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a  b  s  t  r  a  c  t

A  novel  method  for  in situ  measurement  of  the  static  and  kinetic  friction  is developed  and  demonstrated
for  zinc  oxide  nanowires  (NWs)  on  oxidised  silicon  wafers.  The  experiments  are  performed  inside  a
scanning electron  microscope  (SEM)  equipped  with  a nanomanipulator  with  an  atomic  force  microscope
tip  as a probe.  NWs  are  pushed  by  the  tip from  one  end  until  complete  displacement  is achieved,  while  NW
bending is  monitored  by  the  SEM.  The  elastic  bending  profile  of  a NW  during  the  manipulation  process
eywords:
anotribology
anomanipulation

n situ electron microscopy
inc oxide nanowires
tatic friction

is  used  to  calculate  the  static  and  kinetic  friction  forces.
©  2012  Elsevier  Ltd.  All  rights  reserved.
racture strength

. Introduction

The manipulation of nanowires (NW) or nanotubes (NT) is fre-
uently employed to position and assemble prototype nanodevices
Li et al., 2007; Avouris et al., 1999; Qing et al., 2010). Depending
n the magnitude of its static friction and its ultimate strength,

 NW may  be displaced or broken as a result of manipulation.
tatic friction of NW on flat substrates is strong enough to maintain
ven highly deformed NWs  in a bent state, which produces high
train and is especially important for piezoresistive and piezoelec-
ric materials, such as Si or ZnO (He and Yang, 2006; Wang, 2010).
hus, static friction is an important property of NW (or NT) that
hould be taken into account for engineering nanomechanical, elec-
ronic and photonic devices (Qing et al., 2010; Wang, 2010; Tong
t al., 2005; Loh et al., 2011).

In contrast to the macroscopic case, static friction may  be signif-
cantly higher than kinetic friction for nanoscale structures. Dietzel

t al. found static friction to be two times higher than kinetic fric-
ion for Sb NP on highly oriented pyrolytic graphite HOPG (Dietzel
t al., 2009). We  found static friction to be at least 10 times higher

∗ Corresponding author at: Institute of Physics, University of Tartu, Riia st. 142,
1014 Tartu, Estonia.

E-mail addresses: boriss.polakovs@ut.ee, celbic@yahoo.com (B. Polyakov).

968-4328/$ – see front matter © 2012 Elsevier Ltd. All rights reserved.
oi:10.1016/j.micron.2012.01.009
than kinetic friction for 150 nm Au nanoparticles on HOPG and an
oxidised silicon surface (Vlassov et al., 2011). A difference in the
static and kinetic friction for InAs NW on Si3N4 (more than one
order of magnitude) was  reported by Conache et al. (2009).

There are many experimental methods and theoretical models
to measure and describe the mechanical properties of NWs  and
NTs. Nevertheless, only very few works have focused on measur-
ing the static friction of NWs  (or NTs) on a flat substrate. Falvo
et al. studied sliding and the rotation of multiwall carbon NTs on
HOPG using lateral force AFM microscopy (Falvo et al., 2000). Ver-
tical loading by the AFM tip of an NT positioned over a trench and
monitoring for the initial axial sliding was used by Whittaker et al.
to investigate static friction for CNT on silicon dioxide (Whittaker
et al., 2006). Bordag et al. proposed a method for measuring the
distributed static friction of NWs  on flat substrates (Bordag et al.,
2007). Their method is based on measuring the curvature of the
ultimate NW bending radius after manipulation, where friction was
calculated using Young’s modulus of the corresponding bulk mate-
rial. However, their model contains significant faults, and its output
needs correction (Dorogin et al., 2012).

Most of the friction measurements on NTs and NWs  were per-

formed using a conventional AFM under ambient conditions (Falvo
et al., 2000; Bordag et al., 2007; Hsu and Chang, 2010; Wong et al.,
1997). An AFM provides a high level of control over the applied nor-
mal  or lateral force and extremely precise manipulation. However,

dx.doi.org/10.1016/j.micron.2012.01.009
http://www.sciencedirect.com/science/journal/09684328
http://www.elsevier.com/locate/micron
mailto:boriss.polakovs@ut.ee
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t has a serious drawback. AFM manipulation of NW is inevitably
blind”. An AFM can be used either for the visualisation or manip-
lation of NWs. It is impossible to monitor a bending NW during
anipulation. In some cases, the “blindness” of AFM may  be criti-

al for NW manipulation experiments, especially for static friction
easurements.
In this article, we demonstrate that visual guidance during NW

anipulation is essential for calculating the static friction force.
e developed a novel method for estimating both static and kinetic

riction of a NW based on in situ bending and displacement of a NW
dhered to a flat substrate inside a scanning electron microscope
SEM).

