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Tunneling electrons from the tip of a scanning tunneling microscope can be used to induce adatom
hopping on Br-terminated Si�100�-�2� 1� at low current and without voltage pulses. Hopping does not
occur when electrons tunnel from a sample to a tip. The threshold energy is �0:8 V, and tunneling
spectroscopy shows antibonding Si-Br states 0.8 eV above the Fermi level. Electron capture in these
states is a necessary condition for hopping, but repulsive adsorbate interactions that lower the activation
barrier are also required. Such interactions are strong near saturation for Br but are insufficient when
the coverage is low or when Br is replaced by Cl.
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cedures reported by Hata et al. [9] Thereafter, these sur- and �2:0 V.
Scanning tunneling microscopy (STM) offers a way
to visualize individual atoms and molecules on surfaces.
Recently, attention has focused on STM-based manipu-
lation of surface moieties and on their electronic
properties in metal junctions [1]. For example, single
Xe atoms can be transferred reversibly between an
STM tip and a Ni (110) surface [2], high tunneling
currents can induce hopping of CO on Cu (111) [3], and
CO2 can be produced by manipulation of CO onto O
adsorbed on Ag (110) [4]. These studies emphasized
metal surfaces, and all of them required activation by
short voltage pulses or high tunneling currents [2–5].
Little attention has been paid to manipulation on semi-
conductor surfaces [6,7] and, though it has been clear
that the local electronic properties must play a key
role in excitation processes, there has been no clear
indication that low-current, low-energy tunneling elec-
trons might contribute to semiconductor surface
modification.

In this paper, we show that electrons tunneling into the
surface under normal scanning conditions induce migra-
tion of covalently bonded Br atoms on Si�100�-�2� 1�.
The threshold for manipulation is �0:8 V, corresponding
to electron capture in Si-Br antibonding �� levels lying
0.8 eV above the Fermi level. We show that manipulation
does not occur when electrons tunnel out of the surface.
Moreover, manipulation does not occur if the Br concen-
tration is low or if Cl is substituted for Br. Thus, capture in
the antibonding resonance is necessary, but it is not
sufficient, and we argue that a second needed component
is a strong repulsive interaction between adatoms. To our
knowledge, these are the first studies that achieve ma-
nipulation without short pulses or high current in the
tunneling junction.

The experiments were performed in an ultrahigh vac-
uum system with a base pressure of 4� 10�11 Torr [8].
The sample was a boron-doped Si(100) wafer with resis-
tivity 0.01 � cm. Clean Si(100) surfaces having initial
defect densities below 1% were prepared following pro-
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faces were exposed at room temperature to a flux of Br2
from an electrochemical cell to accumulate surface con-
centrations of 0.18, 0.93, and 0.99 monolayer (ML). We
also prepared Cl-covered Si(100) surfaces to compare
adatom interactions for different halogens. After expo-
sure the samples were heated at 750 K for 10 min to en-
hance ordering. Filled-state images were then obtained
with a very low tunneling current of 30 pA. Under these
conditions, the surface structures were stable. Subse-
quently, manipulation occurred when samples were
scanned once under positive sample bias so that electrons
were emitted from the tip (empty-state imaging) as it
moved at 83 nm=s diagonal to the dimer rows. We
stress that this is a standard tunneling condition with
the feedback loop engaged and no voltage pulse applied
to the tunnel junction. After this positive-bias scan,
the same surface area was scanned again to obtain a
filled-state image so that migration could be quantified.
The normalized tunneling conductance, �dI=dV�=�I=V�,
was obtained for individual sites from measured I-V
data. The latter were established with a set point of
�2:0 V at 30 pA.

