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Variable-temperature STM measurements of step kinetics on Si(001)
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Using a variable-temperature scanning tunneling microscope we have measured the time evolution of
the atomic-scale morphology of steps on Si(001) at temperatures up to 350 C. Step-rearrangement
events, i.e., local changes in the atomic arrangements, are observed between successive images at temper-
atures above 225 'C. The observed events always involve single or multiple units of four atoms and occur
most frequently at kink sites and at the ends of dimer rows. By measuring the event rate we determine
an effective activation-energy barrier of 1.4—1.7 eV. The events cannot be completely characterized as
successive random arrangements involving only single units. Rather, correlations are observed between

neighboring dimer columns, and the event rate depends on the local atomic-step configuration.

I. INTRODUCTION

A number of surface properties are affected by defects.
It is generally believed that defects, such as steps, are ac-
tive sites on the surface. Defects can control the nu-
cleation and subsequent growth of epitaxial and three-
dimensional (3D) overlayers. The chemical reactivity of
the surface, as well as the sticking and surface diffusion of
adsorbed species can be altered by the presence of de-
fects. To elucidate the role that defects play in these pro-
cesses it is important to understand some of the funda-
mental kinetic parameters that control the behavior of
surface defects. These include, among others, defect-
formation energies, activation energy barriers for defect
migration, and defect-defect interaction energies.

Because of its atomic resolution, the scanning tunnel-
ing microscope (STM) is inherently well suited for study-
ing surface defects. By making detailed measuremehts of
the morphology of steps and the distribution of defects,
previous STM studies have been able to determine quan-
titatively, for example, step and kink formation ener-
gies, ' step-step interactions, ' surface diffusion
coeKcients of adsorbed species, and sticking coefticients
of adatoms and vacancies. These measurements were,
however, performed "after the fact, " on quenched sur-
faces, assuming either (1) that the configuration of surface
defects (steps, kinks) reflects an equilibrium distribution
at some "freeze-out" temperature, or (2) that the model-
dependent kinetic parameter (e.g. , surface difFusion or
edge sticking coefficient) can be extracted from an over-
layer adatom- or vacancy-island size distribution or den-
sity.

Recently a number of workers have developed the ca-
pability to image surfaces with STM at elevated tempera-
tures ' in order to investigate dynamic processes on
surfaces. Dynamic processes that have to surmount ac-
tivation barriers greater than -0.75 eV require tempera-
tures above room temperature in order to proceed at an
appreciable rate. In the current study we investigate the
dynamic properties of steps on the Si(001) surface at tem-
peratures up to 350 C using variable-temperature STM.

The Si(001) surface reconstructs to form rows of dimer-
ized atoms with a 2X1 symmetry. Because of the struc-

ture of the diamond lattice, dimer rows on terraces
separated by an odd number of monatomic steps are or-
thogonal. Consequently, there are two inequivalent types
of steps. Step segments that run parallel to the upper ter-
race dimer rows are denoted as SA and step segments
that are perpendicular to the upper terrace dimer rows
are denoted as SB.' On surfaces that are miscut at a
small angle toward a I110] direction, alternating steps
have a distinctly different character. One step, with the
SA segments parallel to the nominal step direction, con-
tains few kinks and appears smooth; whereas the other
step, with the SB segments parallel to the nominal step
direction, contains many kinks and appears rough. On
these surfaces the terraces are denoted as either 1 X2 or
2X1. The 1X2 terraces consist of dimer rows that run
parallel to the steps and the dimer rows in the 2X 1 ter-
races run perpendicular to the steps. We commonly refer
to the dimer rows on the 2 X 1 terraces as "columns" of
dimers. The terrace width at a particular dimer row is
indicated by the "height" of the column.

II. EXPERIMENT

The UHV STM is described elsewhere. "' Here we
point out some of the salient features of the variable-
temperature version. The sample is heated resistively on
the microscope stage by applying a voltage from a Aoat-
ing current-limited dc power supply. A potentiometer,
the wiper of which is Aoating at the tip-sample bias, is in
parallel with the sample across the terminals of the power
supply. The potentiometer is adjusted to compensate for
the voltage drop of the heating power supply across the
sample. Since the tip is positioned near the center of the
sample, the potentiometer is usually set near the middle
of its range and adjusted so that zero bias lies somewhere
in the middle of the band gap. The applied bias is then
within +0.5 V of the actual tunneling voltage drop.

As the sample temperature is changed, thermal gra-
dients develop that generate thermal drifts. Although the
sample holding arrangement is designed to minimize
drift, slow long-term drift occurs with a 1/e time con-
stant of about 250 min. Because the time constant is
lorig, we can compensate for the drift by adding linear
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analog voltage ramps to the scanning piezo. This enables
us to scan repeatedly over the same region of the sample
within 10 min after the sample temperature is changed by
250 C. The drift compensation is adjusted periodically
to match the decrease in the drift rate with time. With
this method we have operated the microscope at sample
temperatures up to about 600'C.