. Materials and methods

ZnO NWs  were grown by the vapour transport method using
u nanoparticles as a catalyst (Zhu et al., 2005). Droplets of water
uspension of 60 nm Au nanoparticles (BBI international) were
eposited onto a silicon substrate. NWs  were grown on silicon sub-
trates by heating a 1:4 mixture of ZnO and graphite powder to
00–900 ◦C in an open-ended quartz tube over a period of 30 min.
ynthesised NWs  were 10–20 �m long and had diameters in the
ange of 70–150 nm.  After growth, the wires were removed from
he substrate and transferred to a silicon substrate with a 50-nm
hick SiO2 layer (Semiconductor Wafer, Inc.). A considerable fraction
f the NWs  was broken up into shorter wires (several microns long)
uring the transfer.

Contact mode AFM cantilevers (Nanosensor AdvancedTEC-CONT
antilevers; force constant, 0.02–0.75 N/m; nominal tip radius,
0 nm)  were used for NW manipulation. The geometry of the
antilevers enabled tip visibility from the top view at 10◦ cantilever-
o-sample tilt. More details can be found in our previous work,
here similar experimental setup was used (Polyakov et al., 2012).

he AFM chip was mounted on a three-dimensional nanomanip-
lator equipped with position sensors (SLC-1720-S, SmarAct) and

nstalled inside an electron microscope (TESCAN Vega-II SBU). This
et-up allowed us to view the NWs  directly during nanomanipula-
ions.

To produce a loading force high enough to displace NWs, the
FM chip with a cantilever was lowered 5–20 �m after the tip came

nto contact with the substrate surface. AFM cantilevers were used
s probes, and no AFM feedback loop was used in the experiment.
n approximately constant loading force was ensured by parallel

o the surface movement of the nanomanipulator. All experiments
ere performed in vacuum at 3 × 10−4 mbar at room temperature.

. Theory

Let us consider a prismatic NW that is elastically deformed in
he plane parallel to the substrate by the lateral interfacial forces.
he state of the NW is sustained in equilibrium due to the interplay
f intrinsic elastic force in the NW,  external lateral forces of friction
rom the substrate, and the driving force of the AFM tip. The full
ystem of equations for the equilibrium of the NW comprises the
quations for the elastic force F and for the momentum M (Landau
nd Lifshitz, 1986):

dF

dl
= −f (1a)

dM

dl
= F × t (1b)
here f is the distributed external force acting on the NW per unit
ength and t is the tangent vector of the NW line. Both the elastic
orce F and the momentum M are considered functions of the length
f the axis of the NW,  l (Fig. 1a and b). The force f may  include the
Fig. 1. First loading scheme (a). Second loading scheme (b).

distributed friction force between the NW and substrate as well as
the concentrated external forces.

For a purely bent prismatic NW,  the equation for momentum is
as follows (Landau and Lifshitz, 1986):

M = EIt × dt

dl
(2)

where E is Young’s modulus of the NW and l is the moment of
inertia of the cross section of the NW.  Eq. (2) describes the momen-
tum of the elastic forces inside the purely bent NW with the given
curvature. Eq. (2) can be projected to the Oz axis and written as

M = EI
dϕ

dl
= EI� (3)

where ϕ(l) is the tangent angle function over the length of NW and
�(l) = dϕ/dl = 1/R(l) is the curvature function directly related to the
local radius of curvature R (l).

Zero elastic force and momentum at the NW’s free end dictate
the boundary conditions (Landau and Lifshitz, 1986):

F
∣∣
l=L

= 0 (4a)

M
∣∣
l=L

= 0 (4b)

The distributed force f consists of the external force Fapl-lat

applied by the tip at the point Ltip and the kinetic friction force qkin

per unit length, which is distributed uniformly along the moving
part of the NW:

f  = qkin + Fapl-lat · ı(l − Ltip) (5)

where ı(x) is Dirac’s delta-function.
Combining Eqs. (1a) and (4a), the elastic force F is as follows:

