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Diffusion of Single Hydrogen Atoms on Si(111)q X 7) Surfaces
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Adsorption and diffusion of single hydrogen atoms ofi 8i)-(7 X 7) surfaces at elevated tempera-
tures have been studied using scanning tunneling microscopy. Hydrogen atoms adsorb preferentially
atop rest atoms. An adsorbed H atom can hop between two neighbor rest atoms via an adatom, i.e.,
via a metastable intermediate state. Below 330the hopping is mostly confined within a half-cell,
but at higher temperatures, they can hop across the cell boundary. The activation energies for different
hopping paths were measured. The binding energy difference between rest-atom and adatom sites and
that between corner and edge adatom sites were also determined-th2end~0.05 eV, respectively.
[S0031-9007(98)06382-0]

PACS numbers: 66.10.Cb, 68.35.Fx, 82.20.—w, 82.65.My

The interaction of hydrogen with silicon surfaces is aping across a cell boundary over the dimer was studied
subject of considerable importance in surface and materialsy Soresclet al. [4] using variational phase-space theory
sciences. Hydrogen adsorption can unreconstruct surfacesethods, though the stable adsorption sites were taken to
and passivate surface dangling bonds, and thus can chanige the adatom sites. In this study, we also measure the rela-
the surface properties dramatically. Formation of variougive binding energies between different adsorption sites
hydrides in chemical vapor deposition processes playand the activation energies for different hopping paths. In
a dominant role in the thin film structures and surfaceother words, our data are both adsorption-site and hopping-
morphologies. From theoretical considerations, hydrogepath specific.
atoms represent the simplest adsorbate possible for first- Si(111)-(7 X 7) is a very complicated reconstruction.
principles calculations. There have been numerous expericcording to the DAS (dimer-adatom-stacking fault)
mental and theoretical studies of the reaction of hydrogemodel of Takayanagi [5], there are 19 dangling bonds
with silicon surfaces. However, many questions regardindor every7 X 7 unit cell: 12 for the adatoms, 6 for the
the reaction kinetics and paths remain unsolved. One afest atoms, and 1 for the corner hole. E&clX 7 unit
the fundamental issues is the role of surface diffusion otell consists of faulted and unfaulted half-cells. These
hydrogen atoms. For example, it has been speculated thiaalf-cells are separated by dimer rows and corner holes.
surface diffusion plays a crucial role in the recombinativeEach half has six Si adatoms, with three occupying the
desorption of hydrogen from silicon surfaces [1]. Surfacecorner sites and the other three the edge sites. The rest
diffusion of chemisorbed species is, of course, an importaratoms with a dangling bond are located at the center of
process in catalysis. three surrounding adatoms. It has been reported that

Previously, the activation energy for diffusion of atomic H atoms, rather than Hmolecules, are reactive with
hydrogen on Si11)-(7 X 7) was measured by Reider Si(111)-(7 X 7) at room temperature [2,6—12]. Previous
et d. using optical second-harmonic diffraction to be room-temperature scanning tunneling microscopy (STM)
~1.5 eV [2]. Based on density functional calculations, studies showed that the point defects induced by hydrogen
Vittadini and Selloni [3] proposed that the most stable ad-adsorption on Si adatoms appear darktdt V, but the
sorption site for H atoms on Si(111) is the rest-atad®) ( image spots reappear as bright as Si adatoms 2y
site. They also predicted that hydrogen atoms can hof®-12]. Rest-atom dangling bonds were also found to
from anR site to a neighboring site via an adatomA4)  react with H atoms at room temperature usiny mea-
site. The rate-determining proce&s;— A, has an activa- surements of STM [10,11]. However, no STM images of
tion energy of~1.3 eV. In this work, we study diffusion this defect were reported, and very little was known about
of single hydrogen atoms on($i1)-(7 X 7) surfaces with it in previous experimental studies.

