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Direct Measurement of Surface Diffusion Using Atom-Tracking
Scanning Tunneling Microscopy
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Surface and Interface Science, MS 1413, Sandia National Laboratories, Albuquerque, New Mexico 8718

(Received 18 September 1995)

The diffusion of Si dimers on the Si(001) surface at temperatures between room temperature a
128±C is measured using a novel atom-tracking technique that can resolve every diffusion event. Th
atom tracker employs lateral-positioning feedback to lock the scanning tunneling microscope (STM
probe tip into position above selected atoms with subangstrom precision. Once locked the STM trac
the position of the atoms as they migrate over the crystal surface. By tracking individual atom
directly, the ability of the instrument to measure dynamic events is increased by a factor of,1000 over
conventional STM imaging techniques.

PACS numbers: 68.35.Fx, 07.79.–v, 61.16.Ch, 68.10.Jy
r
ia

n
n

r
h
a
e

i-
lo
-
a
v
l
s

h
e
n
h
l
t
h
c

n
li
l
t

th
s
e
e

a

on
m

for
he
in

m

he
s to
m
he

to
s,

of

e
nd
e
(a)
M

he

m

tic
es
in
ly.
m

g-
the
the
(a)

of
ple
The evolution of surface morphology during growth o
etching depends on the detailed interplay between a myr
of atomic-scale kinetic processes. In order to control pa
ticular surface morphologies (e.g., to suppress or enha
overlayer island formation) it is important to achieve an u
derstanding of the balance between thermodynamics a
various kinetic processes. The equilibrium surface mo
phologies are controlled by thermodynamics, that is, t
binding or configurational free energies, while the rates
which dynamic events occur on the surface are controll
by the details of the activation barriers—kinetics.

To study the evolution of surface morphology invest
gators often utilize rate-equation analysis [1], Monte Car
[2], or molecular dynamics simulations [3] which explic
itly require the input of specific atomic-scale energy p
rameters. The values for the input parameters are deri
in a variety of ways ranging from first-principles tota
energy calculations, through semiempirical calculation
e.g., from the embedded-atom method, to purely empiric
values chosen to reproduce particular measured morp
logical features. Of course, the ideal parameter valu
are derived from quantitative experimental measureme
of particular system-specific atomic-scale processes. T
quantitative measurements of individual atomic-sca
energy parameters not only serve as inputs to realis
simulations and model calculations, but also enable t
validation and refinement of such calculations. Su
processes on certain metal systems have been studied
some time using field ion microscopy [4].

Because of its inherent atomic-scale resolution a
access to a broad range of materials, the scanning tunne
microscope (STM) is ideally suited to studies of individua
atomic-scale processes on surfaces, particularly since
advent of variable-temperature versions which enable
imaging of the surface as the rates of specific proces
are varied by altering the sample temperature. Howev
conventional STM image acquisition is limited by the rat
at which dynamic events can be resolved. In this work
report on the use of a novel atom-tracking technique th
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allows direct quantitative measurements of the diffusi
of adsorbed silicon dimers on the Si(001) surface fro
room temperature to 128±C over which the diffusion rate
changes by 4 orders of magnitude. The groundwork
this investigation was laid in several recent studies of t
structure and stability of silicon deposition on Si(001)
the low-coverage limit [5–7].

The experiments are performed in an ultrahigh vacuu
chamber with a base pressure of8 3 10211 torr that
contains the STM and an evaporative silicon source. T
clean surfaces are prepared by annealing the sample
1250±C for several seconds and then cooling to roo
temperature [8]. To evaporate silicon atoms onto t
clean, cooled surface a nearby silicon wafer is heated
,1150 ±C and an intervening shutter is opened for 3–5
resulting in the deposition of about 1% of a monolayer
silicon atoms.

When individual silicon atoms are deposited onto th
surface at room temperature they diffuse rapidly a
readily find another atom with which to form a stabl
cluster, i.e., an ad-dimer. As can be seen in Fig. 1
these ad-dimers appear as bright bumps in the ST
images. The most energetically favorable location for t
ad-dimers is to sitbetweenthe substrate dimer rows [5].
However, the majority of the ad-dimers formed on a roo
temperature substrate sit in metastable siteson topof the
dimer rows, presumably due to the details of the kine
pathway through which they are formed [5–7]. Exampl
of on-top and between-row ad-dimers are indicated
Fig. 1(a) by the solid and dashed circles, respective
A barrier exists that impedes the on-top ad-dimers fro
falling off into the stable between-row sites.

