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abstract
The forces needed to overcome static friction and move 150 nm diameter Au nanoparticles on an oxidized
Si substrate were measured in Normal and Shear oscillation modes inside a scanning electron microscope
(SEM) in real time. The experimental setup consisted of a quartz tuning fork (QTF) mounted onto a highprecision 3D nanomanipulator used with a glued silicon or tungsten tip as a force sensor. Static friction
was found to range from tens of nN to several hundred nN. Large variations in static friction values were
related to differences in particle shape. Kinetic friction tended to be close to the detection limit and in
most cases did not exceed several nN. The influence of thermal treatment in reducing the static friction
of nanoparticles was considered.
© 2011 Elsevier Ltd. All rights reserved.

1. Introduction
Nanoparticle manipulation experiments have two general purposes: contributing to the understanding of friction mechanisms
by providing information about interactions at the nanoscale and
practical benefits such as the development of precise 2D positioning and assembly methods for applications in nanoelectronics, digital information storage [1], etc.
The tool most commonly used for the manipulation of nanoparticles is the atomic force microscope (AFM). Several different approaches have been applied in AFM manipulation strategies. In the
dynamic mode, particles can be moved during the scanning process
when the amplitude of the tip oscillations is increased above a certain threshold value [2], and the frictional force is estimated from
the dissipated power [3]. Increasing the scan rate above a certain
value rather than increasing the oscillation amplitude yields similar results [4]. Another approach consists of switching the feedback
off during manipulation [5]. In this case, the tip pushes particles
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and oscillations are not essential for the manipulation process; the
cantilever deflection is recorded.
Particles can also be moved in contact mode. For example,
Dietzel et al. [6] introduced a so-called ‘‘tip-on-top’’ strategy. In
this method, the tip is first positioned on top of the nanoparticle
approximately at its center. The nanoparticle then follows the tip
motion. The measured torsional signal is directly proportional to
the interfacial friction between the particle and the substrate.
AFM manipulations have certain limitations. First, there is no
real-time visual feedback concerning the contact geometry or the
particle position and behavior during manipulation (i.e., whether
it is rolling or sliding). Only indirect conclusions can be drawn on
the basis of the shape of the force curves [7]. Additionally, many
AFM experiments are made in ambient conditions, meaning that
a considerable amount of water is present on all surfaces under
investigation, complicating the interpretation of forces.
Another problem is the ‘‘ageing’’ of a sample exposed to ambient conditions, resulting in sticking of the particles to the substrate [8]. Sticking increases significantly with time. Given that
AFM manipulation experiments are time-consuming, adhesion can
increase even within single experimental series.
To overcome these obstacles, manipulation experiments should
be performed in a vacuum environment with real-time visual
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control. In this study, we measured the forces needed to overcome
static friction and move individual 150 nm gold nanoparticles on
an oxidized Si surface in dynamic mode inside a scanning electron
microscope (SEM) using a quartz tuning fork (QTF)-based force
sensor [9] mounted on a 3D nanomanipulator. This force sensor
can oscillate perpendicularly (Normal mode) or parallel (Shear
mode) to the surface. The applicabilities and peculiarities of the
two modes as regards the manipulation of nanoparticles are compared and discussed.
2. Experimental
The 150 nm Au nanoparticles were purchased from BBI International. Oxidized silicon wafers (50 nm of thermal oxide) were
purchased from Semiconductor Wafer, Inc. The samples were made
by depositing droplets of an Au nanoparticle suspension onto the
Si wafer. Samples were annealed for 1 h at 725 K prior to every experiment to remove the surfactant and decrease adhesion. A Helios
NanoLab (FEI) field emission microscope was used to characterize
the samples before and after thermal treatment.
Force sensors were constructed in a manner similar to that of
Rozhok et al. [9]. An AFM cantilever with a silicon tip (NT -MDT )
or etched 0.1 mm W wire [10] was glued to one prong of a commercially available QTF (fres = 32, 768 Hz) using conductive silver epoxy (M.E. Taylor Engineering, Inc.). Depending on the side
to which the tip was glued, the sensor operated in the Normal
mode or Shear mode. In Normal mode operation, the QTF oscillated perpendicularly to the surface in a manner similar to that for
a conventional AFM (Fig. 1(a)). In Shear mode operation, the sensor
oscillated parallel to the surface (Fig. 1(b)).
Force measurements were based on the fact that the oscillation
amplitude of the sensor oscillating at its resonant frequency
depends on the forces acting on the tip. Sensor oscillations
were excited by applying alternating voltage to its electrodes
using a lock-in amplifier (SR830; Stanford Research Systems). The
amplitude of the free oscillations at the tip apex was on the order
of 100 nm. The sensor also provided feedback for controlling the
distance between the tip and the surface.
The quality factor (Q-factor) of the sensor was optimized
(reasonably decreased) by adding small droplet of epoxy (Ecobond
286, Emerson & Cuming) onto one of the QTF prongs to enable a
compromise between sufficient sensitivity and a short response
time.
The force sensor was mounted on a 3D piezo-nanomanipulator
(SLC-1720-S, SmarAct) and installed inside an SEM (VEGA II, Tescan). The SmarAct 3D nanomanipulator enables two types of
movement: in the single-line scan regime (hereinafter the ‘‘scan
regime’’), the movements are made by expansion or contraction of
the piezo-nanomanipulator to which the sensor is fastened. This
regime provides an atomically smooth and accurate motion. In step
regime, movements are made in a series of gradual expansions of
the piezo-nanomanipulator followed by abrupt slips achieved via
a sawtooth signal sent to the piezo-positioner.
When QTFs with AFM cantilevers were used, the sample and the
sensor were tilted at 45° relative to the table plane to enable visual
control of the manipulation procedure (Fig. 1(c), (d)). Manipulation
in this case was done only along the Y -axis to provide an
approximately constant distance between the tip and the sample.
In the case of tungsten wire, the tip protruded hundreds of µm
from the QTF prong and was clearly visible without tilting.
The thermal drift for given experimental setup was on the order
of 0.1 nm/s and could thus be neglected within one manipulation
event. Extensive custom software was developed for manipulation
rather than using the standard SmarAct software.
All sensors were calibrated in both the Y and Z directions on
reference contact AFM cantilevers [11] that had been previously
calibrated by the thermal noise method [12].