F = −qkin · (l − L) − Fapl-lat · (H(l − Ltip) − 1) (6)

where H(x) is a Heaviside step function.
Finally, the equation for ϕ(l) that describes the profile of NW

with boundary conditions is

EI
d2ϕ

dl2
= [qkin(l − L) − Fapl-lat · (H(l − Ltip) − 1)] · cos(ϕ + �) (7a)

ϕ
∣∣
l=0

= 0 (7b)

dϕ
∣∣
dl
∣
l=L

= 0, (7c)

where Eq. (7b) defines the orientation of the NW with respect to the
coordinate system, Eq. (7c) follows directly from Eq. (4b), and Eq.
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Fig. 2. Manipulation of the NW according to the first loading scheme. Only six images were extracted from the video file to illustrate the experiment. Intact NW (a). Gradual
displacement of NW (b–d). “Most bent” profile before complete displacement of the NW;  the calculated bending profile (dashed black line) is laid over the SEM image, white
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oints  (1, 2) indicate the static part of the NW (e). The NW jumps away and straight
s  D =87 nm,  which is used to calculate the maximum static friction qst

max = 5 nN/nm
2  NWs  (g).

4a) is automatically satisfied. When Ltip = L, which corresponds to
ig. 1a, Eq. (7) can be simplified and yields

I
d2ϕ

dl2
= [qkin(l − L) − Fapl-lat] · cos(ϕ + �) (8)

The motionless (“static”) part of the NW is assumed to be a
igid rod of length Lst with 2 degrees of freedom: the axis Oy and
he rotation angle in the plane Oxy. The values of the elastic force
Fy

∣∣
l=0

and momentum M
∣∣
l=0

at the starting point of the motionless
egion follow from the solution of Eqs. (7a)–(7c) based on continu-
ty. For simplification we assume that the interfacial shear stress
etween the NW and the substrate and, consequently, the static
riction force, is distributed linearly along the rotated static part of
he NW:  qst

y (l′) = a · l′ + b, where a and b are unknown constants.
or the equilibrium of the NW,  the conditions for total force and

omentum yield a system of two equations:

Fy

∣∣
l=0

=
∫ Lst

0

qst
y (l′)dl′ (9a)
hen the applied force overcomes the total static friction force (f). The NW diameter

ax = 100 MPa). The statistics of the maximum static friction values qst
max for a set of

M
∣∣
l=0

=
∫ Lst

0

qst
y (l′)l′dl′ (9b)

which easily determine a and b. Then, parameters such as max-
imum static friction qst

max = |b| and averaged static friction qst
avg =∫ Lst

0
qst

y (l′)|dl′ can be determined.
The maximum interfacial shear stress �st

max, which corresponds
to the maximum static friction force qst

max, is a characteristic value
that describes the NW-substrate interfacial shear strength. For ZnO
NWs  with a hexagonal cross section, the maximum (critical) shear
stress can be written as follows:

�st
max = 2 · qst

max
D

(10)

where D is the diameter of the NW.
kin
The interfacial shear stress � that corresponds to kinetic fric-

tion, qkin, can be written with a similar form:

�kin = 2 · qkin

D
(11)
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ig. 3. Fracture of a NW during manipulation. Intact NW (a). Gradual bending of NW
rofile  (dashed white line) laid over the SEM image; white points (1, 2) indicate th
ensile  stress is �tens

frac
= 5.1 GPa. The statistics of the maximum tensile stress for bot

The tensile stress �tens that apparently occurs on the outermost
ide of the NW can be expressed as a function of the local NW
urvature:

tens(l) = ED�(l)
2

(12)

. Results and discussion

The NW-substrate static friction is determined by the fitting of
n experimentally found bending profile to the theoretical profile
f a NW lying on a flat substrate and pushed from one end by a

harp tip in the substrate plane, while the second end is fixed by
tatic friction. In this method, the elastic deformation of NW was
sed to calculate the generated elastic force F and momentum M
nd to find withstanding friction forces. The bending profile of a
. The “most bent state” profile before the fracture of NW and the calculated bending
tic part of the NW (e). NW breaks (f). The NW diameter is D = 115 nm; its fracture
ken NWs  (21 NWs) and successfully displaced NWs  (32 NWs) (g).

NW is simple to determine if an external force is applied at the
very end of the NW (first loading scheme, Fig. 1a). However, the
profile may  be more complicated if an external force is applied at a
distance from the end of the NW (second loading scheme, Fig. 1b).

