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ABSTRACT The effect of tip chemical reactivity on the lateral
manipulation of intrinsic Si adatoms toward a vacancy site on a
Si(111)-(7 x 7) surface has been investigated by noncontact atomic force
microscopy at room temperature. Here we measure the atom-hopping
probabilities associated with different manipulation processes as a
function of the tip—surface distance by means of constant height scans
with chemically different types of tips. The interactions between
different tips and Si atoms are evaluated by force spectroscopic
measurements. Our results demonstrate that the ability to manipulate
Si adatoms depends extremely on the chemical nature of the tip apex
and is correlated with the maximal attractive force measured over Si

adatoms. We rationalize the observed dependence of the atom
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density functional theory calculations. The results of these calculations suggest that the ability to reduce the energy barrier associated with the Si adatom

movement depends profoundly on tip chemical reactivity and that the level of energy barrier reduction is higher with tips that exhibit high chemical reactivity with

Si adatoms. The results of this study provide a better way to control the efficiency of the atomic manipulation process for chemisorption systems.

KEYWORDS: noncontact atomic force microscopy - dynamic force microscopy - atomic manipulation - force spectroscopy -
chemical interaction force - density functional theory - nudged elastic band

tomic force microscopy (AFM) has

been developed into a versatile tool

that can characterize various nano-
structures and sample surfaces, including
insulators. Atomic resolution can now be
routinely obtained by using the frequency
modulation technique, wherein a cantilever
is oscillated at its resonance frequency (fo),
and the frequency shift (Af) caused by the
tip—surface interaction force is detected.'?
Other than the surface imaging capability,
the interaction forces between the tip-apex
atoms and individual surface atoms can
be quantified by measuring the tip—surface
distance dependence of the Af [Af(z)]
curves,® in so-called force spectroscopy
(FS). Single-atom chemical identification
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can thus be realized on the basis of FS
measurements.*>

In addition to these capabilities, AFM
offers the fascinating ability to manipulate
individual atoms®~'* and molecules."*~ " More
importantly, AFM provides an opportunity
to directly measure the driving forces
involved in the atom manipulation process.
A precise quantification of the forces re-
quired to manipulate the metal adsorbates
on metal surfaces has been demonstrated
by Ternes et al® It was revealed that the
manipulation process is determined mainly
by the lateral force component, which is
in contrast to the underlying mechanisms
governing the manipulation process on
semiconductor surfaces, where vertical force
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plays a dominant role.” This striking difference was
attributed to the presence of highly directional cova-
lent bonds on semiconductor surfaces.

The measurement of forces during the manipulation
process provides the signatures of specific mechanical
atom manipulation processes. These signatures have
also been investigated to deduce the atomistic dynamics
of these processes.”®'*'” The triggering mechanism for
atomic motion in the attractive tip—sample interaction
regime has been attributed mainly to local energy barrier
reduction induced by interaction forces between the tip
and surface atoms.”'” "9

Despite these advances, further investigations are
needed to elucidate the relationship between the
mechanical atom manipulation capability and the role
that the tip plays. It has been known that the manip-
ulation processes are often influenced by details of
the tip termination (i.e., structures, orientations, and
chemical natures).'”” The lack of successful atom
manipulation and/or the varying success rates are
attributable mainly to the tip properties. In order to
increase the efficiency of the atomic manipulation
process, a detailed understanding of the tips exhibit-
ing different interaction characteristics is therefore
required. In this context, there is only a recent work
by Jarvis et al,”° which theoretically studies the role of the
dangling bond orientation at the tip apex in the vertical
atom manipulation process on a hydrogen-passivated
Si(100) surface. It was shown that different tip types
experience very different responses during the atom
manipulation process due to differences in the align-
ment of their atomic orbitals with respect to that of the
surface adatoms. In this paper, we tackle the problem
of the influence of tip chemical reactivity on atom
manipulation by combining room-temperature FS and
AFM manipulation experiments with density functional
theory (DFT) simulations on Si(111)-(7x7) surfaces.

