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Piecewise diffusion of the silicon dimer
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We present a detailed view of the diffusion of silicon dimers on the sili@0il) surface. Through a
combination of atom tracking arab initio modeling, the dimer is shown to move one atom at a time rather
than as a two-atom unit. The details of the pathway depend on the diffusion channel: On top of dimer rows, the
two atoms of a dimer separate but remain bound during diffusion. In the troughs between dimer rows, the two
atoms separate completely and move independently before rejoining in a new location.
[S0163-182609)02104-9

Since the 1960s, techniques for imaging with atomic resoene-dimensional diffusion channels for Si ad-dimers. Theo-
lution have provided us with a remarkable look at the varietyretical work has shown that a dimer is very likely to form
of ways in which atoms and small molecules move on surwhenever two monomers meet, since dimer formation re-
faces. Often the diffusion process observed is quite simpleguires no energy barrier beyond that of monomer
involving a series of random hops between adjacent bindingliffusion1*® Once formed, a dimer is very strongly bound.
sites. However, beginning in the late 1970s, experiments usFhe energy required to separate a dimer has been calculated
ing field-ion microscopy revealed unusual diffusion mecha-to be 1.33 eV for dimers on top of dimer rows Energeti-
nisms. Diffusion by atomic exchange was observed, a proeally, the row sites are more favorable than trough site¥’
cess in which an atom on top of a surface replaces an atom idowever, the distribution of dimers occupying the two types
the first layer of the surface, while the replaced atom movesf sites upon formation is kinetically determined: one-third
to the top'~* More recently, long jumps spanning several form on rows and two-thirds form in troughg.
nearest-neighbor sites were observ&&hen the diffusing Our experiments on Si dimers are performed using a
species is a cluster of two or more atoms, the opportunity forustom-built STM that is capable of imaging at elevated tem-
variety is further enhanced. For instance, platinum dimers operatures. It is housed in an ultrahigh vacuum chamber with
platinum (001) were found to move one atom at a time by a base pressure o510 'torr. The samples are prepared
atomic exchange, whereas trimers were found to move by hy degassing then briefly flashing to 1250 °C using resistive
combination of site-to-site hopping and exchahdgurpris-  heating. They are then transferred to the STM stage and al-
ingly, small clusters were often observed to move at ratetowed to equilibrate overnight at the desired temperature be-
comparable to or faster than individual atofn&’ Studies of ~ tween 300—500 K. A small amount of materiat0.01 ML)
two-dimensional metal-island diffusion on metal surfaces reis subsequently deposited onto the surface from a resistively-
veal evaporation condensation and periphery diffusiorheated Si wafer. The sample temperatures were measured
mechanismé&! The advent of the scanning tunneling micro- with a heated thermocouple probe whose accuracy in the
scope (STM) in the 1980s has allowed the extension oftemperature range of interest was carefully checked in a cali-
atomic-scale diffusion studies to a much broader range dbration procedure using the known melting point of indium
systems involving both metal and semiconductor surface#t30 K!° In some cases, the temperature was found by mea-
Furthermore, a technique for directly measuring surface difsuring the hop rate of dimers along dimer rows and using the
fusion, called “atom tracking,” was applied in a study of calibration curve shown in Fig. 1. We have previously de-
silicon dimers on silicor001) by Swartzentruber in 1998.  scribed our atom-tracker setup in defdiln brief, the STM
Nevertheless, a detailed understanding of the atomic pathip is locked above an adsorbate using lateral feedback elec-
way for dimer diffusion has not been achieved for Si ontronics, and diffusive motion is followed with a time resolu-
Si(001), an important model system in studies of growth ontion up to 70 Hz.
covalently-bonded semiconductor surfat&ésviodeling of We first discuss results for diffusion along dimer rows.
this class of systems has proven difficult, and much of theDiffusion in this channel is activated just slightly above
theoretical insight into atomistic processes has resulted frompom temperature. Using atom tracking, we determine the
computationally intensivab initio techniques. In this paper corresponding energy barrier by measuring the average hop
we discuss atom-tracking studies aal initio calculations rate as a function of temperature over the range 360—460
that produce a significant advance in our understanding df.%° For each temperature, one or more dimers are tracked as
dimer diffusion on Si001), revealing piecewise diffusion they diffuse along a dimer row. In most cases, the dimer’s
pathways. motion is bounded by two features that serve as end points to

