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Adsorbed Si on the S{111)-(7X7) surface studied by scanning tunneling microscopic
and molecular-orbital approaches: Stationary and diffusing Si adsorbates
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In experiments of Si deposition onto the Si(11¥)7 surface using scanning tunneling microscopy, we
observe “diffusing” Si adsorbates detected as a noise-shaped pattern in addition to the previously reported
“stationary” ones that remain at the same positions. The stable positions and diffusion energy barriers of Si
atoms on the surface are obtained using molecular-orbital calculations. For one Si atom, the diffusion barrier is
only several tenths of eV, while it exceeds 1 eV for two Si atoms. We propose some assignments: the
“stationary” adsorbate for the two Si atoms and “diffusing” one for the single Si atom.
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The study of dynamical phenomena occurring at surfacep-doped Sil11) were cleaned in UHVbase pressure of 1
is one of the important subjects in surface physics and chemx 10-8 Pa) by repeated flash heating at 1200°C. The tip
istry. As for the adsorption process, the behavior of Si atomgyas a W wire with a diameter of 0.3 mm, sharpened by
on Si ;urfaces r;as been investigated using scanning tun”@rectrolytic etching. By applying a voltage pulse of 4.5-6 V
ing microscopy? (STM) and a recently developed atom- for 10 ms between the tip and the sample, we deposited extra
tracking STM? In the early study of epitaxial growth on the sj atoms on the Si(111)77 surface, which were previously
Si(111)7x7 surface with STM, Kabler et al. observed a gxtracted from the surface.
“stationary” Si adsorbate that remains at the same position sjng the atomic manipulation technique, we deposited
on the Si(111) K 7 surface' We also observed similar “sta- stationary Si adsorbates on the Si(11X)7 surface. As
tionary” Si adsorbates, after depositing Si atoms, using thehown in Fig. 1, the stationary adsorbates were depo&ited
atomic manipulation techniqfeThis technique is suitable petween the rest atom and the corner adatom(landetween
for supplying a small number of atoms to a local area angnhe rest atom and the center adatom; they adsorbed more
investigating physical properties such as the atomic bondingequently on the corner adatom region than on the center
states’ From detailed analyses of STM images together withagatom region by a ratio of about 1.5:1. The stationary ad-
molecular-orbital calculations, we assigned the stationarggrpates in the STM topographic images have slightly more

image to a single Si adsorbate located bet7ween a rest atoghisotropic shapes and somewhat larger sizes compared with
and an adatom of the Si(111%77 surfacé’ So far, this

assignment seems to be accepted widely. On the other hand, -
in a recent observation on the adsorption of evaporated Si
atoms carried out with both conventional STM and an atom-
tracking one, Satet al. observed a “diffusing” Si adsorbate

as a noise-shaped pattern in the STM images; they also
found temperature-dependent diffusing areas inside a half
unit cell of the Si(111) % 7 surface® The origin of the dif-
fusing adsorbate image and its temperature dependence is
still not understood.

In this paper, we report on the results of STM observa-
tions after depositing Si atoms onto the Si(11%)7 surface
using the atomic manipulation technique and theoretical
analyses using molecular-orbital calculations. We observe
not only the stationary Si adsorbate, but also the diffusing Si
adsorbate. Interestingly, calculated results on the stable posi-
tions of Si adsorbates and their diffusion energy barriers give
an assignment to the stationary adsorbate image, which is
different from the assignment accepted to date. That is, the FG. 1. STM topographic images of stationary Si adsorbates
stationary adsorbate image corresponds to two Si atoms. Thpositeda) between the rest atom and the corner adatom(hd
diffusing adsorbate, on the other hand, can be understood @stween the rest atom and the center adatom on the Si(XIZ)7
a single Si atom. surface(c), (d) Magnified contour maps of the respective stationary