We measure the probability of displacing a Si ada-
tom to a vacancy site on the Si(111)-(7x7) surface as
a function of the tip—sample distance. The statistics of
the lateral manipulation of intrinsic Si adatoms for
various processes are produced using a large variety
of tips that span a broad range of attractive force
maxima over the Si adatoms. We found that the atom
manipulation capability and its efficiency in this parti-
cular manipulation process are strongly dependent
on the maximal force of a tip acting on the Si adatom.
DFT calculations reveal that the ability to reduce the
local energy barrier required for adatom manipulation
depends on the tip apex chemical reactivity.

RESULTS AND DISCUSSION

We studied the lateral manipulation of intrinsic Si
adatoms on the Si(111)-(7x7) surface including an
atomic vacancy as an open space. The AFM manipula-
tion procedures and the experimental setup are
detailed in the Methods section and in the Supporting
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Information. Briefly, the atom manipulation process
was carried out by successive tip scans above the line
along the [110] direction (the left-right arrow) invol-
ving a vacancy as schematically illustrated in Figure 1A.
To obtain reliable statistics on the atom manipulation
procedure at well-defined distances, the tip is scanned
at constant heights without tip—surface distance feed-
back while the Af signal is recorded. To carry out a
statistical analysis and to investigate the tip depen-
dence of the observed manipulation process, we
repeated the same experiment using 10 cantilevers
with 15 different tip states, some of which were produced
by gently contacting the tip to the sample surface. Such
a comprehensive study comprising a large number of
data sets acquired with different tips has not been
reported previously for AFM manipulation experiments.

Figure 1 (C;—H;) shows the constant height Af
images of successive line scans above the same line
on the Si(111)-(7 x7) surface with the passage of time,
which were obtained at different tip—sample distances
using a certain type of tip. We should emphasize that
the Af images in each frame are obtained by repeat-
edly scanning the tip along the same line for both fast
scan directions with the passage of time. The fast scan
direction passes through from left to right (C;—H,) and
right to left (C,—H,). While the Afimages in C; and C,
are obtained at a large tip—sample distance, the Af
images in H; and H, are acquired at the closest
tip—sample distance. The observed bright and contin-
uous stripes as well as the intermittent stripes in the Af
images indicate the registry of the Si adatom position
during the manipulation process. The success of the
manipulation process could be inferred from the
pattern of Af images and from the line profiles.

When the tip was repeatedly scanned at sufficiently
small tip—surface distances, the Si adatoms changed
their adsorption locations among the corner adatom
(Co), metastable (M), and center adatom (Ce) sites by
interaction with the tip. Under the same experimental
conditions (tip—sample distance and scan parameters),
various types of line profiles corresponding to differ-
ent atom-hopping processes are observed, which can
be attributed to the stochastic nature of the hopping
processes at room temperature.'® In Figure 1B, we plot
two exemplary manipulation profiles along the lines as
highlighted in the Afimage in Figure 1E;. From these line
profiles, we witness two different outcomes starting from
the same initial atom configuration. Under the same scan
conditions, while the profile with triangles does not show
any signature for adatom displacement and a vacancy
stays on the Ce site, the profile with circles shows the
signature for atom movement. During the tip passing
over the left corner adatom, the Si adatom hops to the M
site to follow the tip, leading to a jump in the Af signal
(at x = 17.8 A). Then, the adatom hops from the M site
to the Ce site successively (x = 20.7 A). After this process,
the vacancy is located on the left Co site.
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Figure 1. Manipulation of Si adatom at constant height by line scans. (A) Schematic model of a half unit cell in the Si(111)-(7x7)
surface including a vacancy on a Ce site. The zoom out indicates the detail of the most favorable adatom hopping path
(Co— H3— M). Successive tip scans above the line comprising a vacancy are carried out in both the forward and backward scan
directions as indicated by the left-right arrow. (B) Two exemplary Af line profiles extracted from the Af image in panel E,,
revealing the dynamics of the Si adatom during the manipulation process acquired with the same scan parameters. The line
profile indicated with black triangles does not show the atom hopping signature, while the profile with red circles shows atom
hopping from a Co to a Ce site via the M site. (C; —H,) Constant height Afimages measured with the passage of time at different
tip—sample distances for successive line scans along the fast scan direction passing from left to right (C;—H;) and right to left
(C;—H,). Corresponding distances of the Afimages: (C;, C;) z=0.21 A, (D1, D) z=0.12A, (E;, E;) z=0.02 A, (F,, F;) z= —0.17 A,

