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Kinetics of Si monomer trapping at steps and islands on Si„001…
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Si monomers are observed in empty-state scanning tunneling microscopy images acquired between room
temperature and 115 °C. The monomers are trapped at the ends of rebondedSB-type dimer rows. When
monomers thermally escape from the traps, they rapidly diffuse along the substrate dimer row until they find
another unoccupied trap or return to their original trap. The binding activation barrier at isolated traps is;1.0
eV. A slightly lower barrier exists for monomers to hop between the ends of neighboring dimer rows—a
process facilitating diffusion along segments ofSB-type steps.@S0163-1829~97!01803-1#
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The growth of epitaxial thin films and overlayers occu
through the incorporation of deposited atoms into subst
crystal-lattice positions either at steps or islands. The de
of the growth morphology depend on the interplay betwee
number of surface kinetic processes that determine the ra
which atoms ultimately become incorporated into the latti
These processes are governed by the thermodynamic s
ity, or binding free energy, of various configurations, a
may include atom or cluster diffusion, the formation a
dissolution of islands, as well as attractive and repulsive
teractions of atoms with various defects, including steps,
lands, and other atoms. Of fundamental importance are
kinetics of monomers, namely, the sticking and reside
times of monomers at steps and islands. In this work,
atomic-scale behavior of the binding of silicon monomers
steps and islands on the Si~001! surface is measured directl
using variable-temperature scanning tunneling microsc
~STM!.

The Si~001! surface reconstructs to form rows of dime
ized atoms. Due to the crystal-lattice structure, the bond
rection on alternating layers is orthogonal, which leads
two generally different types of steps. The edges of overla
islands terminate with monatomic-height steps. As sho
schematically in Fig. 1, step segments that are perpendic
to the lower-terrace dimer rows are calledSAand those that
are parallel to the lower-terrace dimer rows are calledSB.1

Furthermore, theSB steps can terminate in one of two loc
tions with respect to the substrate dimer rows, ending ei

FIG. 1. Schematic of Si~001! surface showing various step te
minations. Normal~rebonded! substrate dimer bonds are shown
black ~gray!. Two monomersM are depicted bound to traps sites
rebonded positions.
550163-1829/97/55~3!/1322~4!/$10.00
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at the trough between the dimer rows~so-called nonbonded
SB! or on top of the dimer rows~so-called rebondedSB!. In
the latter case, the edge atoms of the step rebond with th
in the last row of the lower terrace. The rebonded dim
bonds are depicted as gray in Fig. 1. The rebonded step
figuration is energetically favored over the nonbonded s
configuration.1

Previous experimental work, pioneered by Mo a
co-workers,2–5 used indirect methods to extract some kine
parameters of Si monomer diffusion. Room-temperat
STM measurements of island shapes and distributi
quenched during homoepitaxial growth on Si~001! were
compared with Monte Carlo simulations to estimate valu
for the anisotropic diffusion of Si monomers and the anis
tropic sticking of monomers at theSA andSB steps.2–5 Re-
cent low-temperature STM measurements on substrates
enough to freeze out monomer diffusion have observed
stable monomer adsorption site on the terrace.6,7 The first
theoretical study to accurately predict the stable monom
terrace adsorption site was performed by Brocks, Kelly, a
Car using first-principles methods.8 Several theoretical inves
tigations have studied the interaction of monomers with st
using both first-principles9–11 and empirical-potential12–14

methods. All of these calculations find that monomers
effectively noninteracting withSAsteps but bind toSBsteps
in agreement with the experimental results of Mo and
workers. However, theab initio results predict that the
monomers bind very strongly to the rebondedSBsteps while
they do not interact with the nonbondedSB steps. In direct
contrast, results using empirical potentials predict that mo
mers bind to the nonbondedSB steps and are not interactin
with the rebondedSB steps. As shown below, this dramat
contradiction is resolved through direct observation of
preferred monomer binding sites at steps. In addition,
monomer-step binding energy is obtained from measu
ments of the monomer dynamics performed at elevated t
perature.

The experiments are performed in an ultrahigh vacu
chamber with a base pressure of 8310211 torr that contains
the STM and an evaporative silicon source. The samples
cleaned by annealing to 1250 °C for several seconds.15 To
evaporate silicon atoms onto the clean substrate surfa
nearby silicon wafer is heated to;1150 °C and an interven
ing shutter is opened for 10 s, resulting in the deposition
1322 © 1997 The American Physical Society
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55 1323BRIEF REPORTS
several percent of a monolayer of silicon atoms. The s
strate temperature during evaporation is;100 °C. The
samples are then transferredin situ to the variable-
temperature STM where the temperature is set by resis
heating.16,17

The contrast obtained in STM images of semiconduc
surfaces is typically highly bias dependent, where the surf
electronic-structure contrast may dominate over topograp
contrast, i.e., which would be expected from the atom
coordinates.18 This is most evident in the comparison of im
ages acquired using filled~occupied! and empty~unoccu-
pied! states. Figure 2 shows filled- and empty-state image
two regions of the Si~001! surface after the deposition o
several percent of a monolayer of silicon. The pairs of i
ages were acquired simultaneously at room temperature—
filled states,~a! and ~c!, while scanning left to right and the
empty states,~b! and ~d!, while scanning right to left.

