Micron 43 (2012) 1140–1146

Contents lists available at SciVerse ScienceDirect

Micron
journal homepage: www.elsevier.com/locate/micron

Simultaneous measurement of static and kinetic friction of ZnO nanowires in situ
with a scanning electron microscope
Boris Polyakov a,b,∗ , Leonid M. Dorogin a , Sergei Vlassov a , Ilmar Kink a,d , Alexey E. Romanov a,c ,
Rynno Lohmus a
a

Institute of Physics, University of Tartu, Riia st. 142, 51014 Tartu, Estonia
Institute of Solid State Physics, University of Latvia, Kengaraga st. 8, LV-1063 Riga, Latvia
c
Ioffe Physical Technical Institute, RAS, Politehnicheskaja st. 26, 194021 St. Petersburg, Russia
d
Estonian Nanotechnology Competence Centre, Riia 142, 51014 Tartu, Estonia
b

a r t i c l e

i n f o

Article history:
Received 26 August 2011
Received in revised form 23 January 2012
Accepted 23 January 2012
Keywords:
Nanotribology
Nanomanipulation
In situ electron microscopy
Zinc oxide nanowires
Static friction
Fracture strength

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

1. Introduction
The manipulation of nanowires (NW) or nanotubes (NT) is frequently employed to position and assemble prototype nanodevices
(Li et al., 2007; Avouris et al., 1999; Qing et al., 2010). Depending
on the magnitude of its static friction and its ultimate strength,
a NW may be displaced or broken as a result of manipulation.
Static friction of NW on ﬂat substrates is strong enough to maintain
even highly deformed NWs in a bent state, which produces high
strain and is especially important for piezoresistive and piezoelectric materials, such as Si or ZnO (He and Yang, 2006; Wang, 2010).
Thus, static friction is an important property of NW (or NT) that
should be taken into account for engineering nanomechanical, electronic and photonic devices (Qing et al., 2010; Wang, 2010; Tong
et al., 2005; Loh et al., 2011).
In contrast to the macroscopic case, static friction may be significantly higher than kinetic friction for nanoscale structures. Dietzel
et al. found static friction to be two times higher than kinetic friction for Sb NP on highly oriented pyrolytic graphite HOPG (Dietzel
et al., 2009). We found static friction to be at least 10 times higher
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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 Si3 N4 (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 measuring 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). Vertical 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 material. 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 performed 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 normal or lateral force and extremely precise manipulation. However,
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it has a serious drawback. AFM manipulation of NW is inevitably
“blind”. An AFM can be used either for the visualisation or manipulation of NWs. It is impossible to monitor a bending NW during
manipulation. In some cases, the “blindness” of AFM may be critical for NW manipulation experiments, especially for static friction
measurements.
In this article, we demonstrate that visual guidance during NW
manipulation is essential for calculating the static friction force.
We developed a novel method for estimating both static and kinetic
friction of a NW based on in situ bending and displacement of a NW
adhered to a ﬂat substrate inside a scanning electron microscope
(SEM).
2. Materials and methods
ZnO NWs were grown by the vapour transport method using
Au nanoparticles as a catalyst (Zhu et al., 2005). Droplets of water
suspension of 60 nm Au nanoparticles (BBI international) were
deposited onto a silicon substrate. NWs were grown on silicon substrates by heating a 1:4 mixture of ZnO and graphite powder to
800–900 ◦ C in an open-ended quartz tube over a period of 30 min.
Synthesised NWs were 10–20 m long and had diameters in the
range of 70–150 nm. After growth, the wires were removed from
the substrate and transferred to a silicon substrate with a 50-nm
thick SiO2 layer (Semiconductor Wafer, Inc.). A considerable fraction
of the NWs was broken up into shorter wires (several microns long)
during the transfer.
Contact mode AFM cantilevers (Nanosensor AdvancedTEC-CONT
cantilevers; force constant, 0.02–0.75 N/m; nominal tip radius,
10 nm) were used for NW manipulation. The geometry of the
cantilevers enabled tip visibility from the top view at 10◦ cantileverto-sample tilt. More details can be found in our previous work,
where similar experimental setup was used (Polyakov et al., 2012).
The AFM chip was mounted on a three-dimensional nanomanipulator equipped with position sensors (SLC-1720-S, SmarAct) and
installed inside an electron microscope (TESCAN Vega-II SBU). This
set-up allowed us to view the NWs directly during nanomanipulations.
To produce a loading force high enough to displace NWs, the
AFM chip with a cantilever was lowered 5–20 m after the tip came
into contact with the substrate surface. AFM cantilevers were used
as probes, and no AFM feedback loop was used in the experiment.
An approximately constant loading force was ensured by parallel
to the surface movement of the nanomanipulator. All experiments
were performed in vacuum at 3 × 10−4 mbar at room temperature.
3. Theory
Let us consider a prismatic NW that is elastically deformed in
the plane parallel to the substrate by the lateral interfacial forces.
The state of the NW is sustained in equilibrium due to the interplay
of intrinsic elastic force in the NW, external lateral forces of friction
from the substrate, and the driving force of the AFM tip. The full
system of equations for the equilibrium of the NW comprises the
equations for the elastic force F and for the momentum M (Landau
and Lifshitz, 1986):