(G, Gz) z= —0.31 A, and (H,, Hy) z= —1.16 A. The z values were determined from the force curves shown in Figure 2A.

Relationship between the Measured Force Magnitude and
Atom Manipulation Capability. In order to evaluate the
atom-hopping probability associated with different
manipulation processes, we analyzed line profiles
extracted from the Af images. We define the hopping
probability as the ratio of the number of successful
atom movements to the total number of line scans
(i.e.,, manipulation attempts), represented as a percen-
tage. By analyzing more than 3000 line profiles in the
Af images acquired at various tip—surface distances
using the tip used in Figure 1, we can obtain the tip—
surface distance dependence of the hopping probabil-
ity ascribed to the various processes. In Figure 2A, the
probabilities of successful atom manipulation for
three different processes are plotted as a function of
the tip—surface distance. Each of these processes is
illustrated schematically in the inset of Figure 2A. The
short-range force curve [F,(z)] and the potential energy
curve [U(2)] are also indicated in Figure 2A and were
calculated from the Af(z) curve measured above the Co
adatom using the same tip (see Supporting Information).
It should be emphasized that the force curves acquired
over the Co adatom site can be used as a reference for
the estimation of the tip—surface distances. The close
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proximity of the tip to the surface clearly affects atom
manipulation. By bringing the tip into close proximity
with the target atom, the atom-hopping probabilities
increased drastically around the maximum attractive F,
region, from 0% to 100%.

We observed two different types of tips showing
distinctly different abilities to manipulate Si adatoms.
The tips in one group yielded atom manipulation around
the maximum attractive F, region, as mentioned above
(see Figure 2A). On the other hand, the tips in the
other group could not move atoms even when the tip
approached the surface beyond the maximum attractive
force region for any tip scan direction (see Figure 2B).
Two types of tips can be switched by gentle tip—surface
contacts even using the same cantilever. This was demon-
strated in Figure 2C, which was obtained using the same
cantilever after acquiring the data set in Figure 2B. After
the modification of the tip-apex termination by controlled
tip—surface contacts, the ability to move adatoms was
successfully obtained. This implies that the property of
the very end of the tip is an important parameter to
determine the tip capability in atom movement.

We found that the ability to manipulate atoms
depends significantly on the absolute values of the
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Figure 2. Atom manipulation probabilities associated with various processes obtained with different tips. (A) Tip—surface
distance dependence of the atom hopping probability from the left Co to the M site (red solid circles), from the right Co to the
M site (blue open circles), and Ce to the M site (black open triangles). The plots are fitted to an empirical step function, P(z) =
100/[1 + expla(z — zo)1], where o is the thermal broadening coefficient and z, is defined as the distance for P = 50%. F,(z) and
U(2) curves obtained above the Co adatom using the same tip are also indicated. (B) Data set obtained using a different tip,
which does not provide atom movement. The corresponding AFM topographic images produced by these two class of tips are
shown in the insets in (A) and (B), respectively. (C) Data set obtained with the same cantilever as in (B), which is acquired after
the tip state is modified by controlled tip—surface contacts, leading to a different tip state from that of the same cantilever.
We note that the origin of the tip—surface distance (z = 0) is defined as the position of the minimum in the F,(z) curve.
(D) Distribution of maximum attractive forces measured above Si adatoms, obtained using 15 different tips, revealing the

relationship between the magnitude of F,,,,x and the capability for atom manipulation.