The design of our microscope allows the repeated ima
ing of the surface at elevated temperatures enabling
measurement of atomic-scale dynamic events through
comparison of consecutive images [9,10]. Figures 1
and 1(b) show two images acquired at 65±C taken 29 s
apart. The displacement of the ad-dimers along the top
the rows can be seen between the images [11]. An exam
© 1996 The American Physical Society 459
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FIG. 1. High-temperature STM images of diffusing Si a
dimers. (a),(b) At 65±C diffusion is observed as displacemen
of the ad-dimers in sequential images (example in solid circ
Ad-dimers between the substrate rows are stable and
not diffuse (dashed circle). Scale,250 Å. (c) ,70 Å and
(d) 95 Å images taken at 128±C of two different ad-dimers
trapped between substrate defects. These movie images
be viewed on the World Wide Web at http://www.sandia.go
surface_science/stm.

is circled in black. At this temperature the between-ro
ad-dimers are not observed to diffuse on the time sc
of many minutes, nor do the diffusing on-top site dime
fall off into the stable between-row sites. The high
anisotropic diffusion of the on-top ad-dimers along the su
strate dimer rows was previously studied at this tempe
ture by Dijkkamp, van Loenen, and Elswijk [12].

In the earlier anneal and quench experiments in wh
samples were heated for a fixed amount of time a
then cooled to room temperature before imaging, Zha
et al. [5] and Bedrossian [6] observed that after anneal
the sample at,125 ±C the barrier for an on-top site ad
dimer to fall into the between-row sites is surmount
and on the time scale of several minutes the majo
of ad-dimers are observed in the between-row sites.
images acquiredat 128±C for the present study, the vas
majority of ad-dimers are also observed to be located
the stable between-row sites, or else in compact overla
islands. Although most of the ad-dimers have found
stable binding sites, an occasional ad-dimer is obser
that remains in the metastable sites on top of the dim
rows. Figures 1(c) and 1(d) show two images acqui
at 128±C of different ad-dimers diffusing on top of th
substrate dimer rows. Each ad-dimer is trapped betw
two substrate defects that behave as repulsive hard w
That these ad-dimers are observed and remain stable
after several hours at high temperature suggests that
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simple transition from on-top site to between-row site h
in fact, a rather high barrier, and that a much lower barr
may exist that is mediated by surface defects or ot
neighboring clusters. The majority of the ad-dimers th
are initially on top of the dimer rows may take this ea
road to the minimum energy sites as they find neighbor
clusters or defects, leaving a small percentage that
isolated from defects stuck in the higher energy sites.

The limitations of the conventional type of data acqui
tion are immediately apparent in Figs. 1(c) and 1(d). T
images are acquired as a raster—scanned line by lin
starting at the bottom of the image and moving to the t
For these specific64 3 64 pixel images, the process take
7.8 s to complete a frame, or 0.12 s per scan line. The
fusing ad-dimer is moving much more rapidly than the tim
scale of the data acquisition, and therefore its exact p
tion cannot be defined within the images. The finite tim
response of image acquisition puts an upper bound on
temperature at which well-defined dynamic events can
measured—above this temperature the events are jus
curring too rapidly. The primary cause of the inadequ
time resolution in measuring, for example, the diffusio
of the ad-dimers is the fact that during image acquisiti
the STM is spending most of the timenot scanning the
ad-dimer at all,but rather simply scanning the substra
away from the ad-dimer. Of course, the time scale c
be decreased by zooming in and scanning a smaller
around the ad-dimer, however, this is limited because
fusion events quickly remove the ad-dimer from the fie
of view.

In order to quantitatively measure the diffusion kineti
of the ad-dimers, these limitations were overcome throu
the development of an atom-tracking technique in wh
the STM tip is locked onto a selected ad-dimer using tw
dimensional lateral feedback. Once locked, the feedb
electronics maintain the tip over the cluster tracki
its coordinates as it diffuses over the substrate. T
procedure is accomplished by dithering the tip in a circ
over the surface [13]. The quadrature output of a lock
amplifier reading the tunnel current yields, independen
the X and Y local slopes of the surface, which in tur
are the input error signals to theX-Y lateral integrating
feedback circuits [14]. Thus, this feedback maintai
a lateral position of zero local slope—the top of th
ad-dimer is tracked by continually “climbing uphill”
[15]. In the atom-tracker mode, the STM spendsall
of its time measuring the kinetics of the selected a
dimer. When a diffusion event occurs the atom track
quickly relocates to the ad-dimer’s new position [16]. B
utilizing atom tracking, the ability of the STM to resolv
individual dynamic events is increased by about 3 ord
of magnitude. Additionally, the measurement of eve
diffusion event eliminates the need to assume rand
walk statistics as is the case in mean square displacem
measurements. In fact, the diffusion statistics can
measured explicitly.
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fore
FIG. 2. (a)X-Y scatter plot of data acquired at 65±C. (b) Superposition of the data on the STM image taken immediately be
atom tracking showing the initial location of the ad-dimer.
u
e
c
t
a
is
t

re
c

o
d

r
a

a
-
te
in
u
ld
th
rly

o

t
a
t
e
i
d
b

a
e
h
le

o
f
e

re.
bly
ll

he
le

r-
-
he
se
d

ses
the
ract
i-
ta
red
e-
time
a

he
6 s.

at
In STM measurements of kinetic processes, one m
be wary of altering the surface dynamics through the pr
ence of the probe, for it is well known that the intera
tions present in the tunnel junction between the probe
and the sample can be used to physically manipulate
sorbed atoms and molecules on the surface [17]. This
particular concern in the type of measurements presen
here in which the tip is restricted to a specific sample
gion of interest. All of the data presented below were a
quired with tunneling biases between22.5 and12.5 V at
#0.05 nA. Over this range of parameters, no variation
the diffusion kinetics of the ad-dimers could be detecte

