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Abstract

In this thesis, we test some interactions involving surfaces processes at the nano-
meter scale. The experiments are conducted with a highly sensitive interferometric
Atomic Force Microscope (AFM), achieving a resolution down to 10−28 m2/Hz for
the measurement of deflection. Combined with original thermal noise analysis, this
tool allows quantitative characterization of the mechanical response of micrometer
and nanometer sized systems, such as microcantilevers or carbon nanotubes, on a
large frequency range.

The first part of my work deals with the viscoelasticity of the coating of AFM
cantilevers. Evidenced by a 1/f thermal noise at low frequency, this phenomenon is
present when a cantilever is coated with a metallic layer (gold, aluminium, platinium,
etc...). Using the fluctuation dissipation theorem and Kramers Kronig relations, we
extract the frequency dependance of this viscoelastic damping on a wide range of
frequency (1Hz to 20 kHz). We find a generic power law dependence in frequency for
this dissipation process, with a small negative coefficient that depends on materials.
The amplitude of this phenomenon is shown to be linear in the coating thickness,
demonstrating that the damping mechanism takes its roots in the bulk of the metallic
layer.

The second part of my work tackles new experiments on the interaction of
carbon nanotubes with flat surfaces. Using our AFM, we perform a true mechanical
response measurement of the rigidity and dissipation of the contact between the
nanotube and the surface, in a peeling configuration (the nanotube is partially
absorbed to the substrate). The results of this protocol are in line with the dynamic
stiffness deduced from the thermal noise analysis, showing an unexpected power
law dependence in frequency for the contact stiffness. We suggest some possible
physical origins to explain this behavior, such as an amorphous carbon layer around
the nanotube.
Keywords : Interferometer, dissipation, Van der Walls force, adhesion, single
wall carbon nanotube (SWNT), microcantilever, AFM
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Résumé

Ce travail de thèse est dédié à l’étude de quelques phénomènes de surface impli-
quant des processus d’interactions à l’échelle nanométrique. Les expériences sont réa-
lisées à l’aide un microscope à force atomique (AFM) à grande sensibilité, utilisant
un interféromètre différentiel permettant d’atteindre une résolution de 10−28 m2/Hz
dans la mesure de la déflexion de la sonde de force. Combiné à une approche origi-
nale d’analyse du bruit thermique, cet outil permet une caractérisation quantitative
de la réponse mécanique de systèmes de taille micrométrique et nanométrique, tel
que des micro-leviers ou des nanotubes de carbone, sur une large plage de fréquence.

La première partie de mon travail porte sur la viscoélasticit
e du revêtement de leviers AFM. Mis en évidence par un bruit thermique en 1/f

à basse fréquence, ce phénomène est présent lorsque le micro-levier est recouvert
d’une couche nanométrique de métal (or, aluminium, platine, etc.) À l’aide du théo-
rème fluctuation-dissipation et des relations de Kramers-Kronig, nous mesurons la
dépendance en fréquence de cet amortissement viscoélastique dans une large gamme
de fréquence (1 Hz à 20 kHz). Nous observons une dépendance en fréquence géné-
rique sous la forme d’une loi de puissance pour ce processus de dissipation, avec un
petit coefficient négatif qui dépend du matériau considéré. L’amplitude de cet effet
est linéaire avec l’épaisseur du revêtement, démontrant ainsi que le mécanisme de
dissipation est une propriété du volume de la couche métallique plutôt que de ses
interfaces.

La deuxième partie de mon travail se concentre sur de nouvelles expériences
sur l’interaction de nanotubes de carbone avec des surfaces planes. En utilisant
notre AFM, nous réalisons une mesure directe de la réponse mécanique (raideur,
dissipation) du contact entre le nanotube et la surface, dans une géométrie de pelage
(le nanotube est partiellement adsorbé sur la surface). Les résultats de ce protocole
sont en accord avec la mesure de la raideur dynamique déduite de l’analyse du bruit
thermique, démontrant une dépendance inattendue en loi de puissance de la raideur
du contact en fonction de la fréquence. Nous proposons quelques origines physiques
possibles pour expliquer ce comportement, tel qu’une couche de carbone amorphe
autour du nanotube.

Mots clefs : interfèromètre, dissipation, force de Van der Walls, adhésion,
nanotube de carbone mono-paroi, micro-levier, AFM
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Chapitre 1

Introduction

Nowdays, it is being a global trend that man made devices become smaller and
smaller, in a quest to integrate more and more functionality in portable objects
(oscillators as time base, accelerometers, sensors, etc.). Moreover, smaller devices
means less energy consumption for the same function, which is consistent with the
expectation of establishing a environment-friendly and low-carbon emission modern
society. However, these technological developments are far from straightforward and
some fundamental research is needed to help overcoming the physical and techno-
logical issues involved when the devices are reaching micrometer and nanometer
scales. Among these issues, surface effect is of great interest to physicists since when
the size of the devices drops to nanoscale, a highly increased surface to volume ratio
is expected, this means that surface properties are very important at lower scales,
and may drive the mechanical properties of tiny objects.

For example, single wall carbon nanotubes (SWCNTs) are well known for its
unique mechanical, electrical, thermal and chemical properties and are chosen as
potential materials in nano-scale systems. In these systems, the interaction between
the nanotube and the rest world is realized through Van der Walls (VdW) force,
which is undoubtedly a key point in the physics of nano-systems. Studying the
interaction between the nanotube and the rest world is a special case of interesting
topics in unveiling the surface effect at nanoscale.

Another new problem that arises at nano scale is importance of the thermal
noise driven fluctuations, it can be a limit to the operation or precision of the small
systems, and it is also important to understand its mechanism. In this work, I will
present a tool to measure this thermal noise and use its information to gain more
insight in the physics of surface effects in nano-systems.

For example, when an microcantilever is in equilibrium with the environment,
it suffers the excitation of thermally induced noises. Measuring its fluctuations can
lead directly to the study of thermal noise. We need thus special tools in order to
measure the tiny deformations. Our home built interferometer allows this measu-
rement, due its high resolution in sensing the deflexion of the cantilever. It is a
useful tool to later interpret these fluctuations in terms of the system response from
statistical physics : in the Fluctuation Dissipation Theorem (FDT), the Power Spec-
trum Density (PSD) of thermal fluctuation is linked to the response function of the
systems. Measuring the thermal noise can give us access to explore the mechanical
properties of microcantilevers. For instance, it is used in calibration of cantilevers
to get precise stiffness, resonant frequency and quality factor values.
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While the thermal noise is seen as a limitation to the performance of nano-
systems, the FDT tells us that loss in resolution in smaller devices is related spe-
cifically to the losses of energy occurring during the deformations. Therefore, un-
derstanding the roots and behaviors of damping of the system become a meaningful
and challenging subject. In this thesis, I will study the various damping sources of
a cantilever with a metallic coating and the adhesion and dissipation properties of
a carbon nanotube through thermal fluctuations.

Let me briefly outline this manuscript : In chapter 2, I will give a short introduc-
tion about our home made interferometer. Thanks to its ultra low background noise,
we obtain the PSD of deflexion of the cantilever in a wide frequency range. In chap-
ter 3, using the FDT and Kromers-Kronig’s relations, we reconstruct the response
function of the system, this allows us to access to the sources of damping of the can-
tilever : viscous damping due to the air and viscoelastic damping due to the metallic
coating. In chapter 4, we will study the adhesion force of a single wall carbon na-
notube pushed perpendicularly against a flat surface, we access direct quantitative
characterization of the adhesion property of nanotube : from the measured adhesion
energy the diameter of peeled nanotube is also estimated. In chapter 5, I will show
that by measuring the force plateaux on various substrates, the adhesion energy
of the nanotube is substrate dependent. In chapter 6, I will present an experiment
to measure dynamic peeling stiffness of a nanotube. When the nanotube is peeled
away from the surface, its peeling stiffness and peeling dissipation are shown to be
frequency dependent.
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Quadrature phase interferometer

Contents
2.1 Introduction . . . . . . . . . . . . . . . . . . . . . . . . . . . . 3
2.2 Quadrature phase interferometric AFM . . . . . . . . . . . . 4

2.2.1 Configuration of setup . . . . . . . . . . . . . . . . . . . . . . 4
2.2.2 Interferometer : analysis area . . . . . . . . . . . . . . . . . . 6
2.2.3 Calibration of the interferometer . . . . . . . . . . . . . . . . 10
2.2.4 Thermal noise measurement . . . . . . . . . . . . . . . . . . . 12

2.3 Summary . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 12

2.1 Introduction

Atomic Force Microscopy (AFM), that has been invented by Binnig, Quate and
Gerber [1] more than 20 years ago, has become a indispensable tool that is used
widely in numerous fields, such as material science [2, 3, 4, 5], biological science [6,
7, 8, 9, 10], nanotechnology [11, 12] and so on. Thanks to its high resolution property
which is of the order of the nanometer, one can use it to image, measure, and even
manipulate matter at the nanoscale for scientific research.

Far before the invention of the AFM technique, interferometric devices have
been investigated and use widely in science and industry for the measurement of
small displacements, refractive index changes and surface irregularities [13, 14, 15,
16, 17, 18, 19]. In analytical science, interferometers are used in continuous waves
Fourier transform spectroscopy to analyze light containing features of absorption or
emission associated with a substance or mixture [20]. At large scale, an astronomical
interferometer consists of two or more separate telescopes that combine their signals,
offering a resolution equivalent to that of a telescope of diameter equal to the largest
separation between its individual elements [21].

Interferometer have been used in early ages of AFM to record the cantilever de-
flexion. The introduction of the optical lever technique [22] however, much simpler
to implement and still very sensitive, limited those techniques to a few specialized
application where optical access to the cantilever is restricted or the ultimate preci-
sion of the measurement is important [23, 24, 25]. Our study of thermal fluctuationa
at nanoscale belongs to the latter category, that is lowering the detection noise to
get more information about small displacements. To lower the detection noise, we
use a quadrature phase interferometer in the context of AFM measurement. This
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technique has been first introduced by my supervisor Ludovic BELLON [26], I will
give a quick presentation of the setup in chapter 2.

In this chapter, I would like first to present briefly this quadrature phase interfe-
rometric setup, then to introduce the measurement of the thermal fluctuations with
this highly sensitive tool. The quadrature phase interferometer is based on a diffe-
rential interferometry approach [27, 19] : two beams are produced by a birefringent
element, the first beam is reflected on a static reference region of the cantilever, the
second beam is reflected on the free end of the cantilever (illustrated in figure 2.1).
The optical path difference between the two beams is thus linked to the deflexion d
of the cantilever.