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 ×

(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 momentum 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
= EI
dl

(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


M

=0

l=L

=0

(4a)
(4b)

The distributed force f consists of the external force F apl-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 + F apl-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) − F apl-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
d2 ϕ
= [qkin (l − L) − Fapl-lat · (H(l − Ltip ) − 1)] · cos(ϕ + )
dl2

dF
= −f
dl

(1a)

EI

dM
=F ×t
dl

(1b)


ϕ

where f is the distributed external force acting on the NW per unit
length and t is the tangent vector of the NW line. Both the elastic
force F and the momentum M are considered functions of the length
of the axis of the NW, l (Fig. 1a and b). The force f may include the

dt
dl

l=0

=0

(7a)
(7b)



dϕ 
 = 0,
dl l=L

(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
points (1, 2) indicate the static part of the NW (e). The NW jumps away and straightens when the applied force overcomes the total static friction force (f). The NW diameter
st
st
is D =87 nm, which is used to calculate the maximum static friction qst
max = 5 nN/nm (max = 100 MPa). The statistics of the maximum static friction values qmax for a set of
32 NWs (g).

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

d2 ϕ
= [qkin (l − L) − Fapl-lat ] · cos(ϕ + )
dl2

(8)

The motionless (“static”) part of the NW is assumed to be a
rigid rod of length Lst with 2 degrees of freedom: the axis Oy and
the rotation angle in the plane Oxy . The values of the elastic force
Fy 
and momentum M 
at the starting point of the motionless
l=0
l=0
region follow from the solution of Eqs. (7a)–(7c) based on continuity. For simpliﬁcation we assume that the interfacial shear stress
between the NW and the substrate and, consequently, the static
friction force, is distributed linearly along the rotated static part of


the NW: qst
y (l ) = a · l + b, where a and b are unknown constants.
For the equilibrium of the NW, the conditions for total force and
momentum yield a system of two equations:





Fy 

l=0

=
0

Lst



qst
y (l )dl

(9a)





M

l=0

Lst

=

  
qst
y (l )l dl

(9b)

0

which easily determine a and b. Then, parameters such as maxst
static friction qst
max = |b| and averaged static friction qavg =
imum
Lst st 
 can be determined.
q
(l
)|dl
y
0
st , which corresponds
The maximum interfacial shear stress max
to the maximum static friction force qst
,
is
a characteristic value
max
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
=2·
max

qst
max
D

(10)

where D is the diameter of the NW.
The interfacial shear stress  kin that corresponds to kinetic friction, qkin , can be written with a similar form:
 kin = 2 ·

qkin
D

(11)
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Fig. 3. Fracture of a NW during manipulation. Intact NW (a). Gradual bending of NW (b–d). The “most bent state” proﬁle before the fracture of NW and the calculated bending
proﬁle (dashed white line) laid over the SEM image; white points (1, 2) indicate the static part of the NW (e). NW breaks (f). The NW diameter is D = 115 nm; its fracture
tens
= 5.1 GPa. The statistics of the maximum tensile stress for both broken NWs (21 NWs) and successfully displaced NWs (32 NWs) (g).
tensile stress is frac

The tensile stress  tens that apparently occurs on the outermost
side of the NW can be expressed as a function of the local NW
curvature:
 tens (l) =

ED(l)
2

(12)

4. Results and discussion
The NW-substrate static friction is determined by the ﬁtting of
an experimentally found bending proﬁle to the theoretical proﬁle
of a NW lying on a ﬂat substrate and pushed from one end by a
sharp tip in the substrate plane, while the second end is ﬁxed by
static friction. In this method, the elastic deformation of NW was
used to calculate the generated elastic force F and momentum M
and to ﬁnd withstanding friction forces. The bending proﬁle of a

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 F apl-lat does not exceed the total static friction 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 friction 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
st
kin
= 0.25 nN/nm ( kin = 2.8 MPa).
(d). The NW diameter is D = 155 nm, the calculated maximal static friction is qst
max = 46 nN/nm (max = 514 MPa), and the kinetic friction is q
Measurement statistics of static and kinetic friction for a set of 7 NWs (e).