Fig. 1. Tip oscillating in (a) Normal and (b) Shear modes. (c) QTF and sample tilted
at 45° to the SEM objective. (d) SEM image of the sample and QTF with the AFM tip.

For the manipulation experiment, the tip was brought into close
proximity to the chosen particle. The particle was then displaced
(‘‘kicked’’) from its initial position by an abrupt tip motion in the
step regime to reduce the initial adhesion [4], which is known to be
time dependent [13], to its minimal value. Initial displacement was
followed by controlled manipulation of the particle by pushing it
with the tip in the scan regime with simultaneous force recording.
During manipulation, the tip moved parallel to the surface along a
straight line without feedback.
3. Results
Fig. 2 presents a typical manipulation curve for the QTF oscillating in Normal mode. The initial flat region A–B of the curves corresponds to the movement of the tip above the surface. The decline
of the curve in region B–C was caused by a long-range interaction
between the tip and the particle. The abrupt drop in amplitude at
C corresponds to the force needed to overcome the static friction
and displace the Au particle from its initial location. When static
friction was overcome, the particle jumped in the direction indicated by the arrow. From D to E, the particle moved smoothly with
the tip. For the moving particle, the amplitude drop was only a few
percent lower than it was before contact.
Fig. 3 shows a manipulation curve for the QTF oscillating in
Shear mode. The initial flat region from A to B of the curve
corresponds to the movement of the tip at a constant set point
above the surface. The abrupt drop in amplitude from B to C
corresponds to the force needed to overcome static friction and
displace the Au particle. The particle made a small jump in the
direction indicated by the arrow. From D to E, the particle moved
smoothly with the tip, and minor oscillations related to tip–particle
interaction were noticeable.
In all manipulation experiments, the tip moved in the Y
direction. We used the force-calibration data for the Y direction
to convert amplitude to force (further details are given below).
The static friction was found to range from 40 to 450 nN for the
Normal mode and from 50 to 750 nN for the Shear mode. It should
be noted that the oscillation amplitude often dropped to zero.
This drop corresponds to a force higher than 1500–2500 nN (the
upper limit depending on the particular sensor). Forces higher than
these limits could not be measured due to the limited range of QTF
sensitivity at a given driving voltage.
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Fig. 4. Distribution of static friction forces based on 20 manipulation events in
Normal mode and 17 manipulation events in Shear mode.