2.2 Quadrature phase interferometric AFM

2.2.1 Configuration of setup

The strategy to produce the two beams in the measurement area is inspired by
reference [19], where a calcite prism is used. Calcite beam displacers are made from
CaCO3, they split the linearly polarized input beam of light into two orthogonally
polarized rays which exit parallel to each other. The ordinary polarization trans-
mits straight through while the extraordinary transmits through the crystal making
approximately 6◦ with the straight through beam and emerges parallel to it. The
lateral displacement is thus one tenth of the thickness of the plate. Before the beam
passes through the calcite, it crosses a Glan-Taylor prism and an half-wave plate,
as shown in figure 2.4. With the Glan-Taylor prism, we obtain a beam with high
linear polarization. The half-wave plate is used to tune easily the angle of the linear
polarization with respect to the calcite axes, this way, we can tune the relative inten-
sity of the 2 laser beams (reference and sensing beams) so that they are equal after
reflexion, we can by such maximize the contrast. This angle corresponds to 45◦ with
respect to the calcite birefringent axes. The calcite beam displacer has a thickness
of 2mm, the displacement between the produced ordinary and extraordinary beams
is around 200 µm, as illustrated in figure 2.2. By such, we have polarized sensing
beam being focused on the tip of the cantilever, with reference beam being focused
close to the base of the cantilever. Note that, here the displacement produced by
the calcite is 200 µm, smaller than the common length of the cantilever 450 µm, the
reference beam is thus not exactly focused on the base, we have to make a correction
in order to measure the actual deflexion of the cantilever (this work will be presented
in section 2.2.4).

After reflexion, the two beams are merged back together by the birefringent
components and can be measured in the analysis area that I will introduce later in
this chapter. The optical path difference δL is twice the deflexion d of the free end
of the cantilever :

δL = 2d (2.1)
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Figure 2.1 – Two parallel laser beams are focused on the cantilever, the reference
beam E0~x is reflected on the flat chip of the cantilever and the sensing beam E0~y

is reflected on the tip. Any changes in the optical path between the two beams is
used to extract the information about the deflexion d of the cantilever.

Figure 2.2 – Measurement area : the incident beam (electric field E0(~x + ~y)) is
focused on the cantilever by the lens L0. When passing through a calcite beam
displacer BD0 with orthogonal axes ~x and ~y, light is split into 2 parallel beams,
which are reflected by the base and free end of the cantilever. Deflexion d of the
cantilever increases the optical path of the second beam by δL = 2d. On the top
view, blue arrows show the direction of polarizations of the beams.
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For the reflexion of the two beams on the cantilever, one of the problem we have
to take into account is the intrinsic curvature of the cantilever. When it is coated
with a metallic layer to enhance the reflectivity or used in some other applications
(for instance, gold (Au) is commonly used as a functionalization material for the ad-
sorption of specific chemical compounds), the metallic coating may produce internal
stress which can lead to a static curvature along the cantilever. Strategies to mi-
nimize this effect are used (symmetric coating for example), however, avoiding any
small bending curvature is still a hard requirement. In our case, the two light beams
need to be overlapped in order to record interferences, and the bending curvature
of the cantilever generate a spatial separation of the 2 polarizations. For instance,
a small 2◦ curvature (typical tolerance of commercial cantilevers) translate the two
interferometric beams into 2mm separation after the two beams pass through the
lens which focusing length is 30mm. In such a case, the obtained interference is too
small to get sufficient contrast.

To address such problem, the strategy we use in the setup is that we split the two
beams using a Wollaston prism 1, as illustrated in figure 2.3. This is very similar with
reference [15] : the initial beam (field E0(~x + ~y)) first passes through a Wollaston
beam splitter, which produces 2 rays of orthogonal polarizations (E0~x and E0~y), with
an α = 2◦ separation angle. If the point where the two beams come out is placed
at the focal point of the lens, the optical axes of the two beams are parallel, this is
equivalent to the calcite configuration. However, using a translation of the wollaston
along the optical axis, we can change the angle of incidence of the beam on the
cantilever. Cantilever with any small static curvature can be effectively compensated
in this Wollaston configuration.

The distance between the 2 focalization points is given by the angular separation
of the prism α = 2◦ and the focal length f =30mm, that is 1mm in the setup, this
distance is always much longer than the length of the cantilever, the reference beam
is thus always reflected on the chip of the cantilever. For the comparison of the
measurement between the Wollaston configuration and the calcite configuration,
one can find description in detail in reference [29].

2.2.2 Interferometer : analysis area

As presented in section 2.2.1, after reflection, for both configurations, the 2 beams
are merged into one single beam, the optical path difference between them is thus
a linear function of the deflexion of the cantilever (equation (2.1)).

The analysis area in our setup is based on the quadrature phase tech-
nique [26, 30], as illustrated in figure 2.4 : the beam is separated in two equivalent

1. A Wollaston prism is an optical device, invented by William Hyde Wollaston, it is used to
manipulates polarized rays. In our case, it separates linearly polarized beam into two orthogonal
polarized outgoing rays. The Wollaston prism consists of two orthogonal calcite prisms, cemented
together on their base (traditionally with Canada balsam) to form two right angle prisms with per-
pendicular optic axes. Outgoing light beams diverge from the prism, giving two polarized rays, with
the angle of divergence 2◦ between the two rays. Commercial prisms are available with divergence
angles from 2◦ to about 45◦ [28].
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Figure 2.3 – Wollaston configuration : the incident beam (E0(~x+~y)) is splited into
2 orthogonal polarizations (E0~x and E0~y) by the Wollaston prism, then are focused
on the cantilever by the lens L0. Translating the position of the Wollaston along the
optical axis, any small static curvature of the cantilever can be compensated, after
reflection, the two beams are merged back and can interfer with each other in the
analysis area. A difference with figure 2.2 is the distance between the two beams :
this is 1mm, which is longer than the length of the cantilever, the reference beam
(E0~x) is thus reflected on the chip.
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Figure 2.4 – Interferometer configuration : The polarized laser beam is fed into the
setup (red arrow) through a Glan Taylor prism and half wave plate. The merged two
beams with an optical path difference (blue arrow) coming from the measurement
area are splitted into two beams by a cube beam splitter, indexed with subscript
n = 1, 2 (the overlapped beams in the figure stands for the beams before (red)
and after (blue) reflexion.). To have the beams interfere we use a 5mm calcite
prism (BDn) oriented at 45◦ with respect to the birefringent component (BD0 or
Wollaston). The two beams exiting BDn are focused by a plano convex lens (Ln,
f =25mm) on the 2 segments of a 2 quadrant photodiode PDn to record their
intensities An, Bn. In the second analyzing beam (n = 2), a quarter wave plate
(λ/4) is added in order to add ψ2 = −π/2 to the phase shift ψ.
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arms (indexed with subscript n = 1, 2) by a non polarizing cube beam splitter, then
is focused on the photodiodes by a plano convex lens (Ln, focal length=25mm).
To record interferences, the beams exiting the cube beam splitter are projected by
two calcite beam displacers (BDn, thickness=5mm) whose axes are at 45◦ with res-
pect to the optical axes of the birefringent component (BD0 or Wollaston). The two
beams exiting from each calcite prism have a distance 0.5mm with each other, they
are collected by the two segments of a 2 quadrant photodiode (UDT Spot-2DMI).
The only difference between the two arms is the addition of a quarter-wave plate in
the second arm, subtracting π/2 to the phase shift between the two polarizations.

Let us define the unity vectors along the optical axes of the calcite BD0 as x, y,
the electric field of the input beam in the setup (red color beam in the figure 2.4) is
thus described as E0 =

√
2E0(y+z). The electric field of the beam after reflection is

given by E0(x+ eiϕy), where ϕ the phase shift between the polarizations due to the
deflexion of the tip of the cantilever. Since the phase difference follow ∆ϕ = 2π∆L/λ

with respect to the optical path difference, and the optical path difference is twice
the deflexion d of the tip, ϕ is thus given by :

ϕ =
4π

λ
d (2.2)

where λ =633nm is the wavelength of the He-Ne laser we use. Hence the intensities
of the projected beams on the 2 quadrants of the photodiodes are :

An =
I0

4
(1 + cos(ϕ+ ψn))

Bn =
I0

4
(1− cos(ϕ+ ψn))

(2.3)

where subscript n links to the analysis arms (n = 1, 2), I0 = E2
0 is the total intensity

of the incident beam, ψ1 = 0 for the first arm, ψ2 = −π/2 for the second arm with
a quarter wave plate. Using home made low noise preamplifiers and post-acquisition
digital signal processing, we can measure the contrast of the two signals (A and B)
of each arm :

Cn =
An −Bn
An +Bn

= cos(ϕ+ ψn) (2.4)

thus C1, C2 can be expressed as :

C1 = cosϕ,C2 = sinϕ (2.5)

This way, the contrasts of the two signals do not dependent on the fluctuation
of the laser intensity I0. Let us rewrite the equation 2.5 as :

C = C1 + iC2 = cos(ϕ) + i sin(ϕ) = eiϕ (2.6)

The obvious advantage of using two analyzing arms rather than one is : it allows
one have a complete determination of ϕ (modulo 2π). In the (C1, C2) plane, the
measurement will lay on the unit circle, its polar angle being the optical phase
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shift ϕ. The sensitivity to measure a small deflexion of the cantilever tends to be
independent of the static deflexion and the intrinsic optical path difference :∣∣∣∣dCdd

∣∣∣∣ =

∣∣∣∣eiϕidϕdd
∣∣∣∣ =

4π

λ
(2.7)

To measure the deflexion d of the the cantilever, what we need is the two contrast
C1 and C2, the deflexion d is then constructed by standard digital processing tools :

d =
ϕ

4π
λ =

arctan(C2/C1)

4π
λ (2.8)

2.2.3 Calibration of the interferometer

In the experiment, the unavoidable imperfections of optical components and of
their alignment will lead the complex contrast to lay on a ellipse with radius smaller
than 1 rather than a unit circle, the measured contrast is rewritten as :

C̃ = Craw1 + iCraw2 = ζ1 cos(ϕ) + c1 + i(ζ2 sin(ϕ+ ψ) + c2) (2.9)

where Craw1 and Craw2 represent the value measured in the experiment, ζn < 1 are the
contrast amplitudes in each arm, cn the contrast offsets, and ψ a residual mismatch
to perfect quadrature [26].

These 5 parameters can easily be extracted from a calibration of the interfero-
meter : the free cantilever is excited with a large amplitude oscillation by a piezo
(the cantilever and the piezo are linked by a specially designed cantilever holder),
the excited deflexion of the cantilever changes the optical path of the beams, thus
leading to an ellipse in the C̃ plane.

Figure 2.5 illustrates the measured contrast with this excitation at the resonant
frequency of the cantilever. The 5 unknown parameters can be extracted by a gene-
ric fit of the ellipse. For the Wollaston configuration, we can also produce the ellipse
by a lateral translation of the birefringent prism, which also allows us to calibrate
the interferomer without oscillating the cantilever : as indicated in figure 2.6, any
small translation of the Wollaston prism can modify the initial optical path diffe-
rence. Once the ellipse is fitted, raw measurement values (Craw1 , Craw2 ) can be post
processed by equation (2.10) and be projected on a unit circle (ideal value C), to
extract the actual deflexion d [26].

