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Real-Time Observations of Vacancy Diffusion on Si(001)-(2x 1) by Scanning Tunneling Microscopy
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The motion of naturally occurring vacancies on Si(001)-(2x 1) has been investigated in real time with
scanning tunneling microscopy, using a novel method in which repeated line scans are displayed in the
form of a time-versus-position pseudoimage. Individual jumps of the vacancies are resolved. Vacancy
diffusion is one dimensional along the dimer row. An activation energy of 1.7 =0.4 eV has been mea-

sured for the diffusion of the single dimer vacancy.

PACS numbers: 68.35.Fx, 61.16.Ch, 68.35.Dv, 68.35.Ja

Surface defects, such as vacancies, steps, and antiphase
domain boundaries, often play a key role in thin-film
growth processes. Because of its technological impor-
tance, as well as its relatively simple structure, the
Si(001)-(2x 1) surface has been investigated as a model
system for both equilibrium structures and surface kinetic
processes. The abundance of surface dimer vacancies and
vacancy clusters on Si(001)-(2x1) has been recognized
since this surface was first observed with a scanning tun-
neling microscope (STM) [11. Theoretical studies have
concluded that vacancy formation is mediated by surface
strain relaxation and the reduction of dangling bonds
[2-4]. Experimentally, there have been several studies of
structures [5-7] and kinetics [7-10] of vacancies on this
surface. Indirect evidence of the anisotropic diffusion of
vacancies was shown in a reflection high-energy electron
microscope (RHEEM) study [8], in which the nucleation
of large elongated “‘vacancy islands” was observed during
oxygen exposure of Si(001) at temperatures above 773 K.
In this study, the preferential nucleation of the vacancy
islands on the 2Xx 1 domains was attributed to the aniso-
tropic diffusion of vacancies created by the sublimation of
SiO. Recently, from the observation of reflection high-
energy electron diffraction (RHEED) intensity oscilla-
tions during sputter removal, it was demonstrated that
vacancies created by Xe sputtering on Si(001) are mobile
at ~723 K [9,10]. If one assumes that sputter etching
produces a random distribution of vacancies, oscillations
can occur only if the vacancies migrate and coalesce to
form vacancy islands. However, some of the conclusions
applicable to these artificially created vacancies and va-
cancy clusters may not be transferable directly to vacan-
cies which are found on clean Si(001).

Scanning tunneling microscopy is ideal for investigat-
ing atomic-size defects. Morphological features and
structures that are observed at room temperature, howev-
er, are usually interpreted as representing a quasiequi-
librium structure at some higher freezeout temperature.
With the capability to image the surface at elevated sam-
ple temperatures, one can obtain direct information on
both the structure and the dynamics of defects at the
atomic level. In this Letter, we report, using a high-
temperature scanning tunneling microscope (HT-STM),
the first direct real-time observations of the diffusion of
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vacancies. In order to improve the time resolution of the
dynamic observations, we employ a novel technique in
which single-line scans are repeatedly taken along the
same path and the time evolution of the scans is displayed
in the form of a time-versus-position pseudoimage. Using
this technique, we observe individual jumps of dimer va-
cancies on Si(001), as well as their creation and annihila-
tion. We extract an activation energy for dimer vacancy
diffusion from the dependence of the jump rate on tem-
perature.

The STM used in this study was equipped with a Bur-
leigh Inchworm motor for the coarse approach and a tube
scanner for the fine approach and scanning. In addition
to the tip rastering signals, linear voltage ramps were su-
perimposed on the x and y quadrants of the tube scanner,
in order to reduce the relative thermal drift between the
tip and the sample to ~0.01 A/sec. The low drift allows
us to rescan repeatedly the identical area for several
minutes. A sample bias of —2 V with respect to the tip
and a tunneling current of 0.1 nA were used. The
Si(001) sample (p doped, 10 ©cm) was miscut 0.5° to-
ward [110], and was prepared by a conventional pro-
cedure that has been described elsewhere [11]. The sam-
ple heating in the STM was achieved by passing a dc
current through the sample. The sample temperature
was determined by bringing a thermocouple (W-
5%Re-W-26%Re) in contact with the back side of the
sample. In order to avoid sample contamination, this was
done only after all the experiments were finished.

We have taken long sequences of topographic images
at — 12 sec intervals for over 1 h at sample temperatures
between 490-525 K. We observe (i) motion of dimer va-
cancies and clusters of them, (ii) vacancy motion is virtu-
ally restricted along the dimer rows, (iii) clusters span-
ning more than one dimer row and/or involving more
than a few missing dimers tend to have irregular shapes,
and often change in both their shape and area between
successive image frames, (iv) creation and annihilation
with no apparent interactions with steps, are seen. We
will discuss the above features in future publications [12].
In the present Letter, we report our quantitative observa-
tions of the motion of isolated single dimer vacancies
(SDV’s), using a repeated-line scan approach.

