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canning probe microscopy (SPM) can

be used not only to characterize but

also to modify surfaces with atomic
resolution.'~® While the capability to ma-
nipulate individual atoms is impressive, ma-
nipulating objects with diameters ranging
from a few nanometers to tens of nanome-
ters in ambient environments poses its own
challenges and has broad applications in
nanotechnology. For example, one can use
SPM to assemble prototype nanostructures
consisting of metallic and/or semiconductor
nanoparticles (NPs). Many intriguing types
of nanostructures and superstructures have
been successfully synthesized in solutions.
These new materials have tremendous po-
tential for new functionalities and proper-
ties such as surface-enhanced Raman scat-
tering and negative index of refraction.’
However, solution-based syntheses of
nanoclusters typically produce a broad
range of species. The production of a spe-
cific type of nanostructure with high yield is
very challenging. Relying on nanomanipula-
tion, one can assemble “designer” nano-
structures with well-controlled composi-
tion and geometry. The development of an
efficient nanomanipulation method will
provide an exciting opportunity to study
these well-controlled structures individually.

Atomic force microscopy (AFM) is well

suited for nanomanipulation tasks. Much
progress has been made in the past decade
in the area of nanomanipulation with AFM.
Typically, nanosize objects of various
shapes (e.g., spheres, rods, wires, and tubes)
were manipulated on a flat substrate.8~"7
Simple three-dimensional manipulations,
such as pushing a NP across a step or over
other particles, have been demonstrated.®'®
Automatic manipulation protocols have
been devised and implemented with some
success.®
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ABSTRACT Atomic force microscopy (AFM) has been used to assemble prototype nanostructures consisting of

colloidal nanoparticles. In the standard manipulation protocol, the AFM is used either as a manipulation tool or an

imaging tool, but not both at the same time. We developed a new nanomanipulation protocol in which

simultaneous visual guidance is obtained during manipulation. As an example, Au nanoparticles were manipulated

on a substrate in two steps. First, a nanoparticle is kicked with the z feedback off. This kicking event reduces the

static friction. Second, the nanoparticle is dribbled to a target position in tapping mode, and visual guidance is

provided by a ghost trace of the nanoparticle. The new manipulation protocol greatly improves efficiency of

manipulating small nanoparticles (15 nm in diameter or smaller). Our work highlights the importance and

challenges of understanding friction at the nanoscale.
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Despite many remarkable accomplish-
ments in this area, nanomanipulation meth-
ods remain time-consuming and inaccu-
rate. The difficulty lies partially in the lack
of simultaneous visual guidance during the
manipulation process. In a few previous
studies, simultaneous visual guidance dur-
ing manipulation was provided by operat-
ing a manipulator inside the chamber of a
scanning electron microscope or a special-
ized home-built instrument.’®~22 Such ap-
proaches often require tedious sample
preparation procedures and impose limita-
tions on the types of samples that can be
investigated.

In a standard manipulation protocol,
the NP is first imaged with the feedback en-
gaged. Next, the z feedback is turned off.
The tip is moved in a straight line through
the center of the NP to push the NP upon
contact. Once a target position is reached,
the feedback is re-engaged, and the NP
stops moving. Finally, the sample is im-
aged again to examine the result of the ma-
nipulation. In this standard protocol, the
AFM is used either as a manipulation tool
or an imaging tool, but not both at the
same time. If a particle is not struck directly
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Figure 1. An illustration of the new manipulation method.
Following an initial kicking event, the static friction is re-
duced. One can then move the NP in tapping mode at a high
scanning rate. The NP moves in a direction perpendicular
to the fast scanning axis. A trace of ghost images is left along
the path, providing visual guidance during manipulation.

