 K for several hours. In order to obtain an
atomically clean surface, the samples were heated resis-
tively up to a temperature of about 1500 K for several
seconds. During cleaning, the pressure was maintained
below 1X107° Torr in order to avoid contamination of
the sample surface. This procedure results in a two-
domain (2X1) reconstructed atomically clean Si(001)
surface with a few percent of a monolayer of missing di-
mers as the most prominent defects (see Fig. 1). A high-
temperature scanning tunneling microscope (STM), de-
scribed in Ref. 8, is used to image the Si(001) surface at
elevated temperatures up to about 800 K. The
modifications of the high temperature STM as compared
to a normal STM are a Ta heat shield mounted between
the sample and the xyz-piezo scanner, with the tip wire
protruding through a small hole in the shield and an ad-
ditional electrical lead towards the sample in order to
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FIG. 1. A typical room-temperature STM image of a vicinal
Si(001) surface taken at —2-V sample bias and 0.5-nA tunneling
current. Scan size 40X 40 nm.?

heat it resistively. A resistive divider in parallel with the
sample is used to provide a tip-sample bias voltage in an
approximately symmetric way. Most of the STM images
are taken with a sample bias of —1.5 or —2 V and a tun-
neling current of 0.5 nA.

The Si(001) surface reconstructs by forming surface di-
mers that are arranged in parallel rows. The dimers can
be oriented along two possible directions, depending on
the plane where the crystal is cut. Hence the surface has
two degenerate phases, which are related by a 90° rota-
tion; their surface periodicity is either 2X 1 or 1X2. Two
distinct monatomic types of step edges, denoted S, and
Sp, can be found on a vicinal Si(001) surface. The
difference in the two is that the direction of the dimer
rows of the upper terrace is parallel (S 4) or perpendicu-
lar (Sg) to the direction of the step edge. Due to the
symmetry of the silicon lattice a monoatmic step edge is
always a phase boundary between 2X1 and 1X2 recon-
structed domains. Kinks in monatomic step edges of
Si(001) tend to offset the step edge in a direction perpen-
dicular to the edge by 2a (=7.7 A, the width of a dimer
row) or multiples of 2a. In principle there are two
different S steps edges, which can occur depending on
whether the dimer row of the upper terrace ends just on a
dimer row of the lower terrace or just in between two di-
mer rows of the upper terrace. The latter configuration
gives rise to rebonding, i.e., a reduction of dangling
bonds, whereas the former configuration is characterized
by having a dangling bond on each second-layer edge
atom. Energy calculations of Chadi'* have shown that
the nonbonded is not as energetically favorable as the re-
bonded configuration. Scanning-tunneling-microscopy
studies of vicinal Si(001) surfaces reveal that indeed the
rebonded configuration is the dominant one, although oc-
casionally, also, the nonbonded configuration has been
observed.!> The preference for just one of the two possi-
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ble step structures make it possible for almost all kink
lengths to have a length which is 2a or a multiple of 2a.
A monoatomic Sy step edge can be represented by an ar-
ray of integers specifying the number of dimer pairs in
each column (dimer row) perpendicular to the step edge,
or equivalently by the length of the column (4;) relative
to the flat T'=0 reference step edge. The blocks of two
dimers in the columns interact with their neighboring
blocks in adjacent rows or within the same row with an
interaction energy € of about 0.24 and 0.38 eV, respec-
tively.'&17

Figure 2 shows a sequence of STM images of a vicinal
Si(001) surface taken at a temperature of about 725 K.
The time lapse between the images varies a little but is
typically of the order of 1 min. After comparing the sub-
sequent images with each other, several remarkable
features, some of which have already been discussed in
Refs. 8 and 9, emerge immediately.

(i) The position of the step edge often changes from one
image to the next image. The modifications occur most
frequently at kink sites which are not attached to missing
dimer defects on the lower terrace. The observed events
involve at least a unit of two dimers or multiples of this
unit.®®

(ii) The rapid kink movement is in a direction perpen-
dicular to the S step edge and parallel to the S, step
edge.

(iii) Kinks attached to missing dimer defects on the
lower terrace do not change their position at this temper-
ature on a time scale of at least 15 min.®

(iv) The averaged step fluctuations of long kink sites
(somewhat arbitrary we call a kink a long kink when the
distance to its neighbor kinks in both adjacent dimer
rows is longer than or equal to four dimer row spacings,
i.e., about 30 A) appear to be larger as compared to short
kink sites.

(v) Occasionally dimer rows break up spontaneously in

segments giving rise to additional kink sites.
We now consider, in somewhat more detail, the exact
time dependence of the step fluctuations. Since we want
to understand how a configuration {4} relaxes to equilib-
rium, we use the Langevin equation of motion,

dh;
a—t’=—(7ka)—la—}ng+nj, (1a)
<77}(t)>=0 5

(1b)

(m(om;(e))y=27718,8(t—1") ,

where H {h} refers to the Hamiltonian (actually a free en-
ergy since the internal degrees of freedom have been
summed out) and 77;(¢) to a Gaussian white noise at site j.
The first term in the right-hand side of Eq. (1) mimics the
desire of the step edge to relax to a situation where the
free energy is minimal and 7 is a noise term which gives
rise to thermal fluctuations. The presence of the “friction
coefficient” 7! ensures that in the static limit, the
correct equilibrium distribution will be obtained.

The relaxation dynamics of an initially flat line in a
two-dimensional system, modeled by an unweighted
Gaussian Hamiltonian and obeying Langevin dynamics,
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was studied by Abraham and Upton.'* In their study,
they found that the averaged fluctuations in the position
of the line were proportional to ¢ for short times (¢ <7)
and proportional to the square root of the time for time
lapses, which go beyond a few times 7.