C = C1 + iC2 =
Craw1 − c1

ζ1
+ i

[
Craw2 − c2

ζ2
− (Craw1 − c1) sin(ψ)

ζ1

]
1

cos(ψ)
(2.10)

Let us do a simple summary for the key points presented above for the interfe-
rometer. The laser beam is split into 2 beams : reference focused on the base chip
of the cantilever, sensing beam focused on the free end of the cantilever. The phase
difference between the beams after reflexion is linked to the deflexion of the canti-
lever (equation (2.1)). After reflexion, the two beams are merged back and are split
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Figure 2.5 – Interferometer calibration : the cantilever is excited at its resonant
frequency, the measured contrast (blue) lays on an ellipse. After a simple fit (green)
of the measured contrast, we can directly project the measurement point (black) on
the unit circle (red), and identify its polar angle with the optical phase shift ϕ

Figure 2.6 – Tunning the initial optical path difference : a small translation of
the Wollaston prism along the separation axis can modify the optical path of the
two polarizations (E0~x and E0~y) inside the birefringent material, adding an optical
phase ϕw between the 2 beams.
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into 2 arms to measure the interferences, the output of the two arms are Craw1 and
Craw2 . The raw measurement of the two signal Craw1 and Craw2 lays on an ellipse with
a diameter smaller than one. After fitting and post processing, the data can be used
to record precisely any small change of phase that corresponds to the deflexion d by
equation (2.8)

2.2.4 Thermal noise measurement

Based on the calibration described above, we can record the fluctuations of
the cantilever that are induced by thermal noise : thermal noise behaves like white
random noise force which is exciting every modes of the microcantilever when it is in
equilibrium with the outside environment. In figure 2.7, we plot the Power Spectrum
Density (PSD) of deflexion Sd in a 100 kHz frequency range. The cantilever used here
is a Budget Sensors Cont-GB-G with overall gold coating covering its both sides.
The measurement is performed in calcite configuration. The spectrum indicates the
precision of our setup, in the frequency range from 3Hz to 100 kHz, the limitation
of the PSD is the background noise of the setup, around 2× 10−14 m/

√
Hz. The

main source of this noise is the shot noise due to the photodiode we used, it is not
avoidable, thus presents a limitation of the setup. To get the intrinsic noise of the
setup, instead of focusing the two beams on a cantilever (one beam works as the
reference, another as the sensing beam), we move the two beams onto a rigid mirror,
and measure the equivalent deflexion, we can thus estimate the background noise
that only comes from the apparatus.

The setup is very sensitive to the external perturbation especially at low fre-
quency, where the background noise increases a little higher than that at high fre-
quency. Anyway, the mechanical noise is still everywhere above the background
noise, and below the first resonance for this cantilever, ensure us access to a lot of
information about the cantilever.

Besides the first resonant frequency that can be clearly found in the figure, ano-
ther flexural mode around the frequency f =52 kHz can be seen in this 100 kHz
frequency range. The obvious 1/f like behavior at low frequency is studied in chap-
ter 3.

Figure 2.8 shows a photography of our home-made quadrature phase interfero-
meter with superposed optical path.

2.3 Summary

We present our innovative atomic force microscope (AFM) which detection pro-
cess is based on a quadrature phase differential interferometer. We measure the
difference of phase between the reference beam and the sensing beam, which leads
to the precise measurement of the deflexion d of the cantilever. We get a high re-
solution detection of the deflexion (background noise down to 2× 10−14 m/

√
Hz).

This enables us to measure the power spectrum density on a wide frequency range.
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Figure 2.7 – Power spectrum density (blue curve) of deflexion and background
noise (cyan curve) measured in the calcite configuration of a Au coated cantilever
in vacuum. The plotted data indicates the high precision of our interferometer :
we obtain a background noise level as low as 2× 10−14 m/Hz on a wide frequency
range. This allows us to obtain not only the first resonant frequency, but also the
second mode and the low frequency behavior of the mechanical thermal noise of the
cantilever.
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Figure 2.8 – Photography of our home-made quadrature phase interferometer for
AFM measurement with superposed optical path. The laser beam is fed into the
setup by an optical fibre (blue line on the right of the figure). In the background, an
oscilloscope in XY mode displays the elliptic trace of the outputs when the optical
path difference is created by a large amplitude oscillation of the cantilever (> λ/2).
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The highly sensitive setup allows us to conduct the investigation about the dissi-
pation of a cantilever coated with a metallic layer in chapter 3 and to probe the
adhesion behaviors between a single wall carbon nanotube and various substrates
in chapter 4.
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3.1 Introduction

Microcantilevers exhibit high utility in many fields ranging from biological sen-
sors [31] to scanning probe microscopy [32]. They are also present as an essential
part in many microelectromechanical systems (MEMS). Used in Atomic Force Mi-
croscopy (AFM), they are used in various studies in terms of force measurement [33],
manipulation on a protein [34], topography of biological membranes [35], mechani-
cal response of biological cells [36, 37], MEMS and other nanoscale device applica-
tions [38, 31].

The functionality of MEMS, AFM probe or mass sensors is based on the de-
formation of the cantilever. The sensitivity of the resonant cantilever when used
as a mass sensor depends on the spectral resolution, thus of its quality factor Q
which is defined as the ratio of stored vibrational energy over energy lost per cycle
of vibration [39]. Energy dissipation in the cantilever causes the stored mechanical
energy to leak away and be converted into heat. The stronger the coupling between
the cantilever and the heat bath, the faster the decay of cantilever motion toward
thermal equilibrium and the lower the mechanical quality factor Q of the oscillating
mode.
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The thermal fluctuation involved in these microscopic systems presents one of
the most critical noise source which can determine the sensitivity of these sensors
and thus the performance in these devices [40, 41, 31, 42, 43, 44, 39]. Thermal
mechanical noise is a consequence of the cantilever being in thermal equilibrium with
its environment (i.e. a heat bath with many microscopic degrees of freedom). Besides,
this thermal related noise can also have a significant role in macroscopic systems,
for example, it is a relevant term in the sensitivity limitations of interferometric
detector in the study of gravitational waves [45, 46, 47, 48].

According to the fluctuation dissipation theorem (FTD) [49], the thermal indu-
ced fluctuations are linked to the mechanical response function of the system, and
more specifically to the losses of energy occurring during its deformations. There-
fore, measuring damping on thermal fluctuations should lead to the same physical
information. Indeed, though the thermal noise is a limitation for most operations of
cantilever, it can also gives us an access to explore the mechanical properties of the
micro-sized cantilevers. The most common use of thermal noise is to calibrate the
AFM cantilever for parameters of stiffness k, resonant frequency f0, quality factor
Q and so on : the equipartition theorem states that the energy stored in the spring
is in average equal to the thermal energy, it indicates how much thermal energy is
in each mode of the cantilever :

1

2
k
〈
d2
〉

=
1

2
kBT (3.1)

where k is the spring constant to be calibrated,
〈
d2
〉
the mean quadratic deflexion,

kB the Boltzmann constant, and T the environmental temperature. This calibration
process is necessary, especially when one measures the deflexion of the cantilever
with high accuracy to obtain the precise value of force in AFM with a conversion
factor from meter to Newton. Normally, it should be easier to derive the parameters
of cantilevers, k, f0, by computing through the geometric dimension description of
the cantilever. However, manufacturer nominal values for the geometry have large
uncertainty, making it hard to compute a precise value by such estimation. In addi-
tion, geometric description of its bulk properties might bring some incertitudes since
the surface effects at this scale have also to be taken into account, the common use
of metallic coating on the surface of cantilever can add again more errors in this
estimation. Therefore, choosing to conduct the calibration based on the thermal
noise is often indispensable and it can give us a trustable value for each cantilever,
and ensure that one can get the real response of the cantilever, and leading to force
measurements with high accuracy.

Many models have been proposed to account for the various physical sources
of dissipation : viscous damping from the surrounding medium [50], clamping dam-
ping [51], damping resulting from internal friction (internal damping results from
a variety of physical mechanisms : motion of lattice defects, thermoelastic dissipa-
tion (TED) phonon-phonon scattering, etc) [39]. Traditionally, internal friction is
considered as a bulk effect, but surface effects can dominate for submicron-thick
cantilevers or for resonators with very high Q [52, 53].
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For the study of viscous damping, Sader and co-workers performed a thorough
investigation and led to a prediction of a frequency dependent damping coeffi-
cient [50, 54, 55]. Saulson and co-workers presented a model focused on structural
damping to describe the mechanical-thermal noise for a simple harmonic oscillator
with viscoelastic dissipation. Notably, they showed a 1/f like trend at low frequency
in the power spectrum density in this kind of structural damping [44]. All these mo-
dels are discussed trying to describe the frequency dependence of the dissipation or
the thermal noise. It is thus very interesting to measure directly this structural or
fluid related damping or thermal noise experimentally in the frequency space. Up
to date, few experiment have succeed in directly measuring the fluctuations out of
resonance, specially at low frequency. In this chapter, I will present how our highly
sensitive interferometer enable us to measure the Power Spectrum Density (PSD)
of the displacement of a cantilever in a large frequency range, and how we can use
this spectrum to rebuild the response function of the cantilever.

I will introduce first the Simple Harmonic Oscillator (SHO) model to describe
generally an AFM cantilever. Then we consider another model—Jonscher’s model,
which takes only into account the structural damping, this leads to a 1/f like trend
at low frequency in PSD of the deflexion. Combination of the two models is used to
compare with the measurement.

In chapter 2, we presented a direct measurement of the mechanical-thermal noise
of micro-cantilever with our high resolution interferometer. The measured spectrum
spans in a wide frequency range that is not only restricted on the resonance as the
commercial counterpart does. In section 3.2.4, I will show that, due to the ultra low
background noise we obtain, we can access to a full PSD of the deflexion in a wide
frequency range after subtracting the background noise. The full range of spectrum
enables us to reconstruct the response function by Kramers-Kronig relations. Any
change of characteristics in the PSD can be reflected in the response function G of
the cantilever, we can thus discuss easily various damping models based on a known
G in the frequency space.