maximum attractive F, (Fmax), Which were measured
above adatoms. We can categorize these two groups of
tips in terms of their attractive force maxima over the Si
adatoms. The statistical distribution of F,., provided
by the interaction among 15 different tips with the Si
adatom is displayed in Figure 2D, revealing the typical
values of the forces and their distribution among the
two groups of tips used in the manipulation experi-
ments. Such a broad dispersion of F,,., can be attributed
to the varying degrees of tip-apex chemical reactivity,
as previously reported in refs 21 and 22. The Si adatoms
can be manipulated using the more reactive tips char-
acterized by larger F., Whereas manipulation is not
observed using less reactive tips with smaller Fp,y.
Two distinct characteristic behaviors of these tips
in manipulating Si adatoms also manifest themselves
in the AFM topographic images. The signatures at-
tributed to the atom manipulation capabilities of
the tips appear in the AFM topographic images where
Si adatoms are easily displaced during scanning,
as shown in the inset image in Figure 2A, and the
Si rest atoms cannot be resolved in these images. On
the other hand, the tips resolving the Si rest atoms
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together with adatoms have no ability to manipulate
Si adatoms (see inset image in Figure 2B).

We also investigated the dependence of the
manipulation probability on the scan directions in the
equivalent manipulation process, i.e., two symmetric
manipulation pathways of Co to the M site (red and
blue data points in Figure 2A). The investigation of the
relative probabilities of equivalent manipulation pro-
cesses is especially important in unraveling the details
of the tip structures and in particular their symmetries.
We found that the probability depends on the scan
direction. The successful atom movement from left to
right along the Co to the M site has a higher probability
than that from the right to the left. These results can be
attributed to the effect of tip asymmetry and/or the
orientation of the tip-apex dangling bond with respect
to the adatoms. A recent theoretical study suggested
that the ability to vertically manipulate atoms on semi-
conductors depends strongly on the orientation of
the dangling bonds at the tip apex with respect to
the target atom.?® Thus, the directional dependence
of the dangling bond alignment (misalignment) with
respect to the target atom leads to a variation in the
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Figure 3. Role of tip chemical reactivity on the potential energy landscape for the displacement of an adatom adjacent to a
vacancy on the Si(111)-(7x7) surface. (A) Ball-and-stick models of the tip apexes: Si tip, Sn-terminated tip, O-terminated tip,
and OH-terminated tip. The color code for the ball-and-stick models is as follows: red corresponds to O, white to H, cream to Si,
and dark blue to Sn. (B) F, curves above the Co adatom obtained by DFT calculations using four different tip models that vary
in chemical reactivity: Si tip (red), Sn-terminated tip (green), O-terminated tip (blue), and OH-terminated tip (black).
(C) Variation in the potential energy profile for a Si adatom to hop from Co to the Hj; site when the tip was located at the
midpoint between the Co and M sites, with vertical distance corresponding to the attractive force maxima of each force in (B).
The energy barrier at the far tip—sample distance and/or in the absence of the tip is about 1.1 eV, calculated using a Si tip.
Note that the extent of energy barrier reduction increases with the tip model exhibiting stronger attractive force maxima and

higher chemical reactivity with the Si adatoms.

response to manipulation attempts, thus creating
anisotropic behavior in the manipulation probability.
Indeed, another experiment shown in Figure 2C—
performed with a different tip—reveals that the rate of
atom hopping along both of these directions is equally
probable, thus pointing out the different tip symmetries.