a variable-temperature scanning tunneling microscope. In In our experiment, we exposed a clear{1$i)-(7 X
agreement with calculations by Vittadini and Selloni, hy-7) surface to a very small amount of atomic hydrogen,
drogen atoms are found to occupy preferentiallyRiste, ~0.008 monolayer or less, at the variable-temperature
and the hopping between two neighborigites isindeed STM stage. The operation of this STM and the prepara-
via anA site intermediate state. However, H atoms are alsdion of clean Sil11)-(7 X 7) surfaces has been described
found to hop to a neighboring half-cell at higher tempera-earlier [13]. The atomic hydrogen is produced by decom-
tures, which should be the rate-determining process foposing H on a 1500—160€C tungsten filament positioned
diffusion of atomic hydrogen across the surface. Hop-—~5 cm from the sample. The temperature reading was
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obtained by an optical pyrometer with accuracy0°C  transfer from rest atoms to neighboring adatoms makes
and precision~2 °C. Our room temperature result is con- the surrounding adatoms appear brighter than those in the
sistent with previous STM studies. Therefore we reportlean region [15]. Similar to Gél1)-c(2 X 8), there is

only the high temperature result in this Letter. a charge transfer from adatom dangling bonds to rest-

Figure 1 shows filled-state STM images of tw@1Sil)-  atom dangling bonds on @il1)-(7 X 7) [16]. Reaction
(7 x 7) surfaces which have been exposed to atomiof rest atoms with hydrogen atoms would cause a reverse
hydrogen. On a clean Sil1)-(7 X 7) surface, adatoms charge transfer from the reacted rest atoms to surrounding
in the faulted half appear slightly brighter than those inadatoms, and thus makes those adatoms appear brighter
the unfaulted half; rest atoms are also imaged though thand the rest atom darker.
image intensity is reversed [14]. As can be seen from the In our continuous-time imaging, we find that the hop-
parts enclosed in triangles, when an H atom is adsorbeging of the H-induced defect is via an intermediate state.
at the surface, a rest atom becomes invisible, while th&igure 2(a) shows an STM image of two H-induced de-
adatoms surrounding it become brighter than usual. Frorfects, taken at 318C. At 9.3 s later [Fig. 2(b)], the defect
a consideration of the image symmetry, one easily arrivesn the left has changed. Now an edge adatom site appears
at the conclusion that the H atom is adsorbed atop thdarker in both filled-state and empty-state images. In the
rest atom, similar to H-atom adsorption on Ge surfaces
[15]. Above 28C°C, an H-adsorbed site can hop to
a neighboringR site within its own half as shown in
Figs. 1(a) and 1(b). If the temperature is raised above
~320°C, an H adsorbe® site can hop across the cell
boundary over a dimer to the next half as seen in Figs. 1(c)
and 1(d).

On G€111)-c(2 X 8), Klitsner and Nelson [15] found
that reaction with atomic hydrogen produces a symmetric
triangle and an asymmetric rectangle of bright adatoms
in filled-state STM images. According to their first-
principles calculation, the defects are caused by adsorption _
of a hydrogen atom at the rest-atom sites that originally had
a dangling bond. It was proposed that the reverse charge
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FIG. 2. Three successive STM filled-state images (enclosed
in triangles) show the hopping pathway — A — R of an
H atom inside a faulted half cell at 31Q. (b) Shows dual
polarity, filled state at left and empty state at right, images with
the same bias voltage. The acquisition time for each image is
) 9.3 s. The tunneling current is 0.2 nA and bias voltage 1.5 V.
FIG. 1. STM images of an H-exposed(Bil)-(7 X 7) sur-  An H adsorbedr site in an unfaulted half that did not move
face. (a) and (b) show hopping of one point defect, H ad-during this time is pointed out by arrows. One notices that an
sorption on a rest-atom site, within an unfaulted half. (c) andH-adsorbedR site cannot be seen in empty-state images, but
(d) show hopping of one point defect from an unfaulted half tothe intermediateA site appears darker in both the filled- and
a neighbor faulted half. empty-state images.

-
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filled-state image, the image spot related to the reacted rest 20
atom reappears. InFig. 2(c), the H-induced defect changes 25k (a)
sites. We think the H atom hops from &rsite [Fig. 2(a)] [
to a neighboringR site [Fig. 2(c)] via an intermediaté
site [Fig. 2(b)]. TheA site appears darker probably due 35
to saturation of its dangling bond by the H atom, which is a0 b
consistent with previous STM observations.