The samples used in this study are 0.5-mm-thick, low-
resistivity Si(001) wafers, 3 mm wide, and 12.5 or 25 mm
long. The surface is prepared using a standard cleaning
procedure, ' heating the sample in situ to 1250'C. Upon
cooling, the sample is transferred to the microscope stage
where its temperature can be continuously adjusted as de-
scribed above. The uncertainty in the temperature is
about +10 C.

III. RESULTS AND DISCUSSiON

Data are acquired as sequences of image frames at a
particular temperature. The frame acquisition time is
typically 15 sec for a 200X200 A image. These image
frames are chained together to form a "movie image. "
Surface dynamic events are observed as differences in the
atomic configuration between sequential frames. In Fig.
1 we show a sequence of four consecutive images of the
surface at 245'C.

By looking at the differences between consecutive
frames, particularly at the rough step, we see that atomic
rearrangement events occur at 245 'C on the time scale of
the frame rate. For example, inside the circle in Fig. 1,
step rearrangement events, i.e., the addition or subtrac-
tion of atoms from the ends of the dimer rows, are ob-
served between each frame. All of the events that we
measure are comprised of units of four atoms (two di-
mers). This observation is consistent with the energeti-
cally favorable way in which the ends of the dimer rows
terminate on the lower terrace, ' ' ' ' which has a
periodicity of two perpendicular to the step. Another
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feature of the data is that we cannot tell where the atoms
go or from where they come. The units that detach from
one dimer column do not simply reattach at one of the
two neighboring columns. In fact, there is no identifiable
correlation, within the area of the images, between de-
taching and attaching units; except, of course, that de-
tailed balance is obeyed. This implies that either the
events occur though exchange with the 2D monomer
"gas" on the terraces, or there is rapid long-range edge
diffusion along the steps. Finally, we note that the forma-
tion, diffusion, and annihilation of surface vacancies is
also observed in these images. The details of the kinetic
behavior of surface vacancies will be discussed else-
where. '

Although the temperature of the sample is adjusted so
that the event rate is sufficiently slow to enable individual
events to be distinguished between frames, it is a misno-
mer to say that these images are taken in "real time. " It
is more appropriate to say that the STM images are taken
in "human time, " for the actual atomic-event time scale
is many orders of magnitude faster than can be captured
by STM. Increasing the data acquisition rate of the mi-
croscope by several orders of magnitude will increase the
resolution with which events can be distinguished (e.g. ,
allow an increase of the sample temperature and hence
the event rate); however, it will not allow us to probe the
microscopic-atomic details of the single events them-
selves.

In order to extract quantitative data from the images,
the atomic configuration of steps in each frame is digi-
tized. ' The differences between sequential images are an-
alyzed to extract the event statistics. We illustrate this
schematically in Fig. 2. In Fig. 2(a), the column height as
a function of position, i.e., configuration of the rough
step, in two sequential images is indicated as the solid
and dashed lines. We plot the column height difference
b, h between the two frames in Fig. 2(b). We analyze these
data on several levels. First, we treat the column height
changes within an "independent-event" model where we
simply measure the probability of any column changing
by Ah units. On a deeper level, we measure correlations
in the events: correlations in the probability of neighbor-
ing columns changing, and the dependence on the initial
local step configuration of the probability that a column
will change. We will see that the rearrangement events
are significantly correlated. It is nevertheless instructive
to examine the data within the independent-event model.
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FICx. 1. Four sequential 300X300 A STM images of the

Si(001) surface taken at 245'C showing step rearrangement
events occurring between images. Each image was acquired in
about 15 sec.

FIG. 2. A schematic representation of the digitized steps. (a)
We show the column height along the rough step for two
sequential images as the solid and dashed lines. (b) A plot of the
column height difference hh between the two sequential images
as a function of position.
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The measured probability P(b, h ) of observing a net
column change of Ah units at 230'C after 13 sec (the im-
age acquisition time), is plotted in Fig. 3. In the
independent-event model each column is performing a
random walk within the time interval ht of the acquisi-
tion of a single image. If individual events are made up
of only single-unit changes, then the probability of ob-
serving a net column height change of Ah units after At
seconds is

P(bh)=exp( —Rbt)(Rbt j2)i "i g
o (N+n)!n!

=exp( —R b t )I~zi, ~

(R ht ),
where R is the single-event probability per unit time, and
I~&I,

~

is the ~b.h ~th modified Bessel function. We have
plotted this function in Fig. 3 as the solid line for ht =13
sec and the best fit, R =0.025 sec

In order to quantify the event dynamics within the
context of this simple model, it is possible to extract an
"effective" activation energy. We use this effective ener-

gy barrier to describe the kinetics of the step rearrange-
ments in the context of individual four-atom-unit events.
The microscopic details of a single-unit event are inacces-
sible to STM investigation. We can only speculate as to
its exact nature; that is, whether all four atoms leave at
once, or atom pairs dissociate, or there exists a rate limit-
ing step for the first atom to leave followed immediately
by the dissociation of the other three, etc., cannot be
determined. Therefore, the use of the term "effective" is
an important qualification in discussing a derived activa-
tion energy for this system.