DFT Calculations: Influence of Tip Chemical Reactivity on
Energy Barrier Reduction. In order to complement the
interpretation of the experimental observations, we
carried out first-principles calculations to map out the
interactions between several tips and the Si adatoms.
The tip structures?> represented by our models involve
pure Si-based clusters grown in the (111) (Si-termi-
nated tip) as well as in the (100) orientations (dimer)
contaminated by the OH group (OH-terminated tip), Sn
atom (Sn-terminated tip), and O atom (O-terminated
tip), as depicted in Figure 3A. The results, summarized in
Figure 3B, reveal a force magnitude of values ranging
from 0.1 to 3 nN, which cover the ranges as encoun-
tered in the experimental force curves (see Figure 2D).
These calculations show that the magnitude of the
force is indicative of the degree of foremost apex atom
reactivity with surface Si adatoms.*?' The tips made of
pure Si clusters (Si tips) yield larger attractive forces on
Siadatom sites, whereas the OH- and O-terminated tips,
which are less reactive, create a smaller attraction to the
Si adatoms. It is known that H adsorption on the Si
adatom saturates the dangling bond states, which in
turn can passivate the tip reactivity. On the other
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hand, the Sn-contaminated tip exhibits relatively higher
chemical reactivity with Si adatoms with respect to
passivated tips (i.e., OH- and O-terminated tips).

In our previous DFT calculations,” we have shown
that the attractive interaction with the tip induces
vertical relaxation of Si adatoms to weaken the bonds
with the backbond atoms, resulting in a reduction
of the potential energy barrier for the adatom to
thermally hop toward an adjacent empty adsorption
site. This interpretation has been well recognized as
the mechanism governing the manipulation process
on semiconductor surfaces. To investigate the role that
the tip chemical reactivity plays in this process, the
energy barrier along the selected manipulation path-
way connecting Co and the Hj site, which a previous
DFT calculation found to be the most favorable diffusion
pathway,” was calculated by using the nudged elastic
band (NEB) method?* for the tip structures shown in
Figure 3A.

The potential energy profiles calculated as a func-
tion of the adatom displacement along its favorable
diffusion pathway are plotted in Figure 3C for various
tip models with different chemical reactivities with
surface Si adatoms. The calculation was performed
under the influence of the tip located at the midpoint
between Co and M sites (see Figure 1A) at a height
corresponding to the attractive force maxima of the tips
characterized in Figure 3B. The role of tip-apex chemical
reactivity on the energy barrier reduction is clearly
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evident in the surface energy landscape (see Figure 3C).
The diffusion energy barrier at the far tip—sample
distance regime (gray curve) is substantially reduced
in the presence of a Si-terminated tip (red curve). On the
other hand, the OH-terminated tip does not show any
reduction in the potential energy barrier. In the same way,
the O-terminated tip does not provide any remarkable
reduction in the potential energy barrier. Indeed, the
tip with a strong attractive force maximum, indicating
higher tip reactivity, results in a larger reduction in the
energy barrier.

We also investigated the generality of the basic
trends observed in this study phenomenologically by
extending the calculations to the Sn-terminated tip
despite its absence in the measurement environment.
The Sn-terminated tip exemplifies an intermediate
case between a passivated OH tip and a reactive Si
tip. This tip shows a maximum attractive force clearly
larger than the passivated tips, but a smaller barrier
reduction compared to the reactive Si tip. Moreover,
adsorption of the Si adatom cannot be stabilized on
the Hs site in the case of the Sn-contaminated tip, due
to the shallow minima at this site, which are deeper in
the case of the more reactive Si tip. Considering the
lower barrier reduction and the lack of stabilization of
the Hz minima, this tip can be classified into the group
of tips that cannot displace atoms.

We found a strong correlation between the level of
tip reactivity and the measure of the modification in
the energy barrier reduction. With a chemically inert

METHODS

Experimental Details. The experiments were performed using a
custom-built ultrahigh-vacuum AFM operated at room tempera-
ture. The AFM was operated using the frequency modulation
detection mode,” keeping the cantilever oscillation amplitude
constant. Commercial Si cantilevers prior to imaging and manip-
ulation were cleaned by Arion sputtering in an ultra-high vacuum
to remove native oxide layers and other contaminants. The
cantilever oscillation amplitude (A) was set to be sufficiently large
to operate the AFM stably. A sample voltage (V) with respect to
the tip was applied such that electrostatic force was minimized.