Experiments were made using a UHV-STBEOL JSTM-  Si adsorbates. Images were taken at a sample bias of 2 V and a
4500XV) at room temperature. Samples cut from a wafer ofcurrent of 0.6 nA.
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FIG. 2. STM topographic image of a diffusing Si adsorbate
inside the half unit cell of the Si(111)¥7 surface. The noiselike
adsorbate is indicated by arrows.

ol

. . _ FIG. 3. Electron-density isosurfaces of thg,Hi, cluster model
a Si adatom of the surface. In our experiments at room tem ith cross sections of the observed stationary Si adsofbaselid

perature, the stationary adsorbate did not migrate on the suf? : L m . .
face, except when a voltage pulse was app‘\iMbanWhile, line) and the equivalent intrinsic Si surfa@dashed lineshown in

. . ; o . Fig. 1(a). (a) The next most stable structure for an extra Si atom and
in the e)_(per!ments for Si depOSItlorl, we occa5|0na!ly Ob'(b) the most stable configuration for two extra Si atoms. Adsorbed
served d|ﬁgS|r]g adsorbates on theT S{(llét)?f surface(Flg. extra Si atoms are indicated by arrows.
2). The noiselike glimpse feature inside the half unit cell of
the surface is very similar to the evaporated diffusing Sistationary adsorbate and an equivalent intrinsic Si surface
atom on the Si(111)% 7 surface reported by Satet al® (Fig. 1(a)) are also shown. The shape of the isosurface for
Therefore, in our experiments at room temperature, both théhe two Si adsorption is much closer than that for one Si
stationary and the diffusing Si adsorbates existed on the suadsorption to the stationary Si adsorbate in the STM image.
face. In cases where more than two extra Si atoms adsorbed, the
To identify atomic structures of stationary and diffusing electron-density isosurfaces around the extra Si atoms be-
Si adsorbates, we performed molecular-orbital calculationscame much wider.
We usedab initio Hartree-FocK6-31G basis of5AUSSIAN9S Figure 4a) shows the stable positions for an extra Si atom
(Ref. 9] and semiempiricalAM1 method® of MOPAC97  on the Si;Hy4 cluster model obtained by the semiempirical
(Ref. 1] methods, together with §H,¢ and Si;H,, cluster  AM1 method. Stable positions are located between the rest
models. The positions of the Si atoms were taken from theastom and the adatom: the most stable positiabeled 1b
optimized geometry of the dimmer-adatom-stacking faultand the next most stable positi¢ha) are on the corner ada-
(DAS) structure calculated by thab initio molecular-  tom region. A more detailed description of stable positions
dynamics method? Hydrogen atoms were introduced to ter- for an extra Si atom is given elsewhérhe stable positions
minate dangling bonds. We adopted the semiempirical AM¥or an extra Si atom are in close agreement with other cal-
method because the method was reported to give optimizecllated results by the density-functional method with a
structures similar to those obtained using thb initio  plane-wave basi®}’A potential-energy surface for an extra
Hartree-Fock method with the 3-21G* basfdn our calcu-  Si atom is shown in Fig. @). The energy barrier on the
lations, geometries of extra Si atoms, rest atoms, and adaliffusion path from the most stable positi¢tb) on the cor-
toms of the cluster models were optimized. Transition stateper adatom region to the stable positigtis-1g on the cen-
for the extra Si atoms on the g4, cluster model were ter adatom regiom was 0.78 eV; that from the stable posi-
obtained using an automatic searching technfgude. tion (1¢) on the center adatom regidnto the stable position
From calculations using the SH;¢ cluster model, we (1h) on another center adatom regiBrwas 0.59 eV. These
confirmed that the most stable and the next most stable p@nergy barriers inside the half unit cell were considered rea-
sitions of an extra Si atom obtained using the AM1 methodsonable values in comparison with the activation erfeagy
were quite similar to those obtained using thb initio  1.14 eV for hopping across the boundary of the half unit cell
method. Therefore, we decided to use the AM1 method ir{obtained from experimental data using an Arrhenius)plot

