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Diffusion of the Silicon Dimer on Si(001): New Possibilities at 450 K
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We report on the discovery of a novel diffusion pathway for silicon dimers on the Si(001) surface.
As a small molecule, the dimer’s configuration can play a central role in its diffusion. Using scanning
tunneling microscopy movies at temperatures near 450 K, we show, in real time, changes in the dimer’'s
configuration during its diffusion. These changes in configuration provide a pathway for diffusion
acrossthe substrate dimer rows, unlike the well-known diffusion along the dimer rows. The important
energies involved in dimer row crossing are measured. [S0031-9007(97)03274-2]

PACS numbers: 68.35.Fx, 07.79.Cz, 61.16.Ch

Over the past few decades, powerful techniques fothese configurations have been subjects of controversy
imaging with atomic resolution have provided a uniqueover the last several years [8,11,12,17]. However, STM
look at the complex and sometimes surprising motion obbservations have firmly established that configuration B
atomic species on surfaces [1-7]. When the diffusings higher in energy than configuration A [8,10,17]. A re-
species is a molecule of two or more atoms, severatent measurement of this energy difference by Swartzen-
different orientations of the molecule relative to thetruberet al. found that B is higher by9 = 9 meV [8].
substrate may be involved, resulting in unique formsConsistent with these experiments, recatinitio calcu-
of diffusion. In this Letter, we discuss new scanninglations by Yamasakét al. place configuration A lowest in
tunneling microscopy (STM) experiments which revealenergy, followed by B, C, and D, with relative energies 0,
a novel form of diffusion by a simple molecule, the Si 80, 180, and 760 meV, respectively [11].
dimer, on the Si(001) surface. The Si(001) surface is the Our experiments on Si dimers are performed using a
basis for most lithographic and nanofabrication methodsgustom STM which is capable of imaging at elevated tem-
and has been the subject of intensive experimental angeratures. It is housed in an ultrahigh vacuum chamber
theoretical investigations. The growth of Si on Si(001)with a base pressure 6fx 10~!! torr. The samples are
has been widely used as a model system in the study gfrepared by flashing to 125C for 30 seconds. They are
the fundamental processes in the homoepitaxial growth ahen transferred to the STM stage and allowed to equili-
crystals. Surface diffusion plays an essential role in suchrate overnight at the desired temperature between 300
processes. Sidimers adsorbed on the Si(001) surface haaad 450 K. A small amount of materigk0.01 ML) is
recently been the subject of careful study, particularly asubsequently deposited onto the surface from a resistively
the relatively low temperatures from room temperature ugeated Si wafer. The well-known dimer diffusion along
to 400 K [8—14]. Several experiments have demonstratethe tops of the dimer rows was observed and its rate was
that dimers readily form on the surface, are very stablegalibrated, as a function of temperature, in a separate ex-
and may play an important role in the initial stages ofperiment using atom tracking [14,18]. The sample tem-
epitaxial growth [15—-17]. Experiments have also showrperature is found by measuring the dimer hop rate with
that dimer diffusion is highly anisotropic, with the dimer atom tracking and using this calibration.
diffusing primarily along the tops of dimer rows [14,15].

Ab initio calculations by both Yamasaét al. and Brocks

et al. have emphasized the significance of dimers, finding e
that no additional activation energy to the diffusion barrier A .
of a monomer is required to form the dimer, and that once o9
formed the dimer is stable, with a lower energy per atom

than monomers [11,13].
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Experimental and theoretical evidence suggests tha -9 [ o S
there are four principal dimer configurations on Si(001). B v 1
As shown in Fig. 1, a dimer can sit on top of a dimer row 0-o— “o-0

(A and B) or in the trough between two rows (C and D), _ _ _ _ _
with its axis oriented either parallel or perpendicular to theFIG. 1. Schematic drawings of the configurations of isolated
dimer row direction. (Figure 2 shows a STM image of aadsorbed dimers on Si(001), after Brocks and Kelly [12].