If we assume that we have a simple activated process
with a prefactor of 10' —10' sec ', then using the event
rate measured at 230+10'C from the independent-event
model yields an effective activation energy of 1.4—1.7 eV.
We also have an idea of how the event rate changes with
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FICx. 3. The measured probability of a column changing by
hh units as a function of hh. The two data sets were taken from
a sample at 230 C with an image frame acquisition time ht of
13 sec and are comprised of several hundred nonzero events out
of -750 potential event sites. The solid line is a fit to the
independent-column model.

temperature. At about 250'C the events occur on the
time scale of the image frames, that is, —1 every 10 sec.
On the other hand, at around 325 —350'C the events
occur on the time scale of the individual scan lines within
a frame, or —1 every 0.1 sec. A factor of 100 change in
the rate over 75—100'C corresponds to an effective ac-
tivation energy of 1.1 —1.4 eV. The total activation ener-

gy (2.2 eV) for a process on the Si(001) surface that in-

volves the mass transport of atoms from one step to a
neighboring step has been measured. This activation
energy was evaluated as the sum of two parts: the energy
to form a diffusing species (presumably the atom-step de-
tachment energy), and the migration energy. The Si ad-
atom migration energy barrier (0.7 eV) has been separate-
ly measured. It follows that the difference between these
two measurements (1.5 eV) is the activation energy for
atom detachment from steps. This is in reasonable agree-
ment with the value extracted from our simple
independent-event model.

If we consider only the column height changes, then
the measured data are described reasonably well by an
independent-event model from which an effective activa-
tion energy can be extracted. However, as mentioned
above, the events are not strictly independent —they ex-
hibit significant correlations in both the nearest-
neighbor-column event rate and in the configuration-
dependent event rate. Once the step configurations in the
image frames are digitized, it is trivial to extract a myriad
of correlations, limited only by the statistics.

We consider first the joint probability of changes in
two neighboring columns. We define the probability that
both neighboring columns change either in the positive or
negative directions as P(++ ) and (P —), respectively- .
The probability that neighboring columns change in op-
posite directions is defined as P(+ —

) and P( —+ ). Any
independent-event model would predict that all four of
these possibilities is equally likely. From the data taken
at 230'C, ht = 13 sec, we measure P (++ ) =0.042,
P( ——)=0.040, P(+ —)=0.012, and P( —+)=0.018.
The probability that two neighboring columns move to-
gether, either into or out of the terrace, is almost a factor
of 3 times the probability that neighboring columns move
in opposite directions. Earlier we mentioned that the
step rearrangement events are not observed as being
comprised of units that simply move from one column to
the next, for if this were the case we would measure a
strong anticorrelation in the joint probability of neigh-
boring column changes. The step rearrangement events
are, however, comprised of some type of correlated
motion involving neighboring columns.

We consider now how the event rate depends on the 1o-
cal step configuration. Every column is grouped into one
of two classes. As illustrated in Fig. 4, a "kinkless"
column is defined as a dimer row that terminates at the
step with no neighboring kink, whereas, a "kinked"
column terminates with at least one neighboring kink of
arbitrary length. Dividing the columns into these classes
enables us to measure and compare the relative probabili-
ties that an event will occur as a function of the local step
configuration. At 230 C the relative probability that an
event occurs at a kinked column is 2. 5 —3 times higher
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a)

FIG. 4. A schematic representation
"kinked" columns. (a) A kinkless column is
row that terminates at the step with no
whereas (b) a kinked column terminates with
boring kink of arbitrary length.

of "kinkless" vs
defined as a dimer
neighboring kink,
at least one neigh-

than the relative probability that an event occurs at a
kinkless column. This implies an effective activation en-

ergy difference of 0.030—0.054 eV for events occurring at
the two classes of sites. (As an aside, we note that this
measured difference in effective activation energy is of the
same order as the difference in configurational energy be-
tween kinked and kinkless columns. ' )

IV. CONCLUSIONS

In summary, we have measured the time evolution of
the atomic-scale arrangement of steps on Si(001) at tem-
peratures up to 350'C using a variable-temperature STM.
Step rearrangement events are observed between succes-

sive images at temperatures above 225 C. The observed
events always involve single or multiple units of four
atoms and occur most frequently at kink sites and at the
ends of dimer rows. By measuring the event rate, within
the context of an independent-event model, we determine
an effective activation energy barrier of 1.4—1.7 eV.
Correlations are observed between neighboring dimer
columns, and the event rate depends on the local atomic-
step configuration. By examining the correlations we see
that the microscopic details of the step rearrangement
kinetics are quite complicated and, in fact, cannot be
completely described by a simple model. This informa-
tion could not have been obtained from after-the-fact ex-
periments that rely predominantly on kinetic models. We
have begun to elucidate some of the processes that are in-
volved in atom detachment and attachment at steps.
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