in its center, the particle can easily slip away from the
tip and the manipulation would fail. Usually the user
can only find out the result after taking the second im-
age.® Therefore, manipulation of small NPs over long
distances can be very time-consuming. The associated
technical difficulties originate from the spatial uncer-
tainties caused mostly by thermal drift or nonlineari-
ties of piezo actuators such as hysteresis and creep.®
Certain empirical rules of friction still hold in the
mesoscopic regime. It is well-known that static friction
is larger than kinetic friction. A less-known, yet very im-
portant rule is that static friction increases the longer
two surfaces stay in stationary contact.* On the basis
of these simple rules of tribology, we demonstrate a
novel nanomanipulation protocol, which works effec-
tively even in the presence of spatial uncertainties
caused by piezo-actuators and drift. There are two dis-
tinct steps of manipulation in this new method. In the
first step, one kicks a chosen NP using the standard
method in a random direction and distance. The static
friction is greatly reduced following this initial move-
ment. In the second step, one can manipulate the NP
controllably in tapping mode with the feedback en-
gaged because of the reduction in static friction follow-
ing the first step. If the scanning rate exceeds a thresh-
old value, the NP starts to move in the direction
perpendicular to the fast scanning axis, as illustrated in
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Figure 1. Once the target position is reached, the scan-
ning rate is abruptly reduced well below the threshold
value, and the NP stops moving. There are two main ad-
vantages to this technique: (1) it is not necessary to
strike the NP on its centerline to push it, and (2) visual
guidance in situ can be obtained during the manipula-
tion. Thus the new method greatly reduces the manipu-
lation time and increases the success rate of long-
range manipulation, especially when one manipulates
NPs of small sizes.

RESULTS AND DISCUSSION

We demonstrate how to controllably move a NP by
adjusting the scanning speed and using visual guid-
ance in the first example. We prepared 15 nm Au NPs
on a quartz substrate with ~2 nm surface roughness. A
small area (1 pm X 1 wm) was scanned before any ma-
nipulation had taken place (Figure 2a). We chose the
NP particle enclosed in the arrow mark to manipulate.
Our goal was to place it along the same horizontal axis
as a pair of NPs in the middle of the image plane (en-
closed in a blue circle). The tip was fast scanned along
the horizontal axis and moved from the bottom to the
top of the image plane so that the NP could be pushed
upward. After kicking the NP using the standard
method, the scanning speed was increased in steps
from Figure 2b to 2d to find the threshold scanning
rate for dribbling the NP. The NP (enclosed in the yel-
low ellipse) was moved at scanning rates of 1 Hz (Fig-
ure 2b) and 5 Hz (Figure 2c), but did not reach the tar-
get position. When the scanning rate was increased to 7
Hz, the chosen NP moved controllably.?* To stop the
particle at the target position, as shown in Figure 2d,
we abruptly reduced the scanning rate to 1 Hz. While
we presented several consecutive images with gradu-
ally increasing scanning rates in Figure 2b—d, the user
can always choose a higher scanning rate (~15 Hz) to
ensure a high success rate in manipulation.

One can observe a track of ghost images in Figure
2b—d along the path of the moving NP. These ghost
images, also illustrated in Figure 1, provide easily recog-
nizable visual guidance. The track appears because the
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Figure 2. Nanomanipulation with visual guidance. (a) An image taken at 1 Hz before any manipulation. The NP enclosed in
the arrow mark was kicked to the right using the standard method. Following the kicking event, images were taken at a scan-
ning speed of (b) 1 Hz and (c) 5 Hz. In both cases, the NP enclosed in the circles moved a short distance but stopped before
reaching the target position. (d) Controlled manipulation was achieved at a higher scanning rate of 7 Hz. The scanning speed
was abruptly reduced from 7 to 1 Hz once the target position was reached. Ghost images behind the moving particle pro-
vide a useful and clear visual guidance during the manipulation.

Wwww.acsnano.org



the NP. Identifying the centerline of NPs be-
comes more difficult as the NP gets smaller. Over
long distances, the tip may become easily off-
centered during its course. Therefore, one has to
take many steps in moving small NPs (~15 nm in
diameters or smaller) over long distance (~50
nm or longer).2 Between each step, a separate im-
age has to be acquired to locate the NP and its
centerline. Using the new method, however,
once the particle is initially kicked, it is no longer
necessary to relocate the center of the NP prior to
pushing. Furthermore, one can observe the posi-
tion of the NP during the manipulation, thus
eliminating the need for acquiring images in the
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Figure 3. (a) The 3D and 2D views of a network of 8 NPs assembled
in a straight line. (b) The cross-section profile of the assembled
NPs along a line cut. (c) Errors represent the deviations of the NPs’
positions from the target spacing of 0.2 um. Different color sym-

bols represent errors extracted from three different line cuts.

tip initially starts to image the particle, but as the tip
moves along the fast scan axis, it exerts a force to the
NP greater than the resistive force of the reduced static
friction. The particle then moves along the slow scan
axis. We also note that the only NP moved in the whole
scanning area is the chosen particle enclosed in either
the arrow in Figure 2a or in the yellow ellipse in Figure
2 b—d. This observation further proves that the first
kicking step is critical: the kicking step reduces the static
friction so that the chosen NP (and only the chosen
one) can be manipulated in tapping mode. Within the
static friction build-up time, which ranges from tens of
seconds to several minutes, one can continue to ma-
nipulate the chosen NP in tapping mode.