STM images of “clean” Si(001) have exhibited a large
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range of vacancy concentrations as well as cluster size
distribution. In our case, after the first cleaning, vacan-
cies occupy approximately 1% of the surface sites in the
form of dimer vacancies or clusters of them. Both the
average size and concentration of vacancies, however, do
increase as the sample undergoes repeated thermal clean-
ing, likely indicating a presence of impurities that build
up in time. Therefore, the vacancies we find do not repre-
sent an equilibrium concentration intrinsic to the clean
Si(001) surface. However, examination of STM *“‘movie”
images shows no evidence that individual dimer vacancies
are either pinned or directly influenced by impurities.
Therefore, it is reasonable to assume that the kinetic be-
havior of isolated dimer vacancy approximate that of in-
trinsic dimer vacancies.

We now focus our attention on a quantitative charac-
terization of the motion of the isolated SDV’s. In the
usual HT-STM operation, a sequence of 2D images is
taken as fast as possible and the images are analyzed
later on. These 2D images are usually composed of
several hundred line scans. If, instead of forming a 2D
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FIG. 1. Time-versus-position measurement of Si(001) vacan-
cy motion. (a) Time-versus-position pseudoimage. In order to
show the height contrast on both the upper and lower terraces,
the pseudoimage is presented in derivative mode. One can con-
sider the image being illuminated from the left. The image con-
sists of 180 line scans taken at a fixed sample location at a rate
of 70 msec/line (140 msec/round trip). The scanning direction
was along (across) the dimer rows on the upper (lower) terrace.
The corrugation due to crossing the dimer rows is visible on the
lower terrace. The jumps of a single dimer vacancy by a dis-
tance ag is visible as abrupt changes in its position in the dimer
row on the upper terrace. (b) A single line scan corresponding
tor=¢y in (a).

image, a single line along the same path on the surface is
repeatedly scanned, any given site along the scanning
path is probed ~100 times more frequently than in
sequential 2D imaging. We apply this technique to ana-
lyze the motion of isolated SDV’s.

In Fig. 1(a), we show an example of a time series of
such repeated-line scans in the form of a time-versus-
position pseudoimage. (This is a 30 sec segment of a
pseudoimage lasting several minutes.) The image con-
sists of 180 line scans taken at a rate of 70 msec/line (140
msec per round trip). The image shows a type Sp step
[13] at x~85 A. The scan direction was chosen so that
it was parallel to the dimer row on the upper terrace
which is seen on the left side of the image. The corruga-
tion due to the dimer rows with periodicity 2ag (ap=3.8
A, the surface lattice constant) is visible for the lower ter-
race in the right half of the image, whereas in the left
half, the image appears smooth because the corrugation
along the dimer row is below the vertical resolution of the
instrument under the bias condition used. A dimer va-
cancy imaged at x ~20 A is also seen in the plot of a sin-
gle line scan corresponding to =8 sec [Fig. 1(b)]. The
width of the “opening” of the vacancy imaged in Figs.
1(a) and 1(b) is equal to 2ay or the distance between the
two adjacent dimers, confirming that it is a single dimer
vacancy.

Occasional jumps of the vacancy in the direction paral-
lel to the dimer row are clearly resolved in Fig. 1(a).
Each jump is completed within a time period much short-
er than that required to obtain a single line scan. Thus,
the vacancy displacement is seen as a discontinuity in its
“world line.” The fact that we see many kinks in the
world lines demonstrates the very strong anisotropy in the
diffusion.

The images like the one in Fig. 1 show that the unit
jump length of the SDV is equal to ag. Occasionally,
SDV’s appear to have moved by a distance greater than
ao during a scan period. However, within statistical er-
ror, the frequency of such long jumps can be explained as

Number
N WD OO N ®
i

o
T
|

-

At (sec)