force produced during NW bending is not strong enough to overcome the static friction force, and the NW cannot be displaced even
after signiﬁcant bending. Fig. 2 represents a typical manipulation
experiment according to the ﬁrst loading scheme (Fig. 1a). A series
of SEM images were grabbed and used for analysis. The NW was
pushed close to one end by an AFM tip and gradually displaced,
while another end was ﬁxed by the static friction force. At the
moment when the applied force exceeded the total static friction
force, the internal elastic force straightens the NW rapidly, and the
whole NW becomes displaced or, in some cases, the NW ﬂies away
or breaks apart. The “most bent state” proﬁle from the last image
before displacement of the whole NW was used to calculate the
static friction (Fig. 2e).
Considering the length, the cross section of the NW, and the
applied force Fapl-lat as ﬁtting parameters, the NW “most bent state”
proﬁle was calculated according to Eq. (8) and laid over the SEM
image (Fig. 2e). The average values of Young’s modulus E = 57 GPa

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 measurements 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, fractured 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 tentens ∼2.6 GPa (for
sile stress in successfully displaced NWs was displ
tens ∼3.3 GPa (for a set
a set of 32 NWs), while in broken NWs, fract
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
st
(b). Summary results according to both loading schemes.
interfacial shear stress max
The median value of static friction is qst
max ∼11 nN/nm, and the maximum interfacial
st
∼195 MPa.
shear stress is max

tests performed by Hoffmann et al. on ZnO nanowires; failure
occurred with stress in the range from 2 to 9 GPa (Hoffmann et al.,
2007).
To reduce the bending angle (tensile stress) and the risk of breaking the NW, we applied the second scheme of loading for longer
NWs (Fig. 1b). A typical manipulation experiment for the second
scheme is presented in Fig. 4.
Similar to the previous experiment, one part of the NW is held
by a static friction force, while the other part is gradually displaced
by the tip. The degree of bending of the free end of the moving part
is determined by the magnitude of the kinetic friction force. This
fact indicates a signiﬁcant advantage of the second scheme; thus,
it is possible to apply kinetic friction qkin as an independent ﬁtting
parameter in addition to the applied force Fapl-lat , in contrast to the
ﬁrst scheme in which we used the average value of qkin taken from
previous experiments. A sequence of SEM images demonstrates the
NW displacement. The last image before complete displacement of
the whole NW presents the “most bent” proﬁle, which contains
information about the static and kinetic friction. The ﬁt for the NW
bending proﬁle can be calculated according to Eq. (7) and compared
to the experimental proﬁle of the NW (Fig. 4c). This experiment
was performed on 7 NWs (Fig. 4e). The median value of kinetic
friction was qkin ∼ 0.25 nN/nm ( kin ∼ 2.8 MPa), which is close to
our previously obtained results (Polyakov et al., 2011, 2012). These
measurements conﬁrm that for NWs, static friction can be signiﬁcantly higher than kinetic friction.
Fig. 5 presents the statistics of maximal static friction and maximum interfacial shear stress for all measured NWs (a total of
39 NWs). The median values of the maximum static friction and
st
average static friction were qst
max ∼11 nN/nm and qavg ∼5 nN/nm,
respectively. The corresponding values of maximum interfacial static shear stress and average static shear stress were
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st ∼195 MPa and  st ∼67 MPa. The histograms do not appear
max
avg
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 substrate. Static friction is directly related to the contact area between
the NW and the substrate (Bowden and Tabor, 1964). Small particles 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 NWsubstrate 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 mention that large variation in friction measurements is a common
phenomenon for NWs. Variations of more than an order of magnitude were observed by Conache et al. in a friction measurement
experiment of InAs NWs on a Si3 N4 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 deviation 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 measurement 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. Friction forces were calculated using the bending proﬁle of a NW just
before its complete displacement. The median values of the maximum static friction, average static friction and kinetic friction were
st
kin ∼0.25 nN/nm.
found to be qst
max ∼11 nN/nm, qavg ∼5 nN/nm and q
The corresponding values of maximum (critical) interfacial static
shear stress, average static shear stress and kinetic shear stress
st ∼195 MPa,  st ∼65 MPa and  kin ∼2.8 MPa, respectively.
were max
avg
However, some NWs broke during manipulation instead of being
displaced. The median value of fracture stress for broken NWs was
tens ∼3.3 GPa.
break

1146

B. Polyakov et al. / Micron 43 (2012) 1140–1146

Acknowledgements
B.P. was supported by the Estonian Science Foundation (grant
JD162) and ESF Fanas program “Nanoparma”. The authors thank
Siim Pikker for technical assistance. The work was also partly
supported by ETF grant 8420 and the Estonian Nanotechnology
Competence Centre (EU29996).