Then I will present the first resonance that is well described by SHO model—
viscous damping, which is induced by the air fluxing around the cantilever. By
removing the impact of the air, the left contribution of the dissipation leads to the
second damping source—viscoelasticity. It is a frequency dependent term that is
described by a power law with small exponent. By measuring this viscoelasticity
on various coated cantilevers, we will indicate that this viscoelasticity is not only
frequency dependent but also material dependent. At last, we will discuss various
dissipation mechanisms for viscoelastic damping : it is not due to the interface
between the cantilever and the coating but to the bulk of the metallic coating.
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3.2 Mechanical response function of an AFM cantilever
and thermal noise

3.2.1 Simple Harmonic Oscillator (SHO) model

In a first approximation, the AFM cantilever can be modeled by a damped
spring-mass system. The displacement d of the punctual mass in the model cor-
responds to the deflexion of the cantilever, the spring constant k corresponds to
the response of the system to the external force F acting on the tip, the mass m
corresponds to the inertia of the mechanical system, and the damping coefficient γ
corresponds to the dissipation which is brought by the surrounding air or fluid. The
equation of motion of this simple harmonic oscillator can be written as :

md̈ = −kd− γḋ+ F (3.2)

where dotted variables are derivated with respect to time t. Since what we are
interested in is the behavior of the system with respect to frequency, we can rewrite
its response function in Fourier’s space :

G(ω) =
F (ω)

d(ω)
= k

[
1− ω2

ω2
0

+ i
ω

ω0Q

]
(3.3)

where we introduce the resonant angular frequency ω0 =
√
k/m, the quality factor

Q = mω0/γ, and ω = 2πf the angular frequency corresponding to frequency f .
The infinitesimal work of F when the displacement changes by δd is δW = Fδd,

for a reversible transformation, dĤ = δW = Fδd, thus we have :

∂Ĥ

∂d
= F (3.4)

The force F and the displacement d are coupled by the Hamiltonian Ĥ of the
system. We can apply the Fluctuation Dissipation Theorem (FDT) to the deflexion,
the Power Spectrum Density (PSD) SSHO

d of thermal fluctuation of d is :

SSHO
d (f) = −4kBT

ω
Im

[
1

GSHO(ω)

]
=

4kBT

kω0

1/Q

(1− u2)2 + (u/Q)2
(3.5)

where kB is the Boltzmann constant, T the temperature of the system, u = ω/ω0 is
the reduced frequency, and Im(.) is the imaginary part of the argument.

For a given response function of one system, we can estimate the thermal
fluctuation Sd(f) by using the FDT. For the SHO model described here, we plot
the real part and imaginary part of its response function in figure 3.1, 3.2 and
also the thermal fluctuations derived from the FDT in figure 3.3. As is shown in
the figures, the real part of the GSHO(ω) is a parabolic line centered at f = 0, the
value at the origin being the spring constant k, the quadratic shape is linked to
the inertia of the system. The imaginary part of GSHO(ω) is linear with respect to
frequency : dissipation is proportional to velocity, thus linear in frequency with a
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Figure 3.1 – Normalized real part of mechanical response function Re(G(ω)) with
stiffness k =0.2N/m, quality factor Q = 30. Frequency f is normalized to the
resonant frequency of the cantilever, the real part response G is normalized by the
stiffness k. Re(G(ω)) is a parabola line centered at f = 0, the value at the origin
being the spring constant k, the quadratic shape is linked to the inertia of the
system. The SHO model, Jonscher’s like model and the model of their combination
present the same curves of Re(G(ω)).
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Figure 3.2 – Imaginary part of mechanical response function Im(G(ω)) for the SHO
model (blue), Jonscher’s like model (red) and the model of their combination (green)
with stiffness k =0.2N/m, quality factor Q = 30, φ = 10−2 · f0.12. Frequency f is
normalized to the resonant frequency of the cantilever, the response G is normalized
by the stiffness k. Top graph uses linear scales, bottom graph log scales for both
axis, and we plot the same data in both.
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Figure 3.3 – Thermal noise spectrum computed using FDT for the SHO model
(blue), Jonscher’s like model (red) and the model of their combination (green) (f0 =

104 Hz, k =0.2N/m, Q = 30, φ = 10−2 · f0.12). Frequency f is normalized to the
resonant frequency of the cantilever.
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slope k/Qω0, this is the damping that is induced by the viscous medium fluxing
around the cantilever. The Im(G) starting with a origin 0, meaning no dissipation
occurs if there is no any medium fluxing. In the figure 3.3, it is obvious that the
spectrum computed by the FTD presents a characteristic Lorentzian shape with
the resonant frequency being f0 = ω0/2π. The physical parameters of the cantilever
thus can be inferred from the spectrum : the quality factor being the width of the
resonance at half height, the spring constant k can be computed from the integral
of the curve using the equipartition theorem.

3.2.2 Saulson’s and Jonscher’s like model (1/f noise)

The damping we have considered up to now is only a viscous damping, in a more
generally case, another damping source can be considered : structural damping, mea-
ning the spring itself may be viscoelastic. Saulson and co-workers proposed a model
of mechanical noise for a simple harmonic oscillator with viscoelastic damping [44].
They showed that the PSD of fluctuations present 1/f like trend at low frequency. In
this model, it is supposed that the stiffness of the cantilever is a complex constant :
k∗ = k(1 + iφ) in frequency space.

In the Jonscher like model, Paolino et al. found that the viscoelasticity φ is not
frequency independent, it follows a simple power law approximation with a small
exponent : φ(ω) = Im(G)/k ∝ φ0ω

α [56]. If focusing only on this damping, the
response function G and the thermal fluctuation SSHO

d are modified as :

GIm(k)(ω) = k

[
1− ω2

ω2
0

+ iφ(ω)

]
(3.6)

S
Im(k)
d (f) =

4kBT

kω0

φ(ω)/u

(1− u2)2 + φ(ω)2
(3.7)

We plot the normalized response function and thermal fluctuation in fi-
gure 3.1 3.2 and 3.3 in red line with α = −0.12, φ0 = 10−2. The normalized real
part is exactly the same with that of SHO model—a parabola centered at f = 0,
the value at the origin being the spring constant k, the quadratic shape is linked to
the inertia of the system. The normalized imaginary part exhibits a different trend
with respect to the SHO model, it presents a slight decrease with respect to the
frequency. We plot it also in log scale in figure 3.2, it is a line with a small negative
slope with respect to the frequency. Note that, in the figure 3.3, a clear difference
in the spectrum between the SHO model and Jonscher like model is that there is a
1/f like trend at low frequency for Jonscher like model.

Generally, both viscous damping and structural damping contribute to the dis-
sipation of the cantilever, thus we combine the two models :

G(k∗)(ω) = k

[
1− ω2

ω2
0

+ i

(
ω

ω0Q
+ φ(ω)

)]
(3.8)
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We plot the response function G and thermal fluctuation in figure 3.1, 3.2 and 3.3
in green. In the log scale plot (figure 3.2), the thermal noise of combined model is
the sum of the two effects. This will be more clearly illustrated in experimental
results by computing the imaginary part of G using Kromer-Kronig relations in
section 3.2.4.

3.2.3 Measuring thermal noise spectra

As presented in the chapter 2, due to the ultra low background noise our inter-
ferometer reaches, we can measure the PSD of the deflexion of the cantilever in a
wide frequency range. We plot the PSD of a gold coated cantilever (Budget Sensors,
ContGB) in a frequency range from 1Hz to 40 kHz in figure 3.4, both of its sides are
coated with a gold coating of thickness of 70 nm : the measured spectrum features
a 1/f like trend at low frequency, it is in line with the Jonscher like model, the 1/f

like trend is related to the structure of the cantilever.
One may argue that the background noise in the figure 3.4 adds a contribution

to the mechanical noise that might cause the special behavior at low frequency.
However the level of the background noise in the spectrum is quite low at around
1.8× 10−28 m2/Hz, as is indicated in the figure (black line). We can thus subtract
this noise from the spectrum, which will result in the pure PSD signal of the me-
chanical fluctuations of the cantilever.

Sd = Smeasured − Sbackgroundd (3.9)

Once being subtracted the background noise, the remaining spectrum can still
provide a lot of information as it is mostly well above the background noise. This
would be hard for a commercial AFM setup since they present a higher background
noise, if subtracting its background noise, only the resonance would be left, the
spectrum at low and high frequency would be lost.

We plot the PSD of the gold coated cantilever in air with its background noise
being subtracted (red) : the PSD behaviors are very similar in the two spectrums,
implying the 1/f like trend at low frequency is not related to the background elec-
tronic noise, this trend should have some link with the gold coating.

To valid this assumption, we measured PSDs of silicon (blue), gold coated (red),
platinum coated (magenta) and aluminum coated (green) cantilevers with all of their
background noises subtracted in air and plot the data in figure 3.5. The measurement
is performed in a calcite configuration of the setup to ensure a much lower external
disturbance at low frequency. PSD of the cantilevers with a metallic coating present
a striking difference at low frequency comparing with the cantilever without coating :
the cantilevers with gold coating, platinum coating and aluminum coating exhibit a
similar 1/f trend that contrasts with a slightly increasing trend for silicon cantilever.
The results evidently show that the 1/f like trend in the PSD is linked to the metallic
coating rather than the contribution from the background electronic noise.

Note that an obvious difference of PSDs for these metallic coated cantilevers is
the magnitude of the trend at low frequency, I will explain in section 3.4.2 that this
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Figure 3.4 – Power Spectrum Density (PSD) of thermal noise induced fluctuations
with (red) and without (blue) being subtracting the background noise for the Au
coated cantilever at ambient pressure. Actual mechanical noise is obtained by sub-
tracting the background noise. The black line marks the level of background noise
due to the acquisition system. The 1/f like trends at low frequency for the two
spectrums is very similar.
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Figure 3.5 – Measured PSDs of silicon, gold, platinum and aluminum coated can-
tilevers in air. For all spectrums we have subtracted the background noise. PSDs at
low frequency for cantilevers with metallic coating present clearly a 1/f trend while
that is a slow increase trend for the silicon cantilever (without coating).
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is related to the value of the viscoelastic damping in these metallic coatings. Based
on these experimental observations, we know that the two models (corresponding
to two dissipations) have to be taken both into account in totally describing the
dissipative behavior of the cantilever.

Besides, we carefully check that the observed 1/f like trend is not yet due to
the laser interaction with the surface of the cantilever, several reasons are listed as
follows [56], I want still to mention them in order to give a clear presentation of this
special trend :

(a) Frequency response function χdI of the deflexion d to the laser intensity is mea-
sured by controlling laser power I. During the measurement, the laser power is
always remaining constant but some slight fluctuations might stir little move-
ment of the beam. The PSD of the deflexion that is triggered by the fluctuation
of the laser can be estimated as : Slaserd = |χdI |SI , the value of which is at least
3 orders of magnitude smaller than the thermal noise triggered deflexion. It can
not be the laser that leads to the 1/f like trend at low frequency in PSD for Au
coated cantilever.

(b) If we decrease the light intensity of the laser by a factor of 10 on the coated
cantilever, the shot noise grows, but it is still much lower than the measured
PSD at low frequency which stays even.

(c) Some other cantilevers that are coated on one side only are measured, and except
the higher background noise that is due to the bad reflectivity obtained on the
uncoated side, there is no obvious difference in the 1/f trend.

(d) Several coated cantilevers are measured proving a reproducible characterization
of 1/f trend.

In the section 3.2.4, we will illustrate how to access to the mechanical response
function of the cantilever from the measured spectrum by Kramer-Kronig relations.
This process plays a critical role in discussing the viscous damping and viscoelastic
damping after.

3.2.4 From noise to mechanical response : FDT and Kramers-
Kronig relations

As we presented in section 3.2.1, the AFM cantilever is modeled by a damped
spring-mass system, the force acting on the tip of the cantilever and induced de-
flexion d are coupled variables by the Hamiltonian Ĥ of the system, we apply the
Fluctuation Dissipation Theorem (FDT) with the deflexion, the Power Spectrum
Density (PSD) SSHO

d of the thermal fluctuation of d is expressed by (3.5).
In the section 3.2.1, we illustrated that we computed the thermal deflexion of the

cantilever for a known response function by using FTD. Now it is more interesting for
us to reconstruct the response of the cantilever directly from the experimental data
since our high sensitive interferometer enable a measurement of the whole spectrum
on a wide frequency range.