Figure 1 summarizes the key features for Br-Si�100�-
�2� 1�. Figure 1(a) is a filled-state image of a nearly
saturated surface where one surface dimer with one Br
adatom, denoted SiSiBr, appears dark against a back-
ground of dimers with two Br adatoms, 2SiBr (sample
bias �0:65 V). Si dimer vacancies, DVs, are also dark. In
contrast, bare dimers, BD, are manifest as three bright
features. This triplet reflects the interaction of the widely
expanded � bonding states with Br 4py orbitals of adja-
cent Br-occupied dimers [10]. Their characteristic bright-
ness makes it easy to identify bare dimers and to deduce
the coverage. Figure 1(b) depicts representatives of sur-
face features. The bias dependence of bare dimer sites is
evident in Figs. 1(c) and 1(d) where they are bright at
�0:65 V but dark when the tip probes the Br 4pz states at
�2:0 V. The appearance of DVs and SiSiBr species [not
present in 1(c) and 1(d)] does not change between �0:65
 2002 The American Physical Society 266106-1



FIG. 1. (a) Filled state image of nearly saturated
Br-Si�100�-�2� 1� showing a bare dimer, BD, a dimer with
one Br adatom, SiSiBr, and a dimer vacancy that appear dark
against a background from dimers with two Br adatoms
(sample bias �0:65 V, tunneling current 30 pA, 80� 80 �A2).
(b) Schematic of a bare dimer, a dimer with one Br adatom, a
dimer vacancy, and dimers with two Br adatoms. (c) and (d) are
empty-states images with sample biases of �0:65 and �2:0 V.
The bare dimer appears as a bright triplet when imaged at
�0:65 V; it becomes darker at �2:0 V. The appearance of the
dimer vacancy does not change. The image size is 60� 60 �A2.
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Figures 2(a)–2(f) make it possible to visualize the
effect of tunneling electrons [sample bias �1:0 V for
2(a) and 2(d) and �0:65 V otherwise; current 30 pA;
Br coverage 0.99 ML]. At �1:0 V, the triplet features
are slightly darker than when imaged at �0:65 V. Images
2(d)–2(f) were obtained on the same areas as 2(a)–2(c)
after scanning once at a sample bias of �1:5 V (current
30 pA). Comparison demonstrates that the bare dimers in
2(a) moved along the dimer row. Arrow I indicates move-
ment by three units (at least six Br hopping events), as
depicted in 2(g), and arrow II points to a site that moved
by eight units [11].Whereas electrons from the tip induced
tandem Br migration in most cases, they could also in-
duce single atom migration. This is evident in 2(e) and
2(f) where the bare dimers in 2(b) and 2(c) were replaced
by SiSiBr features that were imaged as single dark spots.
Arrows identify places where this occurred, and the
initial and final configurations are illustrated in 2(g) for
events III and IV. At least three Br hops would be neces-
sary to account for the changes in features III, and four
must occur for feature IV. Conversion of feature V would
require displacement of at least ten Br atoms as the Br
vacancy moved along the dimer row. Br adatoms moved
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randomly along the row whereas hopping across dimer
rows was not observed [12].

Herrmann and Boland [13] recently reported STM
images obtained at 725 K where some dimer-sized fea-
tures appeared to be bright on one half and dark on the
other, like the dark half-dimers produced in Figs. 2(e)
and 2(f) by electron tunneling. Their STM images were
taken with a tip bias of �1:7 V, where electrons tunneled
into the surface. They argued that dark half-dimers re-
flected units with a missing Si atom and two Br adatoms
on the unpaired Si atom, SiBr2. Thus, the final configura-
tion of III in Fig. 2(g) would have two Si vacancies and
two SiBr2 units instead two SiSiBr units. To confirm that
the features were indeed Br adatom vacancies on a dimer,
we imaged surfaces as a function of Br concentration,
finding that the density of dark half-dimers decreased
with Br2 exposure [14]. We conclude that they are not Si
vacancies [15].

The probability that a Br atom would hop can be deter-
mined by comparing images such as Fig. 2 obtained be-
fore and after electron exposure (positive-bias tunneling).
Figure 3(a) summarizes the dependence of the hop proba-
bility on applied voltage, obtained by analyzing about
200 bare dimer sites for each point. The probability
indicates a steady increase with sample voltage. This
suggests that there is only one process for Br hopping.
The yield can be determined from the total number of
events and the total number of incident electrons [16]. It
increased monotonically from 3:5� 10�11 to 4:2�
10�10 atom=electron from V � 1:0 to 1.6 V for a surface
with 0.93 ML of Br. This hopping yield is similar to the
yield of H desorption induced by high tunneling currents
from H-terminated Si(100) [6].