References
Avouris, P., Hertel, T., Martel, R., Schmidt, T., Shea, H., Walkup, R., 1999. Carbon
nanotubes: nanomechanics, manipulation, and electronic devices. Appl. Surf.
Sci. 141, 201–209.
Bhushan, B., 1999. Handbook of Micro/Nano Tribology, second ed. CRC Press.
Bordag, M., Ribayrol, A., Conache, G., Fröberg, L., Gray, S., Samuelson, L., Montelius,
K., Pettersson, H., 2007. Shear stress measurements on InAs nanowires by AFM
manipulation. Small 3, 1398–1401.
Bowden, F., Tabor, D., 1964. The Friction and Lubrication of Solids Part II. Oxford
University Press, Oxford.
Conache, G., Gray, S., Ribayrol, A., Froberg, L., Samuelson, L., Pettersson, H., Montelius,
L., 2009. Friction measurements of InAs nanowires on silicon nitride by AFM
manipulation. Small 5, 203–207.
Dietzel, D., Feldmann, M., Fuchs, H., Schwarz, U., Schirmeisen, A., 2009. Transition
from static to kinetic friction of metallic nanoparticles. Appl. Phys. Lett. 95,
053104.
Dorogin, L., Polyakov, B., Petruhins, A., Vlassov, S., Lohmus, R., Romanov, A., Kink,
I., 2012. Modeling of kinetic and static friction between an elastically bent
nanowire and a ﬂat surface. J. Mater. Res. 27, 580–585.
Falvo, M., Steele, J., Taylor, I.I., Superﬁne, R.R., 2000. Evidence of commensurate
contact and rolling motion: AFM manipulation studies of carbon nanotubes on
HOPG. Tribol. Lett. 9, 73–76.
He, R., Yang, P., 2006. Giant piezoresistance effect in silicon nanowires. Nat. Nanotechnol. 1, 42–46.

Hoffmann, S., Ostlund, F., Michler, J., Fan, H., Zacharias, M., Christiansen, Ballif, C.,
2007. Fracture strength and Young’s modulus of ZnO nanowires. Nanotechnology 18, 205503.
Hsu, J., Chang, S., 2010. Surface adhesion between hexagonal boron nitride nanotubes and silicon based on lateral force microscopy. Appl. Surf. Sci. 256,
1769–1773.
Israelachvili, J., 1992. Intermolecular and Surface Forces. Academic Press, London.
Landau, L., Lifshitz, E., 1986. Theory of Elasticity. Butterworth-Heinemann, Oxford.
Li, Q., Koo, S., Edelstein, M., Suehle, J., Richter, C., 2007. Silicon nanowire electromechanical switches for logic device application. Nanotechnology 18, 315202.
Loh, O., Wei, X., Ke, C., Sullivan, J., Espinosa, H., 2011. Robust carbon-nanotube-based
nano-electromechanical devices: understanding and eliminating prevalent failure modes using alternative electrode materials. Small 7, 79–86.
Polyakov, B., Dorogin, L., Lohmus, A., Romanov, A., Lohmus, R., 2012. In situ measurement of the kinetic friction of ZnO nanowires inside a scanning electron
microscope. Appl. Surf. Sci. 258, 3227–3231.
Polyakov, B., Dorogin, L., Vlassov, S., Kink, I., Lohmus, A., Romanov, A., Lohmus, R.,
2011. Real-time measurements of sliding friction and elastic properties of ZnO
nanowires inside a scanning electron microscope. Solid State Commun. 151,
1244–1247.
Qing, Q., Nezich, D., Kong, D., Wu, J., Liu, Z.Z., 2010. Local gate effect of mechanically
deformed crossed carbon nanotube junction. Nano Lett. 10, 4715–4720.
Tong, L., Lou, J., Gattass, R., He, S., Chen, X., Liu, L., Mazur, E., 2005. Assembly of silica
nanowires on silica aerogels for microphotonic devices. Nano Lett. 5, 259–262.
Vlassov, S., Polyakov, B., Dorogin, L., Lohmus, A., Romanov, A., Kink, I., Gnecco, E.,
Lohmus, R., 2011. Real-time manipulation of gold nanoparticles inside a scanning electron Microscope. Solid State Commun. 151, 688–692.
Wang, Z., 2010. Piezopotential gated nanowire devices: piezotronics and piezophototronics. Nano Today 5, 540–552.
Whittaker, J., Minot, E., Tanenbaum, D., McEuen, P., Davis, R., 2006. Measurement of
the adhesion force between carbon nanotubes and a silicon dioxide substrate.
Nano Lett. 6, 953–957.
Wong, E., Sheehan, P., Lieber, C., 1997. Nanobeam mechanics: elasticity, strength,
and toughness of nanorods and nanotubes. Science 277, 1971–1975.
Zhu, Z., Chen, T., Gu, Y., Warren, J., Osgood Jr., R., 2005. Zinc oxide nanowires grown
by vapor-phase transport using selected metal catalysts: a comparative study.
Chem. Mater. 17, 4227–4234.