Hydrogen atom adsorption on tHesite is a metastable
state. Although its lifetime is much shorter, this state can [
be directly observed below 32C. Above that, the life- 55
time is too short to be imaged by STM. From thousands of 0 | faulted to unfaulted
continuous-time STM images taken below 320) we can L E, =223 1+0.08 eV
estimate the binding energy difference betweeand R I Ry=10158207 g,
sites using the relatiows/Pa = y exp(Ex — Eg)/ksT, 70 7 TRo s 0 Bs w0 205 mo als
where the statistical weight accounts for the fact that the
number of the availabla sites is twice that of th& sites.

On the7 X 7 surface,E4, — E is found to be~0.2 eV PN
for both the faulted and unfaulted halves. Attemperatures - (b)
above 320C, we start to see the hopping of H atoms across 2r
a dimer row to a neighboring half cell. We have taken
many continuous-time STM images from 280 to 380 35
From the hopping rates, the activation energies for hydro- <40
gen atoms to hop betwedn sites within a half cell and
those to hop across the cell boundary are derived using o
Arrhenius plots (see Fig. 3). In addition, from the rela- =
tive frequencies of observing two different intermediate
states, i.e., H atoms at corner adatom sites and those at edge [ unfaulted to faulted
adatom sites, we derive the relative binding energies of H O3 E,=20710.10eV
atoms at these sites in both halves. The corner sitesin both 72 R,=10"6%%3 gy
halves are found to have a S'Ilghtly Iarger bmdmg energy T T TR T TS SES
of ~50 meV than the edge sites. Combining the energy o

data we have measured, a potential energy diagram shown (hgT) ™ V)

in Fig. 4 is obtained which provides the energetics of unf|G. 3. Arrhenius plots for hopping within the half-cell at
derstanding diffusion of H atoms by different pathways onlow temperatures and diffusion across the cell boundary at
Si(111)-(7 X 7) surfaces. The effect of the scanning tip high temperatures for adsorbed H atoms. (a) and (b) show,
is checked by examining, at 29G, how the hopping rate respectively, data from faulted and unfaulted halves.

changes with the scanning time which varied from 2.4 to

18.5 s. The lifetimes of th& site and thed site adsorp- The small discrepancies are not surprising, since our study
tion increase by a factor of 1.4 and 1.8, respectively. Thigprovides more detailed site specific data. In the mea-
effect is relatively small if one considers that the activationsurement by Reideet al., the optical method observes
energy is derived from the slope of a semilogarithmic plotdiffusion over a distance of~1000 A. Effects of step
However, the true experimental errors are expected to bedges and other surface defects on surface diffusion have
larger than the statistical errors indicate. A conservativdbeen averaged out. Also, the hydrogen concentration in
estimate places the accuracy of our measurement to be tigeir study is much higher than in ours. Their result in-
worsethan =0.1 eV in activation energies antDh*!> in  cludes effects of interactions among H atoms which can
preexponential factors. affect the diffusivity. What they studied is the so-called

Itis clear from Fig. 3 that hopping across the cell bound-chemical diffusion, while ours is the tracer diffusion, or
ary requires a higher activation energy than site hoppingingle atom diffusion. In our study, the coverage is so
within a half-cell; the former is what is measured by Reiderlow that the measurement was effectively done on dif-
et al. using an optical second-harmonic diffraction methodfusion of single hydrogen atoms, and the parameters we
[2]. The former hopping should be responsible for theobtained are both site specific and hopping path specific.
mass transport of H atoms across the surface. The lafs for the comparison between our data for site hopping
ter hopping, on the other hand, is more closely related tavithin a half-cell and the calculations by Vittadini and
the theoretical calculations of Vittadini and Selloni [3]. Selloni, very good agreement can be seen for the pref-
The activation energies we have measured in this studgrential adsorption of hydrogen atoms at thesite over
are slightly higher than those from two previous studiesthe A site, the hopping pathway, and the relative binding
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FIG. 4. A potential energy diagram showing the relative

binding energy at different adsorption sites, and the activation

barrier for different hopping paths.
in eV, and R and A represent, respectively, rest-atom and
adatom sites.

energy. There is a small difference in the activation en

ergies between our measurements and their calculations.

for this system, it may be worthwhile to perform new de-
tailed first-principles calculations to compare with these
experimental data.
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