The S{001) surface consists of parallel rows of dimer a clean segment of dimer row. These features are either step
bonds that are the result of pairs of surface atoms bindingdges, small Si islands, or defects such as dimer vacancies.
together in order to reduce the overall surface energy. Thesgince the dimer interacts slightly with these features, data
dimer rows are separated by 7.7 A, and the spaces in béom the center portion of the segment are used to calculate
tween them are called troughs. Rows and troughs are distintihe average hop rate while data near the end points are ig-
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24 26 28 30 32 34 FIG. 2. Schematic diagrams of the calculated diffusion path-

inverse temperature (eV ™) ways for row and trough diffusion. These were constructed from the
. . . . results ofab initio modeling by Yamasaki, Terakura, and UdRef.

FIG. 1. An Arrhenius plot for dimer diffusion along the top of a 21) for row diffusion, and by Goringe and BowléRef. 22 for
subsFrate dimer row. The solid Iir_1e is aweighte_d fit. From the SIoloe[rough diffusion. SoI,id circles represent the two atoms of an ad
and intercept of this line, we find anlactgv?non energy of 1.09gimer and open circles represent substrate atoms. Smaller circles
+0.05eV and an attempt frequency of 38 Hz. represent atoms deeper in the substrate. Segments of two neighbor-
ing dimer rows are shown in each diagram, running vertically. The
otal energy at key points along each pathway is depicted on the
e i o right. Both pathways involve the dimer moving one atom at a time
=ve , Wherer is the rate,!E and v are the actlvat!on rather than as a unit. Ifa), the dimer enters a weakly bound state as
energy and attempt frequenclyis the temperature, arldis  ne atom moves ahedh), but remains together during diffusion. In
Boltzmann’s constant. Figure 1 shows an Arrhenius plot CONtp), the dimer dissociates as one atom moves akisadnd the two

structed from our data. From the slope and intercept of th@toms move up and down the trough independently until they meet
fitted line, we find an activation energy of 1.69.05eV and  again and reform the dimer in a new location.

an attempt frequency of 1®*06Hz.

The experimental result described above provides a strongpw diffusion occurs with the dimer moving one atom at a
basis from which to evaluate theoretical models of row dif-time but remaining bound as it hops from site to site. The
fusion. Yamasaki, Uda, and Terakura have performed unealculated energy barrier of 1.08 eV for this pathway is in
publishedab initio modeling of row diffusion that we sum- close agreement with our experimental result of 1.09
marize here, in addition to their earlier studiés>?* Ab  +=0.05eV. Atom-tracking data confirms that all hops during
initio methods are generally known to be more reliable tharrow diffusion are between adjacent sites along the row, as
less computationally intensive semiempirical methods, espesxpected for the proposed pathway.
cially for calculations of surface structure. However, the con- We now report atom-tracking results for trough diffusion,
figuration space containing all possible diffusion pathways ismotivated by a recentb initio study by Goringe and
prohibitively large to fully explore within the limits of cur- Bowler?? Goringe and Bowler propose that, as for row dif-
rent technology, so it is always possible that a given calcufusion, trough diffusion requires the dimer to move one atom
lation will not find the lowest-energy pathway. The result ofat a time, as shown schematically in FigbR Although
the first calculation by Yamasaki, Uda, and Terakura was amather than remaining bound as the first atom moves ahead,
intuitively reasonable pathway in which the dimer movesthe dimer completely breaks apart and its two atoms move
forward as a unit, with its dimer bond length remaining nearly independently along the trough until they meet again
roughly constant*'® However, the corresponding energy and reform the dimer. This breaking apart is the most costly
barrier, 1.44 eV, proved to be very high compared to thestep energetically, with a calculated energy barrier of 1.28
experimental value. This prompted the investigation of altereV.?® The two atoms may come back together immediately
native pathways. This investigation has led to a pathway fomfter dissociating, as in Fig.(®. However, it is equally
row diffusion that is in very good agreement with the atom-likely that they will move away from each other and con-
tracking result. The proposed pathway is shown schemattinue to execute simultaneous one-dimensional random
cally in Fig. 2a), with the total energy at key points shown walks until they meet each other and reform the diffetis
on the right. This pathway is unexpected in that the dimelimportant to note that these single-atom random walks occur
moves one atom at a time rather than as a unit. First, an a much shorter time scale than the average time between
1.08-eV barrier is crossed as the first atom moves aheatyeakup events, since the calculated energy barrier is much
leaving the dimer in a weakly bound intermediate state withsmaller, 0.6 eV compared with 1.28 é¥Therefore, atom-
the atoms separated. Then it is equally likely that the seconttacking data should appear as instantaneous hops on the
atom follows, resulting in diffusion to an adjacent site, ortime scale that we observe. A simple statistical analysis re-
that the first atom moves back. The possibilities that thesults in the probability distribution for the dimer to reform a
dimer either dissociates or undergoes an exchange with thgiven number of sites away from its original site. Assuming
substrate after entering the intermediate state have also bean long-range interaction, Goringe and Bowler conclude that
investigated. The energy barriers for these processes are sigearly 40% of the time the dimer reforms at its original site.
nificantly larger, 1.6 and 1.28 eV, respectively, and shouldThe remaining dissociations result in observable hops, and
be extremely rare at these temperatures. Eliminating theshe majority of the hop$71%) are expected to be between
possibilities, Yamasaki, Uda, and Terakura conclude thahdjacent sites one spacing away. However, a significant frac-