The dependence of hopping on bias voltage can reflect
either an energy dependence of the excitation cross sec-
tion or the changing electric field as the moving tip
couples with the dipole moment induced by the adatom
[17]. The electric field increases as the separation between
the tip and sample decreases. In contrast, the field does
not vary significantly with tunneling current because the
separation depends logarithmically on current. Therefore,
if the field effect is negligible, then the number of events
should be proportional to the number of electrons. To
determine whether this were true, we varied the current
while maintaining a fixed bias voltage. Figure 3(b) shows
that the hopping probability increased linearly with tun-
neling current. We conclude that the hopping mechanism
is related to the excitation cross section.

The question remains as to the physical origin of
atom hopping. In principle, energetic electrons can either
be captured in a surface resonance or they can induce
electronic excitations. Though neither had been con-
nected with atom manipulation, either can cause atom
displacement via a Frank-Condon process. To determine
whether Br migration on Si(100) is related to a specific
electronic state, we performed local conductance mea-
surements. Figure 4 shows normalized dI=dV spectra for
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FIG. 2. Filled state images for Br-Si(100) with a coverage of 0.99 ML. Images (a)– (c) were obtained before an electron irradiation
event that involved a single scan with positive sample bias; (d)– (f) show the same areas after irradiation. Sample bias �0:65 V
except (a) and (d) where it was �1:0 V, tunneling current 30 pA, size 130� 60 �A2. (g) Schematic of the initial and final Br
configurations.
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Si�100�-�2� 1� over bare dimers and over dimers with Br
adatoms. For comparison, the distribution of electronic
states over dimers with Cl is also shown. From Fig. 4,
halogen adsorption eliminates the clean surface � and ��
FIG. 3. (a) Probability of Br hopping as a function of sample
bias with a tunneling current of 30 pA showing an onset when
tunneling into the �� states becomes possible. (b) Br hopping
yield as a function of tunneling current with 1.0 V sample bias
demonstrating that hopping is related to the excitation cross
section rather than a field effect.
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states at �0:5 and �0:5 eV, consistent with previous
results [19–21], and introduces � states at �1:6 eV and
�� states at 0.8 eV for Si-Br, and �� states at 1.6 eV for Si-
Cl. From Fig. 3, the separation between bonding and
antibonding states of Si-Br is 2.4 eVand �-�� transitions
cannot be excited by our low-energy tunneling electrons.
However, the hopping threshold from Fig. 3(a) is 0.8 V for
Si-Br, and Fig. 4 confirms that electron capture in the Si-
Br antibonding states is a necessary condition for atom
migration. Capture results in a repulsive potential that
FIG. 4. Averaged tunneling spectra on a Si dimer and on
dimers with Br and Cl adatoms. The tip was established with
a set point of �2:0 V at 30 pA. The � and �� surface states of
Si are replaced by Si-Br � and �� states at �1:6 and 0.8 eV. The
Si-Cl �� states appeared at 1.6 eV, but the � states are calcu-
lated to lie at �� 2:5 eV [18].
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lowers the hopping barrier for the halogen atom. Elec-
trons injected at energies above the �� resonance can
scatter inelastically in unoccupied Si bulk states near
the surface and still can be captured. As the tunneling
current increases, the number of electrons that can reach
these states increases linearly, as observed in Fig. 3(b).
This linear dependence on current suggests that capture
involves one event rather than multiple excitations. Low-
energy tunneling electrons not only induce local excita-
tion of an individual adatom but also scatter in an ex-
tended area because the mean free path of �2 eV
electrons is more than 100 Å. This is evident in Fig. 2
where multiple hopping occurs instead of single hopping.

Our images show that tunneling induced hopping oc-
curs for Br but not for Cl, even though capture by ��
levels should occur for both. The difference can be ration-
alized by a bond strength [22] and a combination of
electrostatic and steric repulsion effects [23]. Recently,
Herrmann et al. [24] calculated the steric repulsive energy
of Br for intra- and interdimer rows. Further, calculations
by Aizawa et al. [18] showed that the effects of surface
stress due to these repulsive interactions are greater for Br
than for Cl. To gauge the importance of these repulsive
contributions, we prepared a Br-Si(100) surface with only
0.18 ML coverage. No adatom hopping was observed
when the surface was scanned with a sample bias up to
2.0 V at tunneling current of 60 pA. This indicates that
repulsion at high Br coverage serves to lower the activa-
tion energy and electron capture in the �� level is suffi-
cient to active efficient hopping.