In order to interpret our experimental results, we con-
sider here only the very simple case of a small piece of a
step edge (Sp) trapped between two pinning centers.
Furthermore, all interactions which go beyond the
nearest neighbors are omitted. The Hamiltonian can be
written as

H:7€2|hj+1_hj| > (2)
i

where € is the nearest-neighbor interaction energy
(=0.24 eV, see Refs. 16 and 17). Between the pinning

centers, which are assumed to be at different positions
(h_;=0 and h_;=M), there is only one column, being
hy, which may change its position. By requiring that A,
is initially positioned at L (0 <<L <M /2), it is easy to
verify that (h3) equals 27~ 't [the Langevin equation
reduces in this special case, where dH /9h =0, simply to
0h /0t =mn(t)]. This one-dimensional (1D) random-walk
behavior breaks down as soon as the fluctuations start to
reach the closest pinning centers, i.e., 27~ 't=L2!%1° In
Fig. 3, the step fluctuations of S, and Sy step edges and
long kinks are shown separately in a log-log plot. The
two solid lines in Fig. 3 serve as a reference and have
slopes of 1 or | referring to the random walk (i.e., ¢
dependence) and V't dependence of the step fluctuations,
respectively. Although the statistics (each time data
point is averaged over about 100-300 points) and the

FIG. 2. (a)—(d) Several subsequent STM images of a vicinal Si(001) surface, at a temperature of about 725 K. The sample bias was

—1.5 V and the tunneling current was 0.5 nA. The typical time lapse between successive images is about 1 min. Scan size 30X 30

nm.2
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FIG. 3. Log-log plot of the equilibrium step fluctuations,
(h*(t)), versus time at about 725 K. (H) Behavior of extremely
long kinks (L >4). (+) Sy step edge ( with (k?)=1.5). (@)
S 4 step edge (with (k2)=~0.2). The solid lines serve to guide
the eye. The lines have slopes 1 or % and refer to 1D random
behavior (i.e., linear ¢ dependence) and V'7 dependence of the

step fluctuations, respectively.

number of time data points are insufficient to determine
the exact time dependence, the difference between normal
kinks and long kinks is immediately clear. From a
straightforward analysis Bartelt et al.,> Abraham and
Upton!3 and Poensgen et al.'® have shown independently
that for the case of step motion limited by the mass
transfer between the terraces and the step edges, the step
fluctuations should be proportional to V't ,

(hA)y=2Ck2)r e /m)V 2. 3)

In principle, Eq. (3) should be valid on time scales larger
than several attachment/detachment events, but short
compared to the typical time period between step edge
collisions. The typical time period between successive
attachment/detachment events, 7, as extracted from the
random-walk behavior of the long kinks of both mona-
tomic step edges is about 16 s. The prefactors of the
curves with a slope of 1 results in {k?) values of about
0.1 for the S 4 step and about 0.5 for the Sy step. For the
straight S, and rough S} step edges, we have analyzed in
this specific study, however, {k?2) is determined to be
about 0.2 and 1.5, respectively (these values are in good
accordance with Refs. 16 and 17). The discrepancy of a

factor 2—3 between calculated values of {k?) using Eq.
(3) and the experimentally determined values as extracted
from the step edge roughness is, however, still unclear for
us.

For the long kinks there is, as expected, a crossover
from the one-dimensional random walk to V't depen-
dence around ¢t ~5—107 (L >4 and ¢/k?)~40). It is im-
portant to note that our Si(001) surface contains a rela-
tively high density of missing dimer defects which give
rise to step pinning and, consequently, to a relatively high
density of such long kinks because the pinned segments
make often a large azimuthal angle with respect to the
mean direction of the edge itself. For steps completely
free of pinning centers the density of long kinks, ny, is
usually very small [for a relatively defect free Sz mona-
tomic step edge nj is typically about 0.04 (Ref. 17)]. In
order to improve the statistics of the long kinks, we have
also analyzed the fluctuations of kinks in .S, step edges
measured along the step edge instead of perpendicular to
the step edge as in the case of the monatomic Sy step
edges. As has been pointed out by Poensgen et al.!° and
Kuipers, Hoogeman, and Frenken® the 1D random walk
of kinks along the step edge gives rise to a V¢ depen-
dence for the step fluctuation measured perpendicular to
the step edge in_agreement with our experimental obser-
vations. The V't dependence for fluctuating monatomic
step edges on Si(001) has also been observed by Bar-
telt’®?! using the low-energy-electron-microscopy data of
Tromp. Bartelt et al.® have also clearly shown, in a
separate theoretical paper that, in this particular case,
step motion must occur through an exchange of atoms
with the terraces.

In summary, the averaged equilibrium step fluctuations
of monatomic step edges on vicinal Si(001) are propor-
tional to ¢%6+%1 Strongly misoriented parts of the step
edge exhibit initially, however, a 1D random-walk-like
behavior (i.e., a linear ¢ dependence). Both time depen-
dencies can be understood in terms of the Langevin equa-
tion. In the former case this is an indication that the step
motion is due to an exchange mechanism with adatoms
on the terraces, whereas in the latter case only the noise
term in the Langevin equation is actually probed.
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FIG. 1. A typical room-temperature STM image of a vicinal
Si(001) surface taken at —2-V sample bias and 0.5-nA tunneling
current. Scan size 40X 40 nm.>



FIG. 2. (a)-(d) Several subsequent STM images of a vicinal Si(001) surface, at a temperature of about 725 K. The sample bias was

— 1.5 V and the tunneling current was 0.5 nA. The typical time lapse between successive images is about 1 min. Scan size 30X 30

nm,2