Short-Range Force Measurements and Atom Manipulation Procedures.
In the first stage, prior to the manipulation experiments, force
spectroscopic measurements were carried out above a Si ada-
tom to characterize the tip chemical reactivity. Force spectros-
copy was carried out by recording the Af with respect to the
resonant frequency (f,) as a function of the tip—sample distance (2).
These measurements were acquired above an adatom with
a lateral precision of 0.1 A using the atom tracking method
described elsewhere?® Af(z) curves were then converted to
force—distance curves using the method described in ref 27.
After compensating for the thermal drift using feedforward
control,?® the atom tracking system was then turned off, and
successive line scans along the manipulation path comprising a
vacancy and an Si adatom in the [170] direction were performed.
It is noteworthy to emphasize that precise adjustment of the
scan line above the center of a vacancy and target adatom is
required for successful atom manipulation. This was achieved
using a versatile scan controller.? Detailed information on the
experimental protocols and manipulation procedure used is
given in the Supporting Information.

SUGIMOTO ET AL.

tip, the energy barrier cannot be reduced even at very
close tip—adatom separations. In contrast, with a more
chemically reactive tip, a significant reduction in the
barrier height was observed. These results provide an
explanation for the observed relationship between the
atom manipulation ability and the magnitude of the
attractive force maxima over the Si adatoms.

CONCLUSION

The role of AFM tips in vacancy-mediated lateral
manipulation of Si adatoms on the Si(111)-(7 x7) surface
was systematically investigated using various different
tips at room temperature. It was found that the ability to
manipulate atoms is strongly correlated with the extent
of tip reactivity, characterized by the magnitude of the
maximum attractive force measured above a Si adatom.
DFT calculations revealed that the lowering of the energy
barrier required for adatom movement is strongly
dependent on the extent of the chemical bonding force
between the tip and the target atom. This suggests that
the rate of atom manipulation on the semiconductor
surface strongly depends on the extent of the tip-apex
reactivity. We anticipate that the rate of successful
manipulation of individual atomic species can be tuned
by controlling the extent of tip chemical reactivity.
Control of tip reactivity, therefore, can pave the way for
efficient atom manipulation on semiconductor surfaces.
We believe that this peculiarity is generally valid for the
lateral manipulation of intrinsic adatoms that form cova-
lent bonds with tips, i.e., chemisorption-type systems.

Computational Details. All total energy calculations were per-
formed with the local orbital DFT code FIREBALL.*® The calcula-
tions were performed within the local-density approximation
(LDA) for the exchange—correlation functional. The valence
electrons have been described by optimized®' numerical atomic-
like orbitals having the following cutoff radii (in au): Rc(s, s*) =
3.8 for H; Re(s, s*) = 3.3, Rc(p, p*) = 3.8 for O; Rc(s) = 4.8, Rc(p) =
5.4, and Rc(d) = 5.2 for Si orbitals; Re(s) = 5.2, Re(p) = 5.7, and
Rc(d) = 5.6 for Sn orbitals, respectively. The clean Si(111) surface
was modeled in a 7x7 supercell geometry consisting of 347
atoms, with an atomic slab of six Si layers, and the back-side of
the slab was passivated by H atoms. The Si equilibrium bulk
lattice constant of 5.46 A was used to build the slab geometry.
The five top Si layers of the slab were allowed to relax, whereas
the rest of the atoms were kept fixed during the optimization
process. Individual geometries have been converged until the
respective criteria of 107 eV and 0.05 eV/A for the accuracy in
energy and force were satisfied. The structural optimization
calculations were carried out using only the G k-point sampling
of the Brillouin zone.

Force versus distance calculations were performed using a
quasi-static approach with different silicon-based tips.?> The tip
was gradually moved toward the surface in steps of 0.25 A along
the surface normal. At every such step all atoms of the Si(111)-
7x7 surface and the AFM tip (except for the bottom layer of the
slab and the base part of the tip) were allowed to relax to their
ground-state configuration, fulfilling the convergence criteria
specified above. The total short-range tip—sample forces were
then determined as a sum of the final forces acting on the fixed
atoms of the tip. The energy barriers for Si adatom movements
were calculated using the nudged elastic band method.*
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