From equation (3.5), we have :
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Im[G−1(ω)] = −
ωSd(

ω
2π )

4kBT
(3.10)

The PSD that we measure is actually a direct access to the imaginary part of
G−1(ω) = d(ω)/F (ω). G−1 being the linear response function of deflexion d to an
external force F in Fourier’s space, it obeys the Kramers-Kronig relations (K-K
relations) [57] :

Re[G−1(ω)] =
1

π
PP

∫ +∞

−∞

Im[G−1(Ω)]

Ω− ω
dΩ (3.11)

Im[G−1(ω)] = − 1

π
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−∞

Re[G−1(Ω)]

Ω− ω
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Hence,

G−1 = − PP
4πkBT

∫ +∞

−∞

Ω

Ω− ω
Sd(

Ω

2π
)dΩ− iω

4kBT
Sd(

ω

2π
) (3.13)

where PP stands for the principal part of the integral. By the expression (3.11),
we can compute the Re[G−1(ω)] from the knowledge of Im[G−1(ω)], and thus the
full response function G can be given in the end. The approach is possible with
our measured PSD due to the wide range of frequency that it covers. I would like
to refer the interested readers to Appendix to find more detail of the computing
process from thermal fluctuations to mechanical response.

We measure the thermal induced fluctuations of a cantilever Budget Sensor
CONT-GB with both sides coated with a 70 nm gold coating in calcite configuration
in ambient air. The spectrum spans in a wide frequency range allows us to apply
Kramers-Kronig relations algorithm and reconstruct the full mechanical response
function G(ω) with a few Hz resolution.

We plot in figure 3.6 and 3.7 the real part Re(G) and the imaginary part Im(G)

of the reconstructed response function. Re(G) exhibits a characteristic parabolic
shape of a harmonic oscillator as the SHO model shown in figure 3.1, the spring
constant of the cantilever k can be inferred at its origin. Note that the shape of
imaginary part of G in the figure 3.7 can be well comparable with Jonscher’s like
plus SHO model (figure 3.2) : below around 100Hz, it follows a slowly decreasing
trend, a drastic almost linearly increase trend is then observed when the frequency
is above 100Hz. In section 3.3, we will give a specific explanation for this dissipative
part, it involves two dissipation sources dominating at different frequency ranges. In
following sections 3.3 and 3.4, we will insight separately into the two dissipations—
viscous damping and structural damping through the rebuilt response function.

3.3 Viscous dissipation

When the cantilever-composed micro mechanical system operate in a fluid, air
or any other environment, the surrounding medium plays an important role in its
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Figure 3.6 – Real part of mechanical response function Re(G) of a gold coated
cantilever reconstructed from the noise spectrum of figure 3.4. The origin of the
Re(G) can be used to infer the spring constant of the cantilever.

Figure 3.7 – Imaginary part of mechanical response function Im(G) of a gold coated
cantilever reconstructed from the noise spectrum of figure 3.4.
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mechanical behavior, as the viscous medium acts like added dynamic mass to the
cantilever which can broaden and shift the resonant frequency to a lower value. To
explain this behavior, a number of theoretical models [50, 58, 54, 59] have been
developed to rigorously account for the effects of the surrounding medium, which in
turn have been validated by detailed experimental measurements [60, 61, 62]. These
works concluded that viscosity plays an essential role in the frequency response of
the cantilever of microscopic size (∼ 500 µm in length), as the cantilevers used in
the AFM and in microelectromechanical systems (MEMS). Macroscale cantilevers(∼
1m in length) are unaffected by fluid viscosity.

I will present in the following the response of the PSD and the mechanical
response functionG to the change of air pressure environment P in which a cantilever
is usually operated to work.

As previously presented, when the cantilever is in equilibrium at temperature
T , the thermal fluctuations of its deflection d are described by the FDT, linking the
PSD to the mechanical response function G of the system (equation (3.3) and (3.5)).
I will show that the viscous damping of the cantilever vanishes when the air pressure
decreases gradually, this corresponds to a larger quality factorQ which is read clearly
on a sharper resonance of the PSD.

We use a gold (Au) coated AFM cantilever (cAu) with the following geometry :
length 450±10 µm, width 50±10 µm, thickness 2±1 µm. We study the influence of
ambient pressure P on the PSD and the mechanical response G of cAu : in figure 3.8
and 3.9, we plot the PSD (with the background noise being subtracted) of the
deflexion for pressures from ambient to 10−3 mbar. It is clear that the resonance of
the cantilever become sharper, implying the increase of the effective quality factor
when the pressure drops. We notice here that the 1/f like noise for this gold coated
cantilever can still be observed, indicating again that this noise is structral, it is
independent of the air pressure. If the cantilever is used as a mass detector, the
resolution is higher when it works in a lower pressure environment, because the
resonant frequency shift triggered by the added mass can be more precisely measured
than that in ambient condition.

By fitting the measured PSD of thermal induced deflexion of the cantilever by a
SHO model, we get the resonant frequency as a function of air pressure, it shifts to
larger values when the pressure P drops, then reaches a constant value at around
11 745Hz, as shown in figure 3.10. This is due to a smaller effective mass of the
cantilever, which means the effect brought by the air surrounding the cantilever is
weakened. It saturates to a constant level when the air pressure is below 1mbar, it
gives us an evidence that the amount of mass added by air is only a small value,
there is something else dissipating the vibration energy.

We can also plot the quality factor at resonance as a function of the air pressure in
figure 3.11, the quality factor increase with the drop of the air pressure. It saturates
also, as the resonant frequency does. Since the quality factor links to the energy
loss per movement of the cantilever, and the dissipation brought by the air gets
negligible in vacuum, there exists another dissipation source that accounts for the
rest lost vibration energy of the cantilever in vacuum, it is named viscoelasticity
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Figure 3.8 – Thermal noise spectrums of cantilever cAu at different air pressures.
Background noise due to the electronics has been subtracted from the measured
PSD.

(many litteratures also labeled it as structral damping), it relates to the damping
inside the body of cantilever. I will present this dissipation in section 3.4.

As presented in the section 3.2.4, we rebuild the full mechanical response function
G of the cantilever using Kramers-Kronig relations to probe its mechanical response
behavior in frequency space. We plot the reconstructed response function (real part
and imaginary part, both are normalized by spring constant k) under different air
pressures in figure 3.12 and 3.13. In the figure 3.12, the additional inertia due to
the air can slightly shift the parabola since the resonance frequency ω0 is shifted.
In the figure 3.13. It is clear that the dissipation is the sum of two contributions :
pressure-independent internal damping φ(ω), always dominant at low frequency and
low pressure, and viscous damping term ω/ω0Qa which is only dominant at high
frequency and high pressure.

For the chosen Au coated cantilever cAu and the frequency range probed here,
viscous damping becomes negligible when the pressure is lower than 1mbar. Accor-
ding to equation (3.8), the imaginary part of response function G is written as :

Im(G)

k
=

1

ω0Q
ω + φ(ω) (3.14)

As the air pressure drops from ambient condition, the increased quality factor is
leading to a lower imaginary part of response function G. As shown in figure 3.14,
the red and black dotted line in the figure are the fit on the imaginary part of
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Figure 3.9 – Resonant peak of the spectrums as a function of air pressure. Due to
the smaller mass added by the air flux surround the cantilever, the effective mass
decreases leading to an increase of the resonance frequency of the cantilever. The
resonant peaks become sharper which means a higher quality factor Q obtained in
vacuum than in air.
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Figure 3.10 – The resonant frequency as a function of air pressure. It increases with
the drop of air pressure and then saturates to a constant level, implying that the
mass of the micro system remains constant when the pressure gets below 1mbar.

Figure 3.11 – Quality factor Q at resonance as a function of the air pressure. Q
does not go to infinity but saturates to a constant when P goes to 0, implying
another source of dissipation.
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Figure 3.12 – Reconstructed real part of the mechanical response function of can-
tilever cAu under different air pressures. The additional inertia due to the air can
slightly shift the parabola since the resonance frequency shifted. The origin keeps a
constant, it is the spring constant of the cantilever k.
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Figure 3.13 – Reconstructed dissipative part of the response function G of canti-
lever cAu at different air pressures. Viscous damping which always dominates at
high frequency and high pressure vanishes in vacuum. The left viscoelastic damping
is pressure independent, it is linked to the structure of the cantilever.

G at high (above 3 kHz) and low (below 100Hz) frequency range. Note that the
dissipative part that is below 100Hz (black curve) presents a relatively stable trend
to the decrease of the pressure while the effect due to the air (red curve) is greatly
lowered. Since the dissipation that is below 100Hz is almost one order larger than
that of the dissipation from the air, it hides the latter causing a hard view of the
dissipation caused by air at low frequency. That is the reason that the measurements
at low and high frequency are connected by a smooth transition.

Since the dissipative part brought by the air is negligible in vacuum, one might
be very interested to wonder : what is the measured damping part of G in vacuum
as the effect brought by air vanishes in vacuum? It seems also a slightly frequency
dependent term in the range we are probing. Actually, this question is already answe-
red by our previous work, this is a damping that is not linked to the air—viscoelastic
damping. I will give more details about this viscoelastic damping in section 3.4.

Let us summarize the key points for this section : we control the air pressure
of the environment where the micro cantilever usually works. The measured PSD
and the rebuilt imaginary part are pressure dependent. The air flow surrounding the
cantilever add a additional mass which lead the resonant frequency of the spectrum
being smaller than that in vacuum. With air pressure drops, a sharper resonant
peak is observed, indicating a more precise measurement can be obtained when the
cantilever is used as an oscillator. Quality factor Q increases with the drop of P
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Figure 3.14 – Reconstructed dissipative part of the response function of the canti-
lever cAu in air. The dissipation is clearly the sum of the two sources : the viscous
damping (red curve) dominates mostly above the frequency f = 100Hz and at high
pressure, the internal damping (black curve) dominates at low frequency mostly be-
low f = 100Hz and at low pressure. Red and black dotted line in the figure are the
fits on these two kind of dampings.
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Cantilever Commercial type Adhesion layer Initial coating Additional gold coating
cAu Budget Sensors (ContGB) 2 × 5nm Cr 2 × 70nm Au -
cPt Nanoworld POINTPROBE (ContPt-50) 2 × 5nm Cr 2 × 23nm PtIr -
cAl Budget Sensors (BS-ContAl) 2 × 5nm Cr 1 × 30nm Al -
dAu Budget Sensors (ContGB) 2 × 5nm Cr 2 × 70nm Au 10nm+10nm+. . .
dPt Nanoworld POINTPROBE (ContPt-50) 2 × 5nm Cr 2 × 23nm PtIr 10nm+10nm+. . .
dSi Budget Sensors (All In One-TL) 1 × 2nm Cr - 10nm+10nm+. . .