further calculations with the §H,,4 cluster model. This is because the diffusing Si atom stayed for a long time
With a varied number of adsorbed extra Si atoms fromwithin the half unit cell of the Si(111)X 7 surface.
one to six on the $jH4, cluster model, we obtained opti- Stable configurations and a potential-energy surface for

mized geometries and their electron-density isosurfaces. Inavo extra Si atoms on the §H,, cluster model are shown in
rough approximation, an electron-density isosurface correFigs. 4c) and 4d). The most stable configuratiof2a) is
sponds to a topographic STM image. Figure 3 shows optitocated on the corner adatom region. The two extra Si atoms
mized geometries of Si cluster models with electron-densitform a pair on the cluster model. The second most stable
isosurfaces fora) an adsorbed extra Si atom afig) two  configuration(2i) is on the center adatom regidn In addi-
extra Si atoms. With side views of the electron-density isotion to these, there are many stable configurations between
surfaces, representative cross sections through the observibd rest atom and the adatdb-2d, etc), and over the two
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FIG. 4. (a) Stable positions antb) potential-energy surface for an extra Si atom on thgHj, cluster model(c) Stable configurations
and(d) potential-energy surface for extra two Si atoms. Representative stable positions are labeled as 1la to 1h for an extra Si atom, and stable
configurations for two extra Si atoms are labeled as 2a tdkj.(d) Solid circles on the potential-energy surfaces show total-energy
differences for stable structures and transition ones.

adatom regiong2e-2g, etg. The energy barrier on the dif- widely accepted previous interpretation that the stationary
fusion path from the most stable configurati(®e) on the adsorbate is a single Si atom, the proposed assignment is
corner adatom region to the stable configuratidin on the  more plausible for the following reasons. First, the dominant
center adatom regioA was 1.42 eV; the barrier from the diffusion barrier of 1.42 eV for two Si aton{sig. 4(d)] is
stable configuratioii2i) on the center adatom regidnto the  |arge enough to prevent Si pair migration at room tempera-
stable configuratior2j) on the center adatom regidwas  tyre, while migration of a single Si atom is possible, judging
1.33 eV. The dominant diffusion barrier of 1.42 eV for the from the dominant diffusion barrier of 0.78 eV for this pro-
extra two Si atoms are 1.8 times higher than the correspondsesqFig. 4(b)]. Second, the shape of the stationary Si adsor-
ing dominant barrier for the extra one Si atom around the rest ;o in the STM topographic imagEig. 1(@] is very close

atom, while the Si adsorbates have two symmetrical diffuy, yhat of the calculated electron-density isosurface for two
sion paths with the same dominant barriers from the corne

. . 5i adsorption, as shown in Fig(l8.
adatom region to both the two center adator_n regions. To further confirm the first point above, we estimate the
In addition, we found that the total energy increased whe