Fig. 2. Snapshots of the manipulation process and corresponding amplitude and
force curves, Normal mode (sample tilt corrected).

Fig. 5. (a) Au particles of different shape as deposited from solution. (b) SEM
micrograph of the same Au particle before and after annealing for 1 h at 773 K.

Fig. 3. Snapshots of the manipulation process and corresponding amplitude and
force curves, Shear mode.

Fig. 4 displays a distribution histogram of the static friction
forces for the manipulation experiments in Normal and Shear
modes. The static friction values for the cases when the amplitude
dropped to zero remain unknown and thus could not be included
in the histogram.
4. Discussion
From the experimental results, it is evident that considerable
force is needed to overcome static friction in this system. However,
once the threshold for static friction was exceeded and the
particle moved smoothly with the tip, then only minor changes in
oscillation amplitude were observed in a few cases. Most of kinetic

friction values were below the detection limits of our setup. This
finding is in agreement with those of other researchers, who have
demonstrated that kinetic friction is vanishing for clean surfaces in
vacuum [14].
Variations in the experimental values of static friction may be
due to the fact that the area of contact between a particle and
a substrate can vary due to deviations from a spherical shape.
From Fig. 5(a) it is clearly seen that the Au particles used in
the experiment were, in general, not spherical and had facets of
different sizes.
Geometrical factors may also play a crucial role in the reduction
of static friction after a thermal treatment. In our experiments,
the main reason for heating the samples was to burn out the
surfactant remaining after the deposition of the particles onto the
substrate. However, it was found that annealing at 773 K also led
to a rounding of the particles (see Fig. 5(b)), which, in turn, should
result in reduction of the contact area and static friction.
Here, we provide an analytical estimate of the static friction
considering the geometric parameters [15] of the particles used in
our manipulation experiments. It has been theoretically proposed
and experimentally proven that friction at the nanoscale is
proportional to the contact area: Ffrict = τ A, where A is the contact
area and τ is the Shear strength [16].
For spherical particles, the contact area can be calculated on the
basis of continuum elasticity models for deformable spheres [4]
such as the JKR model [17] or the DMT-M model [18]. According
to Tabor [19], the choice of the most suitable model is determined
by the parameter

η=



16Rγ 2
9K 2 z03

1/3

,

(1)
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Table 1
Estimated static friction forces for 150 nm Au particles of different geometries.
Shape

Contact area, nm2

Static friction, nN

Spherical
Tetrahedral
Decahedral
Icosahedral

31
9743
3652
2693

9
2768
1038
765

where R is the radius of the sphere, γ is the work of adhesion,
and z0 is the equilibrium spacing for the Lennard-Jones potential
of the surfaces. K is the combined elastic modulus of the sphere
and substrate, defined as K = 4/3[(1 − ν12 )/E1 + (1 − ν22 )/E2 ]−1
in which ν1,2 and E1,2 are the Poisson ratios and Young moduli of
the substrate and sphere, respectively.
Assuming the following parameters for silicon and gold: E1 =
71.7 GPa, ν1 = 0.17, E2 = 78 GPa, ν2 = 0.44, γ = 50 mJ/m2 [4],
R = 75 nm and z0 = 0.3 nm, we obtained η = 0.158. For small
η, the DMT-M theory is more appropriate [20]. According to the
DMT-M model, the contact area
ADMT-M = π