The atom-track data consist of theX, Y , andZ feedback
coordinates as a function of time. Figure 2(a) shows
scatter plot of the complete set (11 300 points) of late
coordinates of the ad-dimer in the middle of Figs. 1(
and 1(b) (circled in black) acquired at 65±C over 540 s.
During the course of the measurement the ad-dim
visited seven lattice sites along the top of the substr
dimer row, making 41 hops. The individual lattice
site visitations are easily distinguishable in the scat
plot and are separated by the Si(001) lattice spac
of 3.84 Å. The data points at each lattice site gro
to ,1 Å, considerably smaller than the images wou
suggest, indicating how well the atom tracker locates
average position of the ad-dimer. This is particula
apparent when the scatter plot data are superposed
the topographic image taken immediately before at
tracking [Fig. 2(b)].

As described above, at 128±C the ad-dimers do no
sit still long enough to be captured in a convention
image; however, the atom tracker easily locks on
them. In Fig. 1(d) there are eleven lattice sites betwe
the hard-wall defect barriers on which the ad-dimer
confined to move. The amount of time that the a
dimer is observed on each lattice site is determined
the relative free energies of the sites. In a histogram
the site occupation probabilities (Fig. 3), it is clear th
although the probability of finding the ad-dimer in on
of the sites in the middle is approximately constant, t
two end sites at the defects are occupied 2–3 times
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frequently. The free energy of an ad-dimer on these tw
sites is,20 35 meV higher than the others. A portion o
this energy is probably attributable to the strain field in th
lattice associated with the details of the defect structu
In this particular case only the end sites are apprecia
affected. Other atomic configurations of the hard-wa
defect barriers show different effects. In this context, t
diffusing ad-dimer is a local probe of the atomic-sca
substrate potential.

The frequency with which the ad-dimers hop is dete
mined by the details of the activation barrier for diffu
sion. The hop frequency is measured by analyzing t
ad-dimer coordinates as a function of time. Two of the
time-line plots are shown at the top of Fig. 4 acquire
at 65±C for 538 s and at 128±C for 22 s, respectively.
The mean residence time (time between hops) decrea
from 13.1 to 0.11 s as temperature is increased. In
higher temperature data there are enough hops to ext
a statistically significant residence-time probability distr
bution, shown at the bottom of Fig. 4 (taken from a da
set with 736 hops over 79 s). The dots are the measu
values, and the solid line is an exponential with a d
cay constant equal to the measured mean residence
t. The quality of this comparison plot is indicative of

FIG. 3. Atom-track data taken at 128±C. Site occupation
probabilities and the extracted relative free energies of t
eleven sites are measured from six data sets, total time is 19
Error bars reflect the statistics related to the number of hops
each site.
461
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FIG. 4. Time-line plots. At the top are shown two plots of th
ad-dimer position along the row as a function of time acquire
at 65 and 128±C. The measured residence-time (time betwee
hops) probability distribution at 128±C is shown at the bottom.

simply activated process, i.e.,1yt ­ n0 exps2EaykTd.
The activation barrierEa is measured as the slope of the
Arrhenius plot of the logarithm of the transition rate ver
sus 1ykT . From the hopping rates measured at seve
points between 25 and 128±C (Fig. 5) the diffusion bar-
rier for silicon ad-dimers on the Si(001) surface is dete
mined to be0.94 6 0.09 eV [18]. This activation barrier
for diffusion along the top of the substrate rows is highe
than that measured for Si monomer diffusion, 0.7 eV [19
although still substantially less than the barrier that mu
be overcome to remove atoms from the steps, 1.3 e
[10]. The measured prefactorn0 is 1012.861.3 Hz. This
value is similar to the generally accepted prefactor ass
ciated with measured metal-on-metal adatom diffusion f
both simple hopping and concerted exchange displacem
mechanisms [4].

The current work demonstrates the usefulness of ato
tracking in performing quantitative measurements of th
self-diffusion of Si ad-dimers on the Si(001) surface a
a function of temperature by substantially increasing th
range of hopping rates that can be resolved. By me
suring every event, it is shown that the diffusion proce
is simply activated and that the binding energy can b
locally affected by defects. In addition to employmen
in atomic-scale manipulation and lithography, the abilit
to lock onto and track surface dynamic events with th
STM in real time and real space has a variety of a
ditional important applications. Examples include stud
ies of surface chemical processes such as oxidation a
corrosion, atomic intermixing in heterogenous system
electronic state evolution, as well as defect and adsorb
interactions at surfaces.
462
d
n

-
al

r-

r
],
st
V

o-
or
ent

m
e
s
e
a-
s
e
t
y
e
-
-
nd
s,
ate

FIG. 5. Arrhenius plot of the logarithm of the diffusion
rate versus1ykT from which the activation energy barrier is
extracted.
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