extra two Si atoms adsorbed separately around the same r QPping frequenmeﬁl-for the edsorbed one and wo Si at-
atom on the cluster model: that is, one Si atom at positior?rT]S using the Arrhenius equat|dh;yexp(— Ea/kT), \{vhere
(1a) and the other at positiofiLe). The total energy of this ” is the frequency factoE_a is the activation energ¥ is the
structure, denoted hereafter Ha+1e), was 1.81 eV higher Boltzmann constant, anfdis the temperature. The frequency
than the energy of the most stable struct(2e). Although factor v for the adsorbed one Si atom on the Si(11%X)7
the transition state between the structuf2® and (la+1e)  Surface was reported to be fGs™* using the Arrhenius
could not be obtained by the automatic searching techniquelot?® Using the dominant diffusion barriers of 0.78 eV for
because of the existence of another transition §tstaveen one Si atom and 1.42 eV for two as the activation energies,
(2e) and(2f)] with a lower energy barrier nedta+1e), the  the hopping frequencies of the adsorbates at 300 K are esti-
energy barrier on the path froif2a) to (1a+1e) must cer- mated to be about 10°$ and 10°° s™1, respectively. Be-
tainly be more than 1.81 eV. This is much higher than othercause the line-scan frequency in our experiments is about
barriers [Figs. 4b) and 4d)]. Therefore, once a Si pair 10 s !, the adsorbed single Si atom could migrate to other
forms, diffusions breaking the pair are considered to be morstable positions on the half unit cell after line scanning, while
difficult than diffusions maintaining the pair. the adsorbed two Si atoms would keep stationary at the same
From the above calculated results, the stationary adsoposition.
bate and the diffusing one can be assigned to a pair of Si One may think that the above interpretation can be
atoms and a single Si atom, respectively. Although the aboveeached easily because the fact that the migration of the two
assignment for the stationary adsorbate differs from theSi atoms would be more difficult than that of a single Si
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atom is well known for a $100) surface® We would like to  even an atom-tracking one, may take time-averaged images
emphasize, however, the possibility of interpreting the staef the hopping Si atom. The possibility of observing such
tionary Si adsorbate on the Si(117 surface as two Si time-averaged images was recently suggested for the case of
atom adsorption has not been pointed out at all, though morghe Sj(111)/3x /3-Ag surface on the basis of a Monte
than a decade has passed since it was first observed. carlo simulatiort® However, the reason why the diffusing Si
The stationary Si adsorbates were deposited more frestom, in particular, prefers the position around the three cen-
quently on the corner adatom region than on the center adggy agatoms is still unclear. The electric field between the tip
tom region, by a ratio of about 1.5:1. This tendency of Siyj the sample may also play a role in the STM configura-

adsorption agrees we_II with the calqulated result that thetion. To fully understand the behavior of the diffusing Si
most stable configuratio(@s) for two Si atoms was located atom on the Si(111)X 7 surface, further calculations, in-

on the corner adatom regidiFig. 4d)]. Meanwhile, the . e :
stacking fault of the unit c?e(ljl[di?j n4c()t)g1ﬁect the adsorption cluding thermal energy and electric field, should be required.
In conclusion, we have investigated the stationary and

ratio. In our experiments where Si atoms were supplied from,. .~ . . oo .
an STM tip at r%ndom locations, Si atoms were dggosited OH|_ffu5|ng Si adsorbates _|n3|d§ the half l_m't cell of the
faulted and unfaulted halves with equal probability. There-S1(111)7x7 surface. To identify the atomic structures of
fore, the two deposited Si atoms should adsorb at stable pdP€se Si adsorbates, we apply the molecular-orbital approach
sitions without diffusing over the boundary of the half unit 10 Si atoms on the Si cluster model. As the result, we propose
cell of the Si(111)% 7 surface. assignments to these adsorbates: the stationary and diffusing
Our calculated results for an extra single Si adsorptionSi adsorbates correspond to a pair of Si atoms and a single Si
[Figs. 4a) and 4b)] is consistent with the atom-tracking atom, respectively. Although recently observed STM images
STM experiment at low temperatufeshowing that a diffus- ~ are often interpreted by comparing them with theoretical cal-
ing Si atom was located in an area between the rest atom arlations on stable structures and electronic states, the
the corner adatom. However, a diffusing area in an atompresent study shows that even this procedure is insufficient in
tracking image at room temperatifrgground three center some cases. The present results reveal that STM images
adatoms on the half unit cell, was inconsistent with the reshould be interpreted paying attention to the possibility of
sults of our calculation. This can be understood as followstransitions among stable structures.
With increasing temperature, the hopping speed of an atom )
on a surface increases exponentidflythen, at room tem- We would like to thank Dr. Kuwahara, T. Ogata, K.
perature, an extra Si atom may hop to the position around th&akami, T. Umeda, T. Takasaki, I. Tsutai and M. Kishida for
three center adatoms. Accordingly, a conventional STM, andaluable discussion and technical support.
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