nored. The average hop rate is expected to follow th
Arrhenius relation for a thermally activated process:
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FIG. 3. Atom-tracking data at 4338 K. The position of the 3 3 0 6

dimer was sampled at 100 Hz. The data are shown as displacememt
versus time both along the dimer ratop) and perpendicular to the ) ¢|,qe agreement with this value. We have summarized our
dimer row (bottom. (The pause in the data near 1650 sec was forresults for row and trough diffusi.on in Table®.In each
imaging the area and verifying our identification of the dimer CoN-~ce the observed hop length distribution is in.good agree-
figuration) For the first 200 sec, the dimer diffused rapidly on top ment, with that expected according to whether theoretical
of a dimer row, with an average hop rate of 3.4 Hz. Then, the dime odeling favors the dimer remaining bound or breaking
hopped sideways one spacing into the trough. For the next 215 part during diffusion. The elevated percentage of single
sec, the dimer hopped along the trough at a much slower rate chops observed for tro.ugh diffusion may be attributed to a

6.5x10"*Hz. Finally, the dimer hopped back onto the original weak interaction between the atoms when they are only one
dimer row and resumed rapid diffusion. The arrows point to three . . . y L y
long hops of two spacings that occurred while in the trough. site apart that results in a slightly enhanced probability for

reforming the dimer.
. _ . We have presented atom-tracking aald initio studies
tion of hops are predicted to be longer than one spacing: 16%, 5t combine to reveal piecewise diffusion pathways for the
two, 6% three, and the rest more than three spacings. Thg; gimer on Sj001). The dimer diffuses one atom at a time
presence or abser)ce of these unpsual long jumps in atoMrq not as a unit, becoming weakly boufuh the rows or
tracking data provides a rather direct test of the proposed,mpetely dissociatingin the troughs during motion from
diffusion mode. _ o _ site to site. The calculated channel-specific energy barriers
Atom-tracking studies of trough diffusion confirm the 5o in excellent agreement with atom-tracking results. For
presence of long jumps in this diffusion channel. Examplesitssion in the trough, we observe long jumps spanning two
of this are shown in Fig. 3, a set of atom-tracking data at 433, three |attice sites, a direct signature of the dimer's dis-
K that demorgstrates the poss_lbll_ltles for dlffu5|on_ at higherggiation and reformation during diffusion. In the future we
temperatures? In summary, this figure shows a dimer con- expect atom tracking to be applied to still more complex
tinuously tracked as it first diffuses on top of a dimer row, jt,sion systems. For instance, it may be possible to follow
then hops sideways into a neighboring trough, diffuses alonghanges in a large molecule’s position, orientation, and
the trough, and finally hops back on top of the original dimerbonding as it moves along a surfaCe.
row. The arrows point to three long jumps of two spacings
among a total of 14 hops in the trough. It is striking how We would like to thank the National Science Foundation
much slower diffusion in the trough is than diffusion on top for support under Grant No. DMR-9614125. We would also
of a dimer row. Using the statistical analysis describedike to thank T. Yamasaki, T. Uda, and K. Terakura for shar-
above, we find a value of 1.270.08 eV for the energy bar- ing their unpublished results with us, and C. Goringe and D.
rier of trough diffusior?’ The calculated barrier of 1.28 eV is Bowler for helpful correspondence.
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