Table 3.1 – Sets of cantilevers characterized in the experiments. For cantilevers
where we performed additional gold depositions, layer thickness increments were
around 10 nm for the first 3 evaporations, then around 20 nm.

and then saturates when P is below 1mbar, that means less energy is being lost per
cycle of vibration, but implying at the same time another source of dissipation.

The rebuilt dissipative part is composed of two sources : viscous damping term
ω/ω0Q that always dominates at high frequency and high pressure, but vanishes
when the pressure drops, and the pressure-independent viscoelastic damping φ(ω)

term that always dominates at low frequency or low pressure. The viscous damping
due to the air flow around the cantilever is largely lowered when the pressure is
decreased, it is the left viscoelastic damping that contributes to the main dissipation
in vacuum, it is a slightly frequency dependent term.

3.4 Viscoelastic damping of metallic coating

As presented in section 3.3, when the air pressure drops, the viscous damping
brought by air vanishes, leaving only the viscoelastic damping described generally by
φ(ω), it is related to the structural of the cantilever. Several models might be account
for this internal dissipation : clamping and support losses, viscoelasticity, surface
losses, thermoelastic dissipation (TED), etc. I will present first in this section that
this internal damping is not only frequency dependent but also material dependent.
After a quick discussion of the possible dissipation source listed above, I will show
the exploration of the origin of viscoelasticity : it does not come from the interface
between the metal layer and the surface of the cantilever, but from the bulk of the
coating.

3.4.1 Material dependence

We present here characteristic datas corresponding to three kinds of AFM can-
tilevers cAu, cPt, cAl (around 10 samples were measured for each type). Their
physical properties are summarized in table 3.1. In addition, we performed succes-
sive gold layer deposition on three other types of cantilever dAu, dPt, and dSi,
their parameters are also detailed in the table 3.1. The increment of Au layer thick-
ness were around 10 nm for the first 3 evaporations, then around 20 nm for the next
depositions. Cantilever dSi is initially a raw silicon cantilever, prepared with a 2 nm
Cr adhesion layer before the Au coating, its initial internal friction is too small to
be measured with our precision.
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Figure 3.15 – Real part of response function G for the cantilever cAu, cPt and
cAl, the stiffness of the cantilever can be estimated at its origin : k(1−ω2/ω2

0)→ k,
when ω → 0, kAu =0.92N/m, kAl =0.9N/m, kPt =0.23N/m.

We measure the PSD of thermal induced fluctuations of these cantilevers in
vacuum, and reconstruct the response function G by Kramers-Kronig relations. We
plot in figure 3.15 the real part of G. At the origin, when ω → 0, Re(G(ω)) gives
the spring constant k of the oscillator : k(1 − ω2/ω2

0) → k. We measure this way
kAu = 0.92N/m, kAl = 0.9N/m, kPt = 0.23N/m.

We plot the imaginary part of the response function G normalized by k :
Im(G(ω))

/k = φ(ω), hence the viscoelasticity for the three cantilevers in figure 3.16. The
magnitude of the internal dissipation is a little smaller for the cantilever cPt and
cAl than for cAu, but a similar weak frequency dependence is found. A simple
power law with a small exponent is established to describe the viscoelasticity, it
matches well the observed frequency dependence for the Au coated cantilever with
αAu ≈ −0.15 .

As shown in the figure, the viscous damping effect can still be observable for
the cantilever cPt at high frequency (above 1 kHz) at the lowest pressure we can
achieve in our system (10−3 mbar). If we restrict the frequency to the range 1Hz
− 1 kHz, a similar power law dependance with an exponent αPt ≈ −0.12 can be
observed for the cantilever cPt. The same data for the cantilever cAl however is
a little different with the others, it is a flat dependance with the frequency, giving
a αAl ≈ 0. By consequence, the power law dependence works generically, though



40 Chapitre 3. Dissipation of AFM cantilevers

Figure 3.16 – Internal damping φ(ω) of cantilevers cAu, cAl and cPt reconstruc-
ted from the noise spectrums measured in vacuum. Each of them follows a simple
power law frequency dependance ωα with a small exponent α.

the small exponent exhibits slightly differences for different probes. The different
exponent α shows that the internal damping φ(ω) is a material dependent variable.
Cantilevers with any metallic coating can be measured by this method so as to give
possible suggestion of obtaining the lowest dissipation when these cantilevers are
being used.

3.4.2 The origin of viscoelasticity

To understand the mechanism of this internal dissipation, let us discuss the
contribution of the possible main dissipative sources, since the viscous damping by
the air has been probed and is negligible in vacuum, the remaining possible sources
are :

φ = φclamping + φsupport + φTED + φinternal + φcoating + φsurface (3.15)

where each term in this sum corresponds to clamping and support losses, thermal
elastic dissipation (TED), other source of internal dissipation inside the bulk of
cantilever (internal friction or viscoelasticity), dissipation inside the bulk of the
coating, and all surfaces and interfaces contributions to damping, respectively.

- φclamping : the cantilever and its chip are fabricated in a monolithic design, the
clamping loss can thus be largely minimized. The related dissipation can be esti-
mated by equation φclamping ∼ (h/l)3 [51], where l and h are the length and the
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thickness of the cantilever. In geometry of our used cantilever here, l = 450 µm,
h = 2 µm, the computed loss is of the order of 10−7, and is thus be negligible.

- φsupport : thanks to our well-designed cantilever holder, the support loss is also
negligible. As simple illustration of this fact, the total dissipation of a raw silicon
cantilever in vacuum is not measurable outside resonance, with an upper bound
around 10−5.

- φTED : for a silicon cantilever, thermoelastic damping can be estimated by [63] :

φTED =
Eβ2T

C

Ω

1 + Ω2
(3.16)

where E =169GPa is Young’s modulus of silicon, β =2.6× 10−6 K−1 is linear
coefficient of thermal expansion, C =2.6× 106 J·m−3K−1 its specific heat per unit
volume and Ω the normalized frequency defined as :

Ω = ω
Ch2

π2λ
(3.17)

where λ = 149W·m−1K−1 is the thermal conductivity. In our case, h =2 µm,
ω = 2πf <2× 105 rad/s, leading to φTED < 10−6, below our precision level. Using
values from [64], we checked that the change in TED due to metallization was also
not meaningful in our experiment.

- φinternal : we use commercially available high-quality mono crystal silicon cantile-
vers, thus the bulk loss (internal friction) caused by the motion of crystallographic
defects is negligible. Again, as a simple illustration of this fact, the total dissipa-
tion of a raw silicon cantilever in vacuum is not measurable outside resonance,
with an upper bound around 10−5.

- φcoating : this contribution corresponds to the internal dissipation in the bulk of
the coating, and is estimated by [39, 65] :

φcoating = 3
Ec
E

hc
h
φc (3.18)

where Ec, φc and hc are bulk Young’s modulus, bulk viscoelasticity and thickness
of the coating layer (index c). This contribution is thus proportional to the layer
thickness hc.

- φsurface : this last contribution accounts for the process of dissipation that may occur
at the surface of the cantilever and the interfaces between the silicon cantilever
and the various coating layers. By definition, this terms should be independent of
the thickness of the coating layer.

Within our experimental precision, all terms in the sum of equation (3.15) are
negligible except the last two ones, so the total dissipation in vacuum is :

φ = φsurface + 3
Ec
E

hc
h
φc (3.19)



42 Chapitre 3. Dissipation of AFM cantilevers

To investigate the origin of this internal dissipation, we measured φ(ω) for canti-
levers dSi, dPt and dAu as a function of the thickness hc of an added gold coating :
the same 3 cantilevers were characterized in vacuum between the deposition of suc-
cessive coatings, we plot the results in figure 3.17 the value of φ(ω) between 100Hz
and 200Hz at low frequency and the value of 1/Qeff which is derived from a lo-
renzian fit of the resonance. As the figure clearly shows, the internal dissipation is
roughly proportional to the thickness of gold coating, and remains weakly frequency
dependent in these observations. This behavior suggests that the main contribution
to the internal damping of the cantilever originates in the bulk of the gold coating,
rather than from a surface or interface (between the coating and the surface of
cantilever) effect. Indeed, if it is the surface or interface effect that dominates, the
internal dissipation would be exist even for the lowest thickness of coating. In the
experiment, however, we obtain a smaller value of dissipation with thinner coating,
which validates the hypothesis about the origin of the damping. Moreover, we care-
fully check the effect that might be brought by the adhesion layer of Cr, we measured
the cantilevers without coating but the Cr layer and the cantilever coated by 23 nm
Au coating, we get the same result from the data, indicating that the adhesion layer
add nothing or very tiny damping to the cantilever which can be neglected from the
data.

As shown in the figure 3.17, total dissipation in the case of gold coating is simply
proportional to the thickness hc, thus φsurface is negligible in our experiment. The
dissipation that we measure is therefore solely due to the viscoelastic properties of
the bulk of the coating, and proportional to coating thickness hc.

Using manufacturer values for the thickness of metallic layers of cantilevers cAu,
cAl and cPt, we can thus extract the viscoelasticity φc of each coating from the
measurement of the total dissipation φ, and plot the result in the figure 3.18. PtIr5

is the least dissipative material, with a damping about an order of magnitude lower
than gold and aluminum. Those two last materials have similar viscoelasticity, alu-
minum being better at low frequency (below∼50Hz) and worse above. Obviously
these internal dampings within coatings still follow the same simple power law as
described before. The results agree reasonably with the work of Sosale and collabo-
rators [65] in the smaller frequency range probed in their experiments on gold and
aluminum.

3.5 Summary

We record the power spectrum density (PSD) of thermal induced fluctuations
of the cantilever. Thanks to our highly sensitive interferometer and low background
noise level, the spectrum spans on a wide frequency range from 2Hz to 2× 104 Hz
which is far beyond the capability for commercial AFM setup. By such, we get a
full view on the behaviors of the spectrum : in vacuum, the trends of the cantilever
of silicon and gold coated are clearly different, slowly increasing spectrum for silicon
cantilever and a 1/f like trend for the gold coated one. This special trend is seen as
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Figure 3.17 – Internal damping at low and high frequency (average of φ(ω) around
150Hz and 1/Qeff at resonance) as a function of the total gold layer thickness for
cantilever dSi, dAu and dPt. The internal damping is clearly proportional to the
thickness of the gold coating, giving evidence about the origin of this damping being
the bulk rather than the interface. Typical error bars are shown for two cantilevers.
The dashed line corresponds to a linear dependance of φ in gold thickness hc, ex-
pected if the viscoelasticity of the coating is the only relevant damping process.
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Figure 3.18 – Intrinsic viscoelasticity φc of gold, aluminum and PtIr5 coatings
(corresponding to cantilevers cAu, cAland cPt) as a function of frequency.

the signature of the internal damping of the cantilever. The as used SHO model is
too simple for us to describe the cantilever with a metal coating.

To go further, using Fluctuation-Dissipation Theorem (FDT) and the Kramers-
Kronig relations, we can rebuild the response function G of the cantilever from
the measured PSD, any modification of the cantilever can be directly reflected on
the response function. The 1/f like trend is related to the internal damping of the
cantilever—viscoelasticity. By decreasing the air pressure in which the cantilever is
working, we restrict only our focus on the viscoelastic damping since the viscous
effect from the air is largely limited.