. . Black circles represent substrate atoms. Gray circles represent
dimer adsorbed on top of a dimer row at 360 K.) All four adatoms on the surface. Lines are drawn to indicate the

configurations have been identified in STM experimentsilectronic bonds. Segments of four substrate dimer rows are
[8-10,16,17]. Theoretical calculations of the energies okhown in the figure, running vertically.
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FIG.2. A 65A x65A STM image at 360 K showing a
dimer adsorbed on top of a dimer row. The rows aref|G. 3. A sequence of30 A x 130 A STM images at 450 K
diagonal in the image. Since dimers readily rotate betweer’howing dimer diffusion across dimer rows. The arrows in
configurations A and B at this temperature, the resulting imagemages (a) and (d) point to the same dimer row. In image (a),
IS. a mixture of the two. This is a filled-state Image, with Samplethe dimer (Wh|te Streak) is moving rap|d|y on top of this row.
bias=-2.0 V. Its motion is bounded by two surface defects. Images (b) and
(c) show slower diffusion in the intermediate stealth dimer state
(faint twin lobes), which is a type C dimer. In image (d), the
At temperatures near 450 K, we observe that dimers ardimer reappears on top of an adjacent row. These are filled-

able to diffuse across the dimer rows of the substrate. Agtate images, with sample bias-2.0 V.

these temperatures, dimers diffuse along the tops of dimer

rows very rapidly, hopping at a rate of about 10 Hz. This

activity is easily visible in hot STM movies, as shown in  Crucial to the interpretation of the stealth dimer con-
Fig. 3(a). The rapidly diffusing dimer is trapped betweenfiguration is the local density of states (LDOS) calculation
two surface defects and appears as a blur along the dimef Brocks and Kelly [12]. This calculation shows that
row. This image took 20 seconds to scan, so the dimea filled-state STM image of the type C dimer will be
repeatedly occupied many different positions along thelominated by the dangling bonds of two surface atoms,
dimer row during acquisition of the image, giving the one on each of the neighboring rows. This explains the
dimer its blurred appearance. We find that the dimer idwo-lobed appearance of the dimer shown in the filled-
occasionally able to convert to a configuration centered ostate images of Fig. 3(b) and 3(c). Comparison with our
the trough between two rows and marked by two lobes, onewn room temperature filled-state and empty-state images
on each of the neighboring rows, as shown in Fig. 3(b)and those of van Wingerdeet al. further confirms the

In this configuration the dimer appears so faint that it isidentification [10].

often nearly invisible to the STM, leading to its designation Based on several hot STM movie sequences depicting
as the “stealth dimer.” The dimer diffuses much morediffusion across dimer rows, a0 = 5 K, we are able
slowly in this configuration, as evidenced by its well- to estimate the relevant energies. In the following analy-
defined position in the image. But by Fig. 3(c), 20 secondsis, we have used four movie sequences, which follow
later, it has clearly moved ahead of its previous position5 dimers through a total of 27 conversions to or from the
In Fig. 3(d), the dimer is again diffusing rapidly; however, C configuration. For the dimers observed, the average
it is located on the top of the row next to the original one.residence time on top of a row wa35 = 151 sec. The
[The original row is marked with an arrow in Fig. 3(a) and average residence time in the trough wd$ + 20 sec.