In the second example, we manipulated Au NPs on
a smooth quartz surface with ~0.5 nm surface rough-
ness. We assembled one line of eight NPs separated
each by 200 nm using a combination of the standard
and new methods for comparison,? as displayed in the
2D and 3D views of Figure 3a. Achieving this goal re-
quires moving small NPs (~15 nm) over long distances,
which is very challenging using the standard manipula-
tion protocol. The height and position of each NP are
displayed in the cross-sectional profile along a line cut
presented in Figure 3b. The variation of the heights re-
sults from both the error in manipulation and the size
variation of the NPs themselves. The positions of the
NPs are determined via Gaussian fits to the cross-
sectional profile. The errors in the NPs’ positions from
the target positions are analyzed along three different
line cuts and displayed in Figure 3c.

While the measured error of manipulation is compa-
rable between the two methods, we emphasize that
the new method is much more efficient due to the vi-
sual guidance. In the standard manipulation method, it
is important for the tip to push along the centerline of
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intermediate steps. In this example, manipulation
time was shortened by approximately a factor of
5—10 using the new method for the 15 nm par-
ticles depending on the travel distance.

The new manipulation method takes advan-
tage of the time-dependent nature of the static
friction. In the mesoscopic regime, friction is no
longer proportional to the normal load. When the load
drops below a certain value (~50 wN),?® one needs to
modify the relation as, Feiction(t) = (t)[N + Lagn(t)], which
states that friction is proportional to the sum of the nor-
mal load and the adhesion.”” The adhesion force is re-
lated to the local environment of the contact area be-
tween the NPs and substrate. Both the friction
coefficient and adhesion force may increase as a func-
tion of time.

A time-dependent double-well potential model can
provide some physical intuition for the ability to move
NPs in the AFM tapping mode following the kicking.?®

a) Initial configuration

Potential energy

NP-substrate configuration

Figure 4. A double-well potential model depicting the NP—

substrate configurations in (a) the initial state, (b) the stable state
after a long dwelling time, and (c) a new initial state after kick-
ing. The left column depicts that the potential energy of the sys-
tem changes as a function of NP—substrate configurations. The
dashed curve represents a certain constraining condition for the
local potential minimum. The middle column describes structural
relaxations at the interface as atoms in the NP are rearranged
for minimal potential. The right column illustrates the increase

in the number of water bridges formed.
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As illustrated in Figure 4a, the system may be in a con-
figuration (“a”) of local potential energy minimum af-
ter initial contact. There are many other equivalent, en-
ergetically degenerate configurations represented by
“B". Over time, a number of thermally activated pro-
cesses (e.g., capillary water bridge formations?® and as-
perity creep®®) may lead to small changes in the NP-
substrate configurations, subsequent modifications in
potential energy landscape, and an increase in friction
(Figure 4b). As the energy barrier grows, it becomes in-
creasingly difficult to move the NP out of the more
stable configuration in tapping mode. Kicking the NP
clears all memory of the previous contact time and re-
sets the system configuration into a new initial state “B"
(Figure 4c). Because the energy barrier between differ-
ent configurations in state “B” remains low shortly after
the kicking, one can controllably manipulate the NP in
tapping mode.

The time-dependent behavior of static friction be-
tween solid surfaces has been extensively studied. We
illustrate two processes in Figure 4 that may apply to
the particular system under study. First, structural relax-
ation may occur as atoms in the NPs move to energeti-
cally more favorable locations at the junction,?” modify-
ing the adhesion force and thus friction.3 We do not
exclude the possibility that atoms in the substrate may
reposition themselves to accommodate the reconfigu-
ration of Au atoms or that the NP as a whole moves
slightly to another position on the substrate. Second,
the formation of capillary water bridges may also play
a crucial role in nanomanipulation under ambient
environments.?®32 OQver time, the number of water
bridges formed between the NP and substrate asperi-
ties increases, leading to an increased adhesion force
and static friction.

Measuring and modeling the magnitude of friction
at the nanoscale is a challenging task. In principle, the
force exerted by the AFM tip can be measured by moni-
toring the deflection of the tip in contact mode. In the
new nanomanipulation method, however, the AFM is
operated in tapping mode. Therefore, we were unable
to measure friction directly. We provide an estimate for
the order of magnitude of the friction involved in the
manipulation process following a simple analytical
approach.