The derived viscoelastic damping φ(ω) presents a material and frequency de-
pendence. A simple power law ωα with a small exponent α is used to characterize
the damping up to 4 decades in frequency. We compute the viscoelasticity as a
function of gold coating with various thicknesses, we find that a linear relation of
viscoelasticity with respect to the thickness. After discussing various possible dam-
ping mechanism that have been proposed up to date, we attribut the origin of this
damping to the bulk of the coating rather than to interface or surface effects.

The results fully unveil the dissipation process to us, it shows that the choice
of the coating material is critical with respect to internal dissipation in micro-
cantilevers, the commonly commercial used gold coating is not the best choice ac-
cording to this criterion, if it is the material that can not be replaced in chemical
requirements, using the smallest thickness of gold is a wise way to largely minimize
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the damping. Our characterization procedure features an excellent resolution with
measurement of overall mechanical loss tangents down to 10−4. This way, the vis-
coelasticity due to the coating can be accurately quantified and our measurements
should be useful in the perspective of testing models of internal friction, eventually
leading to improved coating procedures and better performance of cantilever based
sensors.
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4.1 Introduction

4.1.1 Carbon nanotubes (CNTs)

Ever since their discovery [66], carbon nanotubes have been recognized as parti-
cularly important nanoscopic material. Carbon nanotubes (CNTs) are allotropes of
carbon with a cylindrical nanostructure. They have been constructed with length-
to-diameter ratio of up to 108 : 1 [67], significantly larger than any other material.
The cylindrical carbon nanotube is widely investigated in nanotechnology, electro-
nics, optics and other fields of material science and technology due to its unique
properties. In particular, owing to their extraordinary thermal conductivity and
mechanical and electrical properties, carbon nanotubes are used as additives to va-
rious structural materials. For instance, nanotubes are included in the material of
some baseball bats, golf clubs, or car parts, etc.

Nanotubes are members of the fullerene structural family. Its name is derived
from the long, hollow structure with one-atom-thick wall formed by carbon atoms,
also called graphene. These sheets are rolled at specific and discrete ("chiral") angles,
the structure of carbon nanotubes is described in terms of the tube chirality, which
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Figure 4.1 – By rolling a graphene sheet in different directions typical nanotubes
can be obtained : zigzag (n, 0), armchair (m,m), and chiral (n,m), where n > m >

0 [68]. Integers (n,m) are the numbers of steps along which the zigzag carbon bonds
of the hexagonal lattice, �a1 and �a2 are unit vectors, �Ch is the chiral vector, and Θ

is the chiral angle (see equation 4.1)

is defined by the chiral vector �Ch and the chiral angle Θ, these parameters determine
that the individual nanotube has a metal or semiconductor property. As shown in
figure 4.1. The chiral vector indicates the way, in which graphene is rolled-up to
form a nanotube.

Ch = na1 +ma2 (4.1)

Where the integers (n,m) correspond the number of steps along the zigzag carbon
bonds of the hexagonal lattice, a1 and a2 are unit vectors. The electronic property
of the CNT deeply depends on the chirality.

There are usually two kinds of CNTs, Singlewall carbon nanotube (SWCNT)
and Multiwall carbon nanotube (MWCNT), defined by the structure of the walls
(concentric cylinders) and its diameters. MWCNT is often with both of its ends
capped, and its diameter is in the range from several nanometers up to 200 nm,
SWNT diameters are varied from 0.5 nm to 5 nm.

4.1.2 Synthesis of CNT

The MWNTs were first discovered in the soot of the arc-discharge method by Ii-
jima [66]. This method has been used for a long time before the production of carbon
fibers and fullerenes. It cost 2 years for Iijima and coworkers [69], and also Bethune
et al [70] to synthesize SWNTs by using metal catalysts in the arc-discharge method
in 1993. A significant progress was made by laser-ablation synthesis of bundles of
aligned SWNTs with small diameter distribution by Smalley and co-workers [71].
Catalytic growth of nanotubes by the chemical vapor decomposition (CVD) method
that is still widely used up to now was first introduced by Yacaman et al [72]. In the
following part, we will briefly outline these three major synthesis methods of CNTs.
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4.1.2.1 Arc-discharge method

Arc-discharge for the growth of nanotubes have been widely used in the past
decades, it has been first introduced by Iijima, it involves the condensation of carbon
atoms generated from evaporation of solid carbon sources which is similar to that
used for the fullerene synthesis. The temperatures needed in the evaporation are close
to the melting temperature of graphite, 3000− 4000◦C. As shown in the scheme 4.2
(a), carbon needles ranging from 4 to 30 nm in diameter and up to 1 µm in length
were grown on the negative carbon electrode due to the plasma of argon gas ignited
by high currents passing through opposing carbon anode and cathode in a chanel
filled with argon (Ar) (100Torr). Transmission electron microscopy (TEM) revealed
that the needle comprised 2 to about 50 coaxial tubes of graphitic sheets, this is
what we called later multi-walled carbon nanotubes. Helical formation was formed
by carbon atoms hexagons on each tube. The helical pitch presents different for
different needles and also from tube to tube for a single needle. The tips of the
needles were usually closed by a curved, polygonal, or a cone-shaped caps.

Arc-discharge has been developed into an excellent method for producing both
high quality multiwall nanotubes and singlewall nanotubes. MWNTs can be obtained
by controlling the growth conditions such as the pressure of inert gas in the discharge
chamber and the arcing current. In 1992, a breakthrough in MWNT growth by
arc-discharge was first made by Ebbesen and Ajayan who achieved growth and
purification of high quality MWNTs at the gram level [73]. This provides a possible
opportunity to industrial production of the CNTs.

For the growth of singlewall carbon nanotubes, a metal catalyst is used in the arc-
discharge method. The first success in producing substantial amounts of SWNTs by
arc-discharge was made by Bethune and coworkers in 1993 [70]. Large-scale synthesis
of MWNTs by a variant of the standard arc-discharge technique was reported by
Ebbesen and Ajayan [73]. In 1993, Iijima [69] and Bethune [70] almost reported at
the same time the arc-discharge and catalyst-assisted synthesis of SWNTs. Iijima
use arc-discharge chamber filled with a gas mixture of 10Torr methane and 40Torr
argon. Two electrodes were installed in the center of the chamber, the lower one—
cathode had a shallow dip to hold a small piece of iron during the evaporation.
Between the installed two electrodes, a DC current of 200A was applied to perform
the arc-discharge. The relative ratio of the used components—argon, iron and the
methane play an important role in the synthesis process.

Large quantities of SWNTs were produced by arc-discharge method by Jour-
net and co-workers [74]. The similarity of yield CNT in this method and that of
Thess [71] lead to the conclusion of CNT growth mechanism : it does not depends
on the varied experimental condition but on the kinetics of carbon condensation in
a non-equilibrium situation.

4.1.2.2 Laser-ablation method

The growth of high quality SWNTs at several gram scale was achieved by Smal-
ley and coworkers by a laser ablation method [71], as illustrated in figure 4.2 (b).
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Figure 4.2 – CNT synthesis : Arc-discharge (a), laser-ablation (b) and catalytic
growth scheme (c). (a) Two graphite electrodes are used to produce arc by DC
current in inert gas in the arc-discharge method. (b) Laser beam vaporizes the
target of a mixture of graphite and metal catalyst in a tube in a atmosphere with
flowing inert gas at ∼ 1200◦C, the synthesised CNTs are collected in a container
outside the furnace. (c) In the catalytic method, hydrocarbon gas is chemically
decomposed assisted by a transition metal catalyst in a quartz tube to produce
CNTs at a temperature of 550-750◦C
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The method used intense laser pulses to ablate a carbon target containing 0.5 atomic
percent of Ni and Co. The target was placed in a tube-furnace heated to 1200◦C.
During laser ablation, a flow of inert gas was passed through the growth chamber to
carry the grown natures downstream to be collected on a cold finger. The produced
SWNTs are mostly in the form of ropes consisting of tens of individual nanotubes
close-packed into hexagonal crystals via van der Waals interactions. The optimiza-
tion of SWNTs growth by laser-ablation was achieved by Journet and coworkers
using a carbon anode containing 1.0 atomic percentage of Yttrium and 4.2 at. % of
Ni as catalyst [74].

In the method of arc-discharge and laser ablation, typical by-products include
fullerenes, graphitic polyhedrons with enclosed metal particles, and amorphous car-
bon in the form of particles or overcoating on the sidewalls of nanotubes. A purifica-
tion process for SWNT materials has been introduced by Smalley and coworkers [75]
and is now widely accepted by researchers. The method involves refluxing the as-
grown SWNTs in nitric acid solution for an extended period of time, oxidizing away
amorphous carbon species and removing some of the metal catalyst species. The suc-
cess in producing high quality SWNT materials by laser-ablation and arc-discharge
has led to wide availability of samples useful for studying fundamental physics in
low dimensional materials and exploring their applications.

For the two growth methods, arc-discharge and laser-ablation, the arc-discharge
is a much cheaper way to produce CNT than the laser-ablation.

4.1.2.3 Chemical Vapor Deposition method

Chemical vapor deposition (CVD) methods have been successful in making car-
bon fiber, filament and nanotube materials since more than 10-20 years ago [76,
77, 78, 79, 80, 81, 82, 83, 84]. A schematic experimental setup for CVD growth is
indicated in figure 4.2 (c). The growth process involves heating a catalyst material
to high temperatures in a tube furnace and flowing a hydrocarbon gas through the
tube for a period time of reaction. Materials that grow over the catalyst are collected
by cooling the system to room temperature. The key parameters in CVD method
are the hydrocarbons, catalysts and growth temperature.

The active catalytic species are typically transition-metal nanoparticles that are
formed on a support material such as alumina. The general mechanism of CNT
growth (see figure 4.3) in a CVD process involves the dissociation of hydrocarbon
molecules catalyzed by the transition metal, and dissolution and saturation of carbon
atoms in the metal nanoparticle. The precipitation of carbon from the saturated
metal particle leads to the formation of tubular carbon solids in sp2 structure.
Tubule formation is favored over other forms of carbon such as graphitic sheets with
open edges. This is because a tube contains no dangling bonds and therefore is in
a low energy form. For MWNT growth, most of the CVD methods employ ethylene
or acetylene as the carbon feedstock and the growth temperature is typically in the
range of 550− 750◦C. Iron, nickel or cobalt nanoparticles are often used as catalyst.
The rationale for choosing these metals as catalyst for CVD growth of nanotubes
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lies in the phase diagrams for the metals and carbon. At high temperatures, carbon
has finite solubility in these metals, which leads to the formation of metal-carbon
solutions and therefore the aforementioned growth mechanism. Noticeably, iron,
cobalt and nickel are also the favored catalytic metals used in laser ablation and
arc-discharge. This simple fact may hint that the laser, discharge and CVD growth
methods may share a common nanotube growth mechanism, although very different
approaches are used to provide carbon feedstock.

catalyst support 

CnHm CnHm

CnHm CnHm

Fe

Fe

Figure 4.3 – Two general growth modes of nanotube in chemical vapor deposition.
Left diagram : base growth mode. Right diagram : tip growth mode.