Differences in the spatial contrast between the two ima
are clearly evident. One of the most notable is the appa
contrast on the substrate dimer rows which appear as st
in the images. In the filled-state images, Figs. 2~a! and 2~c!,
the bright stripes on the substrate correspond to the top
the dimer rows, whereas, in the empty-state images, F
2~b! and 2~d!, the bright stripes correspond to the regio
between the dimer rows.19 Because the empty-state contra
is more sensitive to the dangling bonds, it is also much ea
to see the structure associated with the individual ato
comprising clusters in the empty-state images. A short o
dimer-wide island appears as two narrow bands in
empty-state image and as one thicker stripe in the filled-s
image@seen, for example, in the upper right corner of Fig
2~a! and 2~b!#. However, within the scope of this work, th
most important distinction between the filled- and emp
state images is that unpaired monomers at island and

FIG. 2. Filled- ~a!, ~c! and empty-~b!, ~d! state images of sub
monolayer Si growth on Si~001!. Each pair of images,~a!-~b! and
~c!-~d!, was acquired simultaneously at room temperature. A sin
dimer-wide island is indicated by the arrows.
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edges can be clearly imaged using empty states and are
tically invisible using filled states. This is dramatically illus
trated in the empty-state image of Fig. 2~d! in which mono-
mers can be observed at the step edge. Historically, virtu
all of the STM work on this surface measuring step a
growth morphologies was performed using filled-state im
ing, for the contrast in these images is more intuitively as
ciated with the atomic structure. This may explain why i
formation regarding the configuration and kinetics
monomer-containing structures has been lacking despite
vast amount of work on this system. The structural inform
tion contained in the empty-state images is now only beg
ning to be exploited both experimentally20,21 and
theoretically.22

When imaged at room temperature or above, after de
sition at 100 °C, unpaired monomers are found predo
nantly in one type of location that acts as a trap site. T
monomers are bound only to the ends ofSB-type dimer rows
that have the rebonded termination. This observation dire
confirms the predictions of theab initio calculations9–11 and
contradicts those expected from the empirical-poten
methods.12–14 In this study, a monomer isolated on a terra
away from steps, islands, or clusters has never been
served. During the deposition process each monomer is
to find a stable binding site and/or the diffusion of an isola
monomer, even at room temperature, is so fast that it can
be stably imaged and therefore remains unnoticed.

As easily determined from the images, trapped monom
are bound along the line of symmetry through the middle
the overlayer island dimer row; however, because of
strong electronic structure contribution to the image contr
the exact position of the monomer along this line cannot
rigorously determined from the STM images. Theab initio
calculations find the stable binding site at the so-calledM
position.10,11 The two monomers shown in Fig. 1 are boun
to the ends of rebonded dimer rows at this position. Incid
tally, monomers can also bind to the ends of the metasta
diluted-dimer row structures;20,22however, due to space limi
tations, these structures will not be discussed here.

The monomers can escape from their traps at eleva
temperature. Once a monomer escapes, it very rapidly
fuses in a random walk along the substrate dimer row
which it was originally bound until it finds another unocc
pied trap terminating on that row or it returns to the initi
trap. The two monomers depicted in Fig. 1 are shown in t
sites terminating on the same dimer row. Certain defect
the substrate row andSA-type steps terminating across th
row act as reflection barriers that effectively confine t
monomers to one-dimensional segments of the surface.
cause the rate of monomer diffusion is extremely high co
pared to the rate at which the monomers escape from
traps, the monomers are only imaged in the trap sites. In f
in the STM images, the only monomers that areobservedto
vacate the trap sites are those that can exchange betwee
or more trap sites along a single substrate row. The mo
mers that have only a single trap accessible to them are
ways observed at the trap because upon leaving the trap
return on a time scale much more rapid than the imag
time scale.