Fig. 3(d).] Figure 3 thus demonstrates a mechanism forhese results indicate that the C configuration is less
dimer diffusion across the dimer rows. This row crossingstable than one or both of the configurations on top of the
process is not observed at temperatures below 450 K. Adimer row. Using a simple “Boltzmann factor” analysis,
described below, we are able to identify the stealth dimer awe may obtain the energy of C relative to the lowest-
a type C dimer, but neither conversion to this configuratiorenergy configuration, A, without knowledge of the de-
nor diffusion of a type C dimer has yet been reported. tailed pathway involved in the conversion process. When
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the dimer is on top of a dimer row, it rotates between
configurations A and B. According to the results of
Swartzentruber, at 450 K we expect this rotation to occur
with a frequency of over 1 kHz, with the dimer spending
82% of its time in the A configuration [8]. For each con-
version event, the dimer therefore spends an average total
time of 7o = 0.82 X (675 = 151 seQ = 554 = 124 sec
in the A configuration;g = 0.18 X (675 = 151 seQ =
121 = 27 sec in the B configuration, and (as given above)
7c = 116 X 20 sec in the C configuration. Ratios of
these times give the relative populations of A, B, and
C, which, in equilibrium, are governed by the Boltzmann
factor, e "AE/kT Here AE is the energy difference be-
tween two statesk is the Boltzmann constant, aridl
is the temperature. We find that the C configuration is
61 = 16 meV higher in energy than A. This value is
substantially lower than that arrived at in recattinitio
calculations [11,12]. However, we confirm tlad initio
theoretical prediction that configuration A is lower in en-
ergy than C [11,12], in contrast to the empirical potentialFiG. 4. A schematic diagram of the proposed diffusion path-
result, which reverses this ordering [17]. way for row crossing, along with a graphical depiction of the
The activation energies for leaving the trough and formportant energies involved. The dimer rotates from A to B
diffusion in theC configuration may be obtained through gjs it diffuses along the top of a dimer row. Occasionally, the
. : . . imer may jump from B to C, overcoming an energy barrier
the Arrhenius relation, which gives the rate of a thermallys | 36 + 0.06 ev. The dimer then diffuses along the trough,
activated processt = 1/7 = ve ®/AT. Here r is the  or may jump to the top of either neighboring dimer row. We
rate, or the reciprocal of the average residence time measure the binding energy of C to 8861 = 0.016 eV rela-
The activation energy and prefactor for the procesdive to A. According to the results of Swartzentruber, B has an
are E and v, respectively. (Recently, we measuredinergy.om‘osg + 0.009 eV relative to A, and the barrier from
S . . . to Bis 0.70 = 0.08 eV [8].
the activation energy and prefactor for dimer diffusion
along the top of a dimer row, using atom tracking [18].
We found a value ofi.09 = 0.05 eV for the activation to the C configuration, in which the dimer on top of
energy, with a prefactor af0!32=%¢ Hz. For consistency, a row dissociates into two monomers, which then join
we will use our measured prefactor in the following analy-again to form a dimer in the C configuration. Recent
sis, noting that this measured value is typical of whatresults in our lab show that, using atom tracking in empty-
one would expect for these processes [19].) Using thetate conditions (positive sample bias), the dimer can be
average residence time in the trough given above, weontinuously tracked as it moves into the C configuration.
find a value of1.36 = 0.06 eV for the energy barrier to No hops longer than one lattice spacing are observed in
leaving the trough. According to the diffusion pathway the tracking data. We therefore conclude that dissociation
proposed below, we interpret this as the energy barrieis not responsible for dimer diffusion across dimer rows.
to entering the B configuration from C. We observe anThus we propose the pathway A-B-C for dimer diffusion
average hop rate in the trough @# = 0.2 Hz at 450 K. across dimer rows. It should be feasible to test this
The Arrhenius relation yields a barrier to diffusion in the pathway with current theoretical methods.
trough of1.21 = 0.09 eV. The diffusion of dimers across dimer rows may have
We propose the following diffusion pathway for row important implications for the homoepitaxial growth of
crossing, shown schematically in Fig. 4 along with a plotSi on Si(001). For growth regimes where there are
depicting the energies involved. Since configuration Aarge numbers of dimers present, we expect the quality
is perpendicular to the lowest-energy configuration, A,of the epitaxial growth process to depend on the area
diffusion across dimer rows requires rotation of the dimeraccessible to diffusing dimers prior to being incorporated
Such rotation has been both predicted and observed iaoto the crystal. We have shown that, at a critical
occur on top of the dimer rows, between configurationghreshold near 450 K, dimer diffusion converts from
A and B [8,9,16,17]. Therefore, it is natural to proposeone dimensional to two dimensional, with the onset of
that the dimer jumps from the B configuration directly diffusion across dimer rows. Below this temperature,
to C. We do not believe the pathway involves thedimers are confined to move along single dimer rows
D configuration since its energy is calculated to bebetween defects and step edges. Above this temperature,
significantly higher than A, B, or C [11,12]. We have dimers are able to escape from these one-dimensional
also considered an alternative mechanism for conversiomaps and interact with features over a much larger
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