FIG. 2. Measured histogram for the time separation between
successive jumps, At, for the motion of the single dimer vacancy
(SDV) at 507 K. The curve is proportional to exp(—At¢/7),
where 7 is the mean time between jumps.
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a result of successive random jumps of a unit distance
occurring within the scan period. Analysis of the data
shows that the jumps of SDV’s are equally probable in
both directions. Furthermore, the jump directions for
two successive jumps are uncorrelated. In Fig. 2, we
show the measured distribution for the time interval be-
tween successive jumps Az. The solid curve is the func-
tion exp(—At/t), where 7 is the mean time between suc-
cessive jumps, which would be expected if the SDV jumps
occur randomly in time. These results allow us to treat
the SDV motion as a one-dimensional random walk. Fig-
ure 3 shows an Arrhenius plot for the jump rate 1/z. The
Arrhenius plot gives us an activation energy of E,
=1.7%0.4 eV and a prefactor of 10=10"1%%gec The
large ranges of error for the activation energy and the
prefactor are mainly due to the rather narrow tempera-
ture window available for this type of measurement. The
upper temperature limit is such that the mean time be-
tween jumps approaches the scan period, whereas the
lower temperature limit is determined by the magnitude
of the tip-sample drift, i.e., how long the scan can be re-
peated over a single vacancy. These limitations allow us
a temperature window with this particular instrument of
~40°C.

A sudden appearance or termination of a vacancy
world line can occur either due to a creation and/or an-
nihilation event or to a vacancy jump perpendicular to the
dimer row. Judging from videos of 2D images, the form-
er is the dominant effect governing the duration of the
world line. Nevertheless, by assuming that the finite
duration of world lines is entirely due to motion perpen-
dicular to the dimer row, we can find a generous upper
limit on the side hop frequency. Our preliminary mea-
surements show that the duration of world lines is longer
than several hundred seconds at 500 K and on the order
of 10 sec at 525 K. Thus, we obtain a lower bound for
the ratio between the jump frequencies parallel to and
perpendicular to the dimer row of 100 at 500 K and 10 at
525 K.
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FIG. 3. Arrhenius plot for the SDV jump rate.
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We now discuss briefly possible mechanisms for the va-
cancy motion. Theoretical estimates of the activation en-
ergy for the dimer vacancy jump assuming a sequence of
simple bond breakings are considerably higher than 2 eV
[4,14]. A possible mechanism [15] that circumvents this
difficulty involves a coherent exchange of pairs of atoms
between the top and the second layer, rather than a sim-
ple lateral displacement involving only the top-layer
atoms. The place exchange would then proceed as a re-
sult of a concerted atomic motion that follows a trajecto-
ry that is energetically more favorable than a simple bond
breaking. This process guarantees the conservation of the
vacancy size during the jump process. The place ex-
change mechanism is analogous to the adatom jump pro-
cesses found in some metal systems, in which adatom
jumps take place by an exchange of atomic positions be-
tween the adatom and the substrate [16-18]. The activa-
tion barriers in those cases are found to be significantly
lower than what one would expect from simple adatom
jumps.

Finally, one may ask if the vacancy motion is in any
way assisted by the presence of the STM tip. We rule
out this possibility for the following reason. We have
measured the mean square displacements of the vacancies
from the two-dimensional images taken at 15 sec inter-
vals covering the same region. In this case, a given site is
visited by the tip only once in 15 sec. Nevertheless, the
mean square displacement is consistent with the measure-
ment that we described in the above repeated-line-scan
method, in which each site is revisited every 140 msec.
Therefore, the influence of the tip must be so small that a
factor of 100 in visits does not change the jump distribu-
tion. This is unlike the situation for polar semiconductor
surfaces, in which vacancy jumps can be readily induced
by the STM tip [19]. It has been demonstrated that a
surface vacancy can also be created on Si(001) by apply-
ing a voltage pulse between the tip and sample via field
evaporation [20-22]. However, such a process requires a
significantly higher electric field between the tip and sam-
ple than in our present case.

In summary, we have investigated the thermal diffusion
of naturally occurring vacancies on Si(001)-(2x 1) using
a novel application of STM. The vacancy motion is
predominantly along the dimer rows. In particular, the
diffusion of the single dimer vacancy has been analyzed in
detail. The SDV motion can be treated as a one-
dimensional random walk along the dimer row with a
unit jump length of ap. We measure an activation energy
of 1.7120.4 eV for its diffusion. We propose that the
SDV jump proceeds by a place exchange between the
top-layer and the second-layer atom pairs.
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FIG. 1. Time-versus-position measurement of Si(001) vacan-
cy motion. (a) Time-versus-position pseudoimage. In order to
show the height contrast on both the upper and lower terraces,
the pseudoimage is presented in derivative mode. One can con-
sider the image being illuminated from the left. The image con-
sists of 180 line scans taken at a fixed sample location at a rate
of 70 msec/line (140 msec/round trip). The scanning direction
was along (across) the dimer rows on the upper (lower) terrace.
The corrugation due to crossing the dimer rows is visible on the
lower terrace. The jumps of a single dimer vacancy by a dis-
tance ao is visible as abrupt changes in its position in the dimer
row on the upper terrace. - (b) A single line scan corresponding
to 1=t in (a).