Figure 3 shows monomers exchanging between trap s
in two pairs of sequential empty-state images acquired

-
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1324 55BRIEF REPORTS
105 °C. The two pairs of traps are separated by 11 an
lattice sites in Figs. 3~a! and 3~b!, respectively. Each trap is
rebondedSB-type end of an island dimer row. Every pair o
traps terminates on a single substrate dimer row, the to
which shows up as a dark band in these empty-state ima
The fact that the monomers are stable in these configurat
of traps for many minutes is testament to the enormous
fusional anisotropy of silicon monomers on the Si~001! sur-
face, for if the monomers make even one hop across
channel to a neighboring row they are lost to the local s
tem. Additional evidence for the difficulty of a cross-chann
hop is indicated by the fact that two traps terminating
neighboring substrate dimer rows have never been obse
to share a monomer. Therefore, even the local strain ass
ated with the step rebonding does not induce the monome
cross the channel. However, the monomers can freely c
over the top of the dimer row and bind to traps on the op
site side, as seen in Fig. 3. Pairs of traps in which a mono
binds on opposite sides of the substrate dimer row and th
in which a monomer binds on the same side of the row e
with equal likelihood.

The rate at which a monomer escapes from a trap is
termined by the binding activation barrier. The STM da
show the number of times that a monomer is observed
switch traps during the acquisition of a series of images. T
number of observed switches is a measure of the numbe
times that a monomer leaves one trap and successfully
dom walks to the other without returning to the initial tra
From the average residence time of the monomers in the
sites at 105 °C, and assuming an attempt frequency of
tween 1012 and 1013 Hz,23 the estimated binding activatio
barrier of the traps is;1.060.1 eV.

There is a significant systematic difference between
rate that monomers escape from isolated traps, i.e., trap
cated at least several lattice sites from other islands or st
and the rate that monomers switch between nearest-neig
trap sites. In the process of switching between near

FIG. 3. Empty-state images of two pairs of monomer traps
tween which a monomer switches back and forth at 105 °C.
traps are separated by 11 and 3 lattice sites in~a! and ~b!, respec-
tively. Location of monomer indicated by arrows. These movie i
ages can be viewed on the World Wide Web
http://www.sandia.gov/surface_science/stm
3

of
es.
ns
f-

e
-
l

ed
ci-
to
ss
-
er
se
st

e-

to
e
of
n-

ap
e-

e
lo-
ps,
or
t-

neighbor trap sites the monomer interacts only w
rebonded-type substrate dimers—the gray dimer bond
Fig. 1. Figure 4~a! shows two images of a pair of traps th
are comprised of nearest-neighbor dimer rows. Here,
images are selected that show the monomer mostly in
trap site at the end of each dimer row. The residence time
such nearest-neighbor traps are systematically at least a
der of magnitude shorter than at isolated traps, indicatin
lower barrier for trap binding of at least 100 meV. Althoug
some nearest-neighbor trap sites are found at islands,
appear commonly as straight segments of theSB-type steps.
Figure 4~b! shows such a step configuration in which t
ends of four neighboring dimer rows terminate on the sa
lower-terrace dimer row. Recall that dimer rows appear
dark stripes in the empty-state images. These four trap s
share a single monomer that is shown located at the two
sites in the two images. Again, monomers in this type
configuration switch sites significantly faster than those
cated at isolated traps. The barrier lowering at straight s
ments of theSB steps facilitates edge diffusion along th
step, which in turn increases the rate that monomers
each other at the step during growth.

The large density of reactive trap sites at the steps imp
that during growth, and at temperatures where thermal fl
tuations occur, the relative occupation of monomers at
steps is rather high. Learning about the kinetics of monom
adsorption at steps is an important first step in understan
the propagation of the crystal lattice during growth. Futu
work will elucidate the additional details of the formation
the stable four-atom units demanded by the surface rec
struction, i.e., the formation and lifetime of metastab
dimers and their subsequent capture of an additional
atoms.

In summary, active sites are found on the Si~001! surface
that trap and bind Si monomers. These sites are located a
ends of rebondedSB-type dimer rows while nonbondedSB
andSAsteps are inert. At elevated temperatures, the bind
activation barrier is estimated from the rate that monom

-
e

-
t

FIG. 4. A monomer~indicated by arrows! and nearest-neighbo
traps at 105 °C.~a! Two traps comprised of short segments
neighboring-dimer rows in an island.~b! Section ofSB step com-
prising a set of four aligned traps.
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switch between pairs of sites located on a single subst
dimer row. The binding activation barrier is somewhat low
at traps that are nearest neighbors to other traps, such
straight segments ofSB steps. The measurement of the k
netics of monomers yields much needed insight into
atomic-scale processes involved in the growth and ther
evolution of the surface. Additionally, observations of t
relative stability and energetics of various atomic configu
.
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tions are necessary to enable the comparison and pote
refinement of theoretical calculations.
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