The adhered end of the NW stays motionless as long as the
applied external force Fapl-lat does not exceed the total static fric-
tion force. When the elastic force overcomes the total static friction
force, the whole NW is displaced. The NW bending profile (or the
profile in the “most bent state”) just before complete displacement
of the NW may  be used for fitting to find the maximum static fric-
tion and average static friction, which determine the total static

friction force.

NWs  with a suitable length (a few microns) were chosen for
manipulation. If a NW is too short (one micron or less), it slides or
rotates as a whole object; if a NW is too long, the internal elastic
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Fig. 4. Manipulation of the NW according to the second loading scheme. Intact NW (a). Part of the NW is displaced (b). “Most bent” profile of the NW before complete
displacement; the calculated profile (dashed white line) is laid over the SEM image; white points (1, 2) indicate the static portion of the NW (c). The whole NW is displaced
(  46 nN
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d).  The NW diameter is D = 155 nm,  the calculated maximal static friction is qst
max =

easurement statistics of static and kinetic friction for a set of 7 NWs  (e).

orce produced during NW bending is not strong enough to over-
ome the static friction force, and the NW cannot be displaced even
fter significant bending. Fig. 2 represents a typical manipulation
xperiment according to the first loading scheme (Fig. 1a). A series
f SEM images were grabbed and used for analysis. The NW was
ushed close to one end by an AFM tip and gradually displaced,
hile another end was fixed by the static friction force. At the
oment when the applied force exceeded the total static friction

orce, the internal elastic force straightens the NW rapidly, and the
hole NW becomes displaced or, in some cases, the NW flies away

r breaks apart. The “most bent state” profile from the last image
efore displacement of the whole NW was used to calculate the
tatic friction (Fig. 2e).
Considering the length, the cross section of the NW,  and the
pplied force Fapl-lat as fitting parameters, the NW “most bent state”
rofile was calculated according to Eq. (8) and laid over the SEM

mage (Fig. 2e). The average values of Young’s modulus E = 57 GPa
/nm (�st
max = 514 MPa), and the kinetic friction is qkin = 0.25 nN/nm (�kin = 2.8 MPa).

and the interfacial shear stress associated with a kinetic friction
force �kin = 2.1 MPa  were taken from our previous works (Polyakov
et al., 2011, 2012). The statistics of the maximal static friction mea-
surements for a set of 32 NWs  is presented in Fig. 2g.

Many NWs  were bent up to 90◦ deg before displacement,
but some NWs  broke during bending (Fig. 3). In general, NWs
that broke experienced smaller interfacial shear stress (a longer
motionless region Lst) but higher tensile stress compared to
the displaced NWs. The tensile stress is maximal at the first
motionless point of the NW (Fig. 2e and 3e). However, frac-
tured NWs  did not necessarily break in the maximal tensile
strain region but in any region with a structural defect. The
statistics of maximal tensile stress values for both broken and

displaced NWs  are presented in Fig. 3g. The median value of ten-
sile stress in successfully displaced NWs  was  �tens

displ∼2.6 GPa  (for

a set of 32 NWs), while in broken NWs, �tens
fract∼3.3 GPa (for a set

of 21 NWs). These values are in good agreement with failure
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Fig. 5. Histograms of maximum static friction qst
max (a) and corresponding maximum

interfacial shear stress �st
max (b). Summary results according to both loading schemes.
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he median value of static friction is qmax∼11 nN/nm, and the maximum interfacial
hear stress is �st

max∼195 MPa.

ests performed by Hoffmann et al. on ZnO nanowires; failure
ccurred with stress in the range from 2 to 9 GPa (Hoffmann et al.,
007).

To reduce the bending angle (tensile stress) and the risk of break-
ng the NW,  we applied the second scheme of loading for longer
Ws  (Fig. 1b). A typical manipulation experiment for the second

cheme is presented in Fig. 4.
Similar to the previous experiment, one part of the NW is held

y a static friction force, while the other part is gradually displaced
y the tip. The degree of bending of the free end of the moving part

s determined by the magnitude of the kinetic friction force. This
act indicates a significant advantage of the second scheme; thus,
t is possible to apply kinetic friction qkin as an independent fitting
arameter in addition to the applied force Fapl-lat, in contrast to the
rst scheme in which we used the average value of qkin taken from
revious experiments. A sequence of SEM images demonstrates the
W displacement. The last image before complete displacement of