Extensive theoretical and experimental studies sug-
gest that friction at the nanoscale is proportional to
the actual contact area, that is, Fiction = TA, Where T is
the shear strength.3* We calculate the contact area
on the basis of continuum elasticity theories. Two
widely applied analytical theories for deformable
spheres considering adhesion have been developed
by Johnson, Kendall, Roberts (known as the JKR
theory**) and Derjaguin, Muller, Toporov, Maugis
(known as the DMT-M theory?®), respectively. It was
pointed out by Tabor®® that these two theories apply
in different limits depending on a parameter
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where R is the radius of the sphere, v is the work of ad-
hesion, and z, is the equilibrium spacing for the
Lennard-Jones potential of the surfaces. K is the com-
bined elastic modulus of the sphere and substrate de-
fined as K = %/5[(1 — vA/E; + (1 — v,A)/E5]7", in which
vy, and E; , are the Poisson’s ratios and Young's modu-
lus for the substrate and sphere. If mj is large (n = 5), the
JKR theory applies. If ) is small (v = 0.1), the DMT-M
theory is more appropriate. Physically, a small value in
m describes hard contacts for small spheres.

We have calculated m = 0.07 assuming the follow-
ing parameters: Equary = 71.7 GPa, vquar, = 0.17, Epy =
78 GPa, va, = 0.44, vy = 50 mJ/m? (typical value for van
der Waals surfaces), R = 7.5 nm, and z, = 0.3 nm. The
value of m suggests that DMT-M is more appropriate for
our case. We note that the difference between the JRK
and DMT-M theory in estimating friction is only about a
factor of 2. One can safely ignore gravity in compari-
son to adhesion force for NPs. Under this condition, the
contact area is calculated by

Aomr-m = ”(Z_TW)ZBR%
K

For Au NPs of 15 nm in diameter, the contact area
is ~1.5 nmZ. This expression indicates that friction in-
creases with the radius of spheres as A« R¥>, A previ-
ous study aimed to confirm this relation yielded incon-
clusive results.?2 We suggest that the discrepancy
partially arises because the previous study failed to
take into account the time-dependent nature of friction.

To obtain an estimated value for the shear strength,
7, we use the relation, T¥*° = G*/30, between the theo-
retical shear strength and the combined shear force
modulus, G* = [(2 — 1)/G; + 2 — 1)/G3]" " where G,
= E1,/(2 + 2v1,).33 Finally, using Friction = T"*°Apmr-m,
we obtained an estimated upper bound for friction as
0.4 nN. The simple analytical calculation presented here
is based on the elastic deformation of a sphere on a per-
fectly flat substrate, which likely leads to an overesti-
mated contact area. In addition, the calculation does
not include capillary water bridge formation, which is
inevitable under ambient environments. The actual
value of friction is, of course, time dependent, and criti-
cally depends on conditions such as surface rough-
ness. The time dependent nature of friction can be ac-
counted for by the increasing contact area, arising from
water bridge formation and structural relaxation, etc.

CONCLUSION

In summary, we have demonstrated a new
nanomanipulation protocol. The distinctive feature
of the technique is to reduce the static friction by
giving the NP an initial kick. One can then effectively
manipulate NPs with a lateral sweeping force in im-
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aging mode. To the best of our knowledge, this is
the first demonstration of using a commercial AFM
as a controllable manipulation device and an imag-
ing tool simultaneously.3* *2 The access to visual
guidance during manipulation greatly improves the
accuracy and the efficiency in moving small NPs over
long distance. In addition, we proposed a qualita-
tive time-dependent double-well potential model to

METHODS

A closed-loop commercial AFM (Vecco-Dimension 3100) at
room temperature was used for nanomanipulation. The
nanoman software from Veeco was employed, which compen-
sates for hysteresis and drift to some degree. Commercially avail-
able cantilevers were used with nominal force constants of ca.
5—7.5 N/m. Samples were prepared on quartz substrates (Meller
Optics and Boston Quartz) with two different finishes (surface
roughness of ~2 and ~0.5 nm, respectively). The substrates
were cleaned in piranha solution, rinsed with deionized water,
and then dried with high purity nitrogen gas. Colloidal Au NPs
with 15 nm diameters were purchased from Ted Pella, Inc. The
NPs were spin-coated onto the substrates, and then the sub-
strates were heated at 100 °C for a few minutes to dry.
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