2π γ
K

2/3

R4/3

(2)

for spherical Au NPs with R = 75 nm is ADMT-M ≈ 31.43 nm2 .
The contact areas of the faceted NPs can be easily calculated
using geometrical considerations. The results of the calculations
for tetrahedral, decahedral and icosahedral NPs are presented in
Table 1.
The Shear strength τ can be estimated using the relation τtheo =
G ∗ /30 between the theoretical Shear strength and the combined
Shear modulus, G∗ = [(2 − ν1 )/G1 + (2 − ν2 )/G2 ]−1 , where
G1,2 = E1,2 /2(1 + ν1,2 ) [19,21]. The ultimate static friction can
then be calculated as Ffrict = τtheo ADMT-M .
It should be noted here that the geometry of real particles
is more complex due to the presence of arbitrarily truncated
edges and apexes (Fig. 5(a)). Thus, the contact areas and static
frictions should generally be lower than the maximal values listed
in Table 1.
According to the histograms (Fig. 4), low static friction force
values prevail in the data set obtained. This finding can be
interpreted as a reduction of contact area due to shape evolution
towards the spherical after thermal treatment. For values beyond
the upper detection limit (where the amplitude dropped to zero),
the geometry was assumed to be highly faceted.
The displacement of strongly adhered particles entails the risk
of their plastic deformation. As one of the main objectives of our
study was to compare the Normal and Shear modes, we narrowed
our measurements to the low-friction region.
Normal oscillation mode is commonly used for the AFM
manipulation of nanoparticles. Considering that friction can be
significantly higher at ambient conditions than in vacuum [15], our
results correlate well with the previously reported static friction
values of 130 nN for 15 nm Au nanoparticles on poly-L-lysine
coated mica in air [22]. In many studies, the friction was estimated
from the dissipated power [2,3]; however, the data obtained using
such an approach do not allow for comparison with direct frictional
force measurements.
In Normal mode, the sensor oscillated perpendicularly to the
sample plane, producing a horizontal force component determined
by the contact angle. The use of a nonzero contact angle requires
sensor calibration in both the horizontal and vertical directions.
However, according to our calibration data, the sensor was about
ten times less sensitive in the Z (vertical) direction than in
the Y (horizontal) direction. The ratio between the vertical and
horizontal components of the applied force remains unknown, as
it is determined by the contact angle, making interpretation of the
recorded signal in the Normal mode complicated.
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In the Shear mode, the tip oscillated parallel to the sample
plane, and the alternating vertical component was almost absent
(the small value may be due to imperfect alignment of the
sensor with the sample). The force calibrations in the Y and Z
directions showed the same sensitivity within the accuracy of our
measurements.
The manipulation curves for both Normal and Shear oscillation
modes were rather similar. However, the values of the static
friction measured in the Normal mode were a few hundred nN
lower than those measured in the Shear mode. This difference may
be due to the contribution of the unaccounted vertical component
in the Normal mode.
The Normal mode is closely related to the tapping mode and
hence provides a stable set point. In the Shear mode, the tip
oscillates above a certain area and it is more difficult to maintain a
stable set point.
The influence of the impact velocity on the initial displacement
of the particles is another challenging issue. We found that the
step regime was more effective for the initial displacement of
the particles than the scan regime. This might be related to the
abruptness of motion in this regime; the tip strikes the particle
with a much higher velocity than in the scan regime. Visual
information concerning the real motion of the tip and the particle
is restricted by the scanning speed of the SEM. Manipulation events
in the step regime are so fast that we could see only the initial
and final positions of the tip and the particle and have no data on
motion in between these points.
To simulate a step event in the scan regime, the scanning
speed was increased. Initial displacement of stuck particles was
impossible below a certain threshold. The increase of the scan
speed up to 5 µm/s enables moving the particles more easily.
Moreover, while the particles were often plastically deformed and
smeared along the surface in the case of a slow impact, at high tip
velocities the particles moved as a rigid entity. This result suggests
the possibility that the viscoelastic properties of Au particles may
depend on the impact velocity; however, additional experiments
are required to determine whether this is the case.
5. Conclusions
150 nm diameter Au nanoparticles were manipulated on an
oxidized Si substrate inside an SEM with simultaneous force
detection using a QTF-based sensor operated in Normal and Shear
modes. The static friction was found to range from 40 to 450 nN
for the Normal mode and from 50 to 750 nN for the Shear mode.
The large variations in static friction values were attributed to
differences in particle–sample contact areas associated with the
shapes of the particles. The kinetic friction tended to be close to
the detection limit and in most cases did not exceed several nN.
Thermal treatment of Au particles for 1 h at 725 K resulted in a
rounding of the particles and a corresponding decrease in the static
friction.
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