he whole NW presents the “most bent” profile, which contains
nformation about the static and kinetic friction. The fit for the NW
ending profile can be calculated according to Eq. (7) and compared
o the experimental profile of the NW (Fig. 4c). This experiment
as performed on 7 NWs  (Fig. 4e). The median value of kinetic

riction was qkin ∼ 0.25 nN/nm (�kin ∼ 2.8 MPa), which is close to
ur previously obtained results (Polyakov et al., 2011, 2012). These
easurements confirm that for NWs, static friction can be signifi-

antly higher than kinetic friction.
Fig. 5 presents the statistics of maximal static friction and max-

mum interfacial shear stress for all measured NWs  (a total of

9 NWs). The median values of the maximum static friction and
verage static friction were qst

max∼11 nN/nm and qst
avg∼5 nN/nm,

espectively. The corresponding values of maximum interfa-
ial static shear stress and average static shear stress were
3 (2012) 1140–1146 1145

�st
max∼195 MPa  and �st

avg∼67 MPa. The histograms do not appear
to be random but rather are clearly right-skewed. Moreover, we
observed that many NWs  can be moved easily as a rigid rod with
the static friction below the detectable limit (not included in the
histogram); however, in some cases, these NWs  stuck to the surface
strongly after rolling to another facet. We  attributed this fact to the
existence of small bumps or particles between the NW and the sub-
strate. Static friction is directly related to the contact area between
the NW and the substrate (Bowden and Tabor, 1964). Small parti-
cles between the NW and the substrate decrease the contact area
significantly. The Van der Waals (vdW) attraction force, which acts
as an effective loading force and maintains static friction, decreases
due to the increasing NW-substrate distance as FvdW∼a−5/2, where
a is the distance between the NW and the substrate (Israelachvili,
1992; Bhushan, 1999). Thus, random imperfections in the NW-
substrate interface may  occasionally lead to low values of static
friction.

Significant variation in values of maximal static friction was
observed in our experiments (e.g., Fig. 2g). It is necessary to men-
tion that large variation in friction measurements is a common
phenomenon for NWs. Variations of more than an order of mag-
nitude were observed by Conache et al. in a friction measurement
experiment of InAs NWs  on a Si3N4 substrate (Conache et al., 2009).

There are three reasons for errors in friction measurements.
First, the average value of Young’s modulus was used for all NWs.
In our previous work, we showed that the Young’s modulus of ZnO
nanowires may  differ, and the variation of kinetic friction data can
be reduced significantly if the true Young modulus is used for each
NW (Polyakov et al., 2011). Second, even a small error in the NW
diameter and, consequently, the moment of inertia may  contribute
to significant error in the static force calculation. Third, any devi-
ation of the cross-section geometry from an ideal hexagon alters
the calculated values. Employing high resolution SEM imaging can
eliminate the last two  problems.

To conclude, in this paper, we  emphasise that the AFM mea-
surement of the NW static friction by AFM may  lead to an
underestimation of the friction values. For example, Hsu et al.
manipulated BN NW on a silicon substrate and simultaneously
measured the lateral force (Hsu and Chang, 2010). The authors
imaged the NW before and after manipulation and used the
detected static friction force for the entire length of the NW.
Depending on the geometric and mechanical parameters of the NW
and the magnitude of the NW-substrate friction, the manipulated
NW may  be displaced as a rigid rod or be gradually bend prior
complete displacement similar to our experiments. Only in situ
manipulation can reveal evolution of the NW profile bending in
contrast to AFM manipulation in which only the initial and final
positions of the NW are obtained.

5. Conclusions

A novel method for in situ measuring of NW-substrate static and
kinetic friction was  proposed and demonstrated for ZnO NWs  on an
oxidised silicon surface inside a scanning electron microscope. Fric-
tion forces were calculated using the bending profile of a NW just
before its complete displacement. The median values of the maxi-
mum  static friction, average static friction and kinetic friction were
found to be qst

max∼11 nN/nm, qst
avg∼5 nN/nm and qkin∼0.25 nN/nm.

The corresponding values of maximum (critical) interfacial static
shear stress, average static shear stress and kinetic shear stress

were �max∼195 MPa, �avg∼65 MPa  and � ∼2.8 MPa, respectively.
However, some NWs  broke during manipulation instead of being
displaced. The median value of fracture stress for broken NWs  was
�tens

break∼3.3 GPa.
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