In this paper, we have demonstrated that atomic ma-
nipulation can be accomplished through a combination of
electron capture in long-lived resonance levels and inher-
ent adsorbate repulsive interactions. Although we cannot
control the direction and the length of diffusion, these
results shed new light on the essence of atomic scale
manipulation.

This work was supported by the National Science
Foundation and the Department of Energy, Division of
Materials Science under Award No. DEFG02-91ER45439
through the Frederick Seitz Materials Research
Laboratory.
26610
[1] C. Joachim, J. K. Gimzewski, and A. Aviram, Nature
(London) 408, 541 (2000).

[2] D. M. Eigler and E. K. Schweizer, Nature (London) 344,
524 (1990).
6-4
[3] L. Bartels, et al., Phys. Rev. Lett. 80, 2004 (1998).
[4] J. R. Hahn and W. Ho, Phys. Rev. Lett. 87, 166102 (2001).
[5] J. K. Gimzewski and C. Joachim, Science 283, 1683

(1999).
[6] T.-C. Shen et al., Science 268, 1590 (1995).
[7] B. C. Stipe, M. A. Rezaei, and W. Ho, Phys. Rev. Lett. 79,

4397 (1997).
[8] K. Nakayama, C. M. Aldao, and J. H. Weaver, Phys.

Rev. B 59, 15 893 (1999).
[9] K. Hata, T. Kimura, S. Ozawa, and H. Shigekawa, J. Vac.

Sci. Technol. A 18, 1933 (2000).
[10] P. Kruger and J. Pollmann [Phys. Rev. B 47, 1898 (1993)]

calculated the electronic structure of Cl-Si�100�-�2� 1�,
showing interactions of Cl py orbitals between the ada-
toms. Bare Si dimers appeared as triplets for Br- and Cl-
dosed Si�100�-�2� 1�, and the density decreased with
increased dose.

[11] The population of the movement events vs the travel
length (dimer units) shows nearly Gaussian distribution,
indicating that the hopping events are random.

[12] Analysis of other images shows that very low-yield
electron stimulated desorption events also occurred to
create single Br vacancies.

[13] C. F. Herrmann and J. J. Boland, Phys. Rev. Lett. 87,
115503 (2001).

[14] E. Graugnard, K. S. Nakayama, and J. H. Weaver
(unpublished).

[15] The dark nature can be attributed to charge transfer from
the dangling bond to Br. Si-Br dipole moments also
enhance charge transfer at high coverage.

[16] We identified bare dimer and SiSiBr sites before and after
electron irradiation. The number of hopping events was
defined by the minimum travel length of the bare sites.
30 pA of tunneling current corresponds to 1:9� 108

electrons per sec.
[17] J. A. Stroscio and D. M. Eigler, Science 254, 1319 (1991).
[18] H. Aizawa, S. Tsuneyuki, and T. Ogitsu [Surf. Sci. 438, 18

(1999)] reported results of Br-Si�100�-�2� 1�. Un-
published results for Cl-Si�100� indicate the Si-Cl �
states lie at �� 2:5 eV.

[19] J. J. Boland, Phys. Rev. Lett. 67, 1539 (1991).
[20] R. J. Hamers, P. Avouris, and F. Bozso, Phys. Rev.

Lett. 59, 2071 (1987).
[21] K. Hata, Y. Shibata, and H. Shigekawa, Phys. Rev. B 64,

235310 (2001).
[22] The Si-Cl and Si-Br bond strengths are 4.21 and 3.83 eV,

respectively. Handbook of Chemistry and Physics, edited
by D. R. Lide (CRC, Boca Raton, 1995), 75th ed.

[23] G. A. de Wijs and A. Selloni, Phys. Rev. B 64, 041402
(2001).

[24] C. F. Herrmann, D. Chen, and J. J. Boland, Phys. Rev.
Lett. 89, 096102 (2002).
266106-4