A major pitfall for CVD grown MWNTs has been the high defect densities in
their structures. The defective nature of CVD grown MWNTs remains to be tho-
roughly understood, but is most likely be due to the relatively low growth tempe-
rature, which does not provide sufficient thermal energy to anneal nanotubes into
perfectly crystalline structures. Growing perfect MWNTs by CVD remains a chal-
lenge to this day.

Since the synthesis of nanotubes with small diameters ∼ 1.4 nm requires catalyst
and it is necessary to clarify the role of the catalyst in the growth of nanotube.
There are two possible explanations for the growth : the first mechanism of catalyst-
assisted tip-growth assumes that the metal atoms sit on the open edge of precursor
fullerene clusters [71]. The metals atoms scoot around the open edge of the cluster
preventing the formation of carbon pentagons and the dome closure. The metal
atom locally inhibits the formation of pentagons that would initiate dome closure.
Additionally, the metal catalyst assists incoming carbon atoms in the formation of
hexagons and thus in the lengthening of the tube. This mechanism is consistent
with the experimental observation that no metal particle could be found on the
grown tubes [71]. Another possible mechanism is the catalyst-assisted base growth of
SWNTs. It was suggested that the nanoparticles, often with dangling bonds, could
catalyze the growth of SWNTs by adding carbon atoms to the tubes. Molecular-
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dynamics and total-energy calculations using a realistic three-body potential for
carbon were carried out in order to clarkfy the base growth mechanism [85]. It
was found that nanometer sized protrusions on the nanoparticle surface lead to
nucleation of very narrow tubes.

4.1.3 Adhesion property of SWCNT

Single wall carbon nanotubes (SWNTs), are well known by its extraordinary
mechanical, electrical, thermal, and chemical properties [86, 87, 68, 88, 89, 90], and
provide tremendous potential for development of many applications such as com-
posite material [91, 92], components of nanoscale electronics [93, 94, 95], mechanics
and sensors [92, 96]. Whatever exceptional their intrinsic properties may be, SWNTs
need to interact with the environment where they are to be useful.

The diameter of SWNTs varies from 0.5 nm to 5 nm, owing to the high aspect ra-
tio, SWNTs grown from traditional methods (outlined in section 4.1.2) are typically
in the form of bundle nanotubes rather than individual one. It is the van der Waals
interactions between each carbon atoms that leads to such strong adhesion inside
SWNTs bundle. The van de Waals forces thus play a critical role in the properties of
SWNT at nanoscale and can dominate strongly the performance of the nano-devices
that is partly composed of SWNT.

In practical cases, SWNT can stick easily on surfaces, which presents a problem
when they are used as shafts, pillars, or any other suspended mechanical uses [97] :
they can loose their functionality if sticking occurs when the SWNT somehow get
too close to a surface. On the contrary, Kis and co-workers [98] created for example,
a rigid clamping or good electrical contact using this strong adhesion of SWNTs.
Therefore, beyond these physical properties they own, understanding the mecha-
nism of the adhesion behavior of SWNT and more generally of other nano wires and
nanoscopic object is also of great importance not only to the separation of bundled
SWNTs but also to those nano implementations where the adhesional interaction
might dominates the performance. For instance, for carbon-nanotube-based nano
switches [99, 100] and nanotweezers [101, 102], the adhesion is an important para-
meter to be taken into account.

Several investigations for the adhesion properties of SWNT have been launched
both by experiments [100, 38, 103, 104, 105] and modeling [106, 107, 108, 109, 110,
111, 112]. Using atomistic simulations, Buehler and co-workers [106] observed that
wirelike CNTs behave similarly to flexible macromolecules and can form thermo-
dynamically stable self-folded structures, the folding and unfolding transition are
due to an entropic driving force that dominate over the elastic energy at elevated
temperature. Shortly after, the contact length for self-folded single and multi wall
carbon nanotubes is predicted [109]. Hertel et al. simulate the van de Waals interac-
tion between the CNT and the substrate which results in high binding energy. They

experimentally measured this binding energy of 0.8 ± 0.3eV/
◦
A by controlling the

shape of crossed CNT adsorbed on a silicium substrate, their analysis is performed
with an AFM, and they use the tip to induce various deformations of the CNT :
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bending, straightening, translating, and rotating [105, 112]. A nonlinear deforma-
tion of CNT above a CNT-bundle substrate due to the van de Waals interaction
is reported by Li et al [107]. Tang et al. reported how single wall carbon nanotube
with a circular cross section can collapse into ribbons under the influence of self-van
de Waals interactions by molecular simulations [108]. The estimation of adhesion
forces between SWNT mentioned above are based on the hypothesis of perfect (de-
fect free) nanotubes, it is noted that the imperfections, for instance, defects and
some avoidable contamination during synthesis process of the nanotube can largely
affect those simulation results, thus to experimentally measure this adhesion force
is challenging but imperative.

The experimental study of adhesion interaction of nanotubes is limited partially
due to the technical realization, obstacles brought by nano-positioning and precise
nano-manipulation of nanotube. Some pioneers has been investigating these adhe-
sive properties of nanotube using several smart but indirect measurements. Among
those techniques, atomic force microscopy (AFM) is the first choice to study di-
rectly the adhesion properties of nanotube, and involved interactions, friction, etc.
Bhushan and co-workers [38] investigated in ambient the adhesion and friction at
crossed nanotube junctions by using AFM in tapping mode : a conventional AFM
probe tipped with a multiwall carbon nanotube (MWNT) is scanned across a SWNT
that is suspended over a 2-µm-wide trench. From force-distance curves and scans
from hard trench surfaces, they found the adhesion between the nanotubes critically
depend on the morphology of the MWNT tip. The adhesive force and friction force
can be estimated by analysising the attenuation of vibrational amplitude of AFM
cantilever. They measured the adhesive force when the MWNT tip end detached
from the shell of the SWNT, the adhesion force is evaluated to be 0.7±0.3 nN. By
dividing the friction with the measured adhesion force,they gave the upper limit
value of coefficient of friction is around 0.006 ± 0.003. Due to the impact of pre-
sence of water at the nanotube-nanotube interface in ambient, the measured shear
strength is 2 orders of magnitude larger than reported [113]. Kis and coworkers [95]
performed a experiment to measure interlayer force during prolonged, cyclic teles-
coping motion of a multiwall carbon nanotube. The force acting between the core
and the outer casing is modulated by the presence of stable defects and generally
exhibits ultralow friction, below their measurement limit of 1.4× 105 N/atom and
total dissipation cycle lower than 0.4meV/atom. This is more than an order of ma-
gnitude lower than the previous estimate of 2.3× 10−14 N/atom on the interlayer
friction [100] and lower than the observed friction for one of the least dissipative na-
noscale interfaces—the incommensurate contact between C60 islands and NaCl [114].
They found that intentionally introduced defects in the form of dangling bonds lead
to temporary mechanical dissipation, but the innate ability of nanotubes to self heal
rapidly optimizes the atomic structure and restores smooth motion. Their measu-
rement give a new sight into the fundamental properties of interlayer action in
MWNTs, defects that are inevitably brought during synthesis process can strongly
modulate the van der Waals force between the inner layer and the outer layer of
the nanotube, yet the motion exhibits ultraslow friction. Ke et al. [115] provided
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a in situ mechanical peeling test to probe the property of SWNT bundles without
compromising the property of material. They presents a in situ peeling method to
study adhesive interactions between SWNTs by using a high resolution scanning
electron microscope (HRSEM), they mechanically peel a single SWNT bundle from
the bundle of SWNT, they clearly reveal the process of stripping off of the bundle in
a nano manipulation technique. A nonlinear elastic theory is used to interpret the
measured deformation curves and to compute the adhesive force as well as adhesive
energy quantitively.

Besides, several hundreds or thousands year ago, when the people see the geckos
can run rapidly on walls and ceilings freely attribute it to the special structure of its
toes. The extraordinary capabilities of geckos triggered great interests of people to
investigate the mechanism of the adhesive toe, which contains steal arrays consisting
of hundreds of spatulae on each seta, which allows intimate contact between the spa-
tulae and nearly any kind of surfaces, rough or smooth, hydrophilic or hydrophobic.
This biological adhesion is revealed conducting through van der Waals force with
various surfaces [116, 117, 118, 119]. Study to the friction and adhesion of this kind
of phenomenon can give potential guideline to fabricate dry adhesives. Nanotubes
have the similar adhesive property as gecko toes that have been probed to help
understand the mechanism of dry adhesives. Wang and co-workers [120] created a
gecko-foot dry adhesives using a special carbon nanotube array that with a straight
aligning body and a curly entangled end segment at the top, which gives a macro-
scopic adhesive force of ∼ 100 newtons per square centimeter, it is nearly 10 times
larger than that of a gecko foot, the strong interaction between the nanotubes and
the surface shows a very strong shear force much larger than the normal direction
force, which allows strong binding along the shear direction and easy lifting in the
normal direction. This CNT-based dry adhesives can be alternatively binding on
and lifting off over many surfaces to mimic the movement of a living gecko .

For most of the experiments, one usually get access to either intrinsic properties
of the CNT, or its interaction with the outside environment, using hypotheses on
the other properties. Direct measurement of the force of adhesion can overcome this
obstacle and offer quantitative measurement of several properties in a single test,
which is our interest to probe in this thesis.

Recently, peeling test at nanoscale offered a potentially powerful tool to charac-
terize the adhesion properties of CNT or nanowires on various substrates. A number
of experiments have been performed trying to find a way to measure the adhesion
force of the CNT [121, 122, 115, 103, 123], however, it is still challenging due to com-
plex comparison with numerical simulation that are needed to obtain quantitative
description of the nanointeraction. In this chapter, we will propose a simple protocol
to conduct peeling test, with which we access direct quantitative characterization of
the adhesion property of CNT.
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4.2 Experimental approach

In our experiment, single wall carbon nanotube (SWNT) are grown by the CVD
method. Its schematic diagram is shown in figure 4.4 : the reaction chamber is a
quartz tube, with a length of 130 cm and diameter of 6 cm. During the growth pro-
cess, the tube is heated up to 900◦C and this temperature is stable and controllable
over a distance of few tens of centimeters in the middle of the tube. In addition, its
inside is absolutely isolated from the atmosphere, because any oxygen leak can cause
an explosion in the tube. Reactants are fed from the gas cabinets into the reaction
chamber through a gas circuit that controls the flow of each species and provides
safety arrangements for usage of the highly explosive gases : in CVD synthesis of
carbon nanotubes, usually explosive gases are used at temperature well above their
autoignition temperature and safety regulations need to be carefully considered.
The most important part usually used are a water bubbler and paraffin trap at the
exhaust to cool and neutralize the exhaust gases to prevent the flash back of gases
to the cylinders and thus the spreading of explosive to them.

Before the growth, the target cantilevers (CONT20, NANOWORLD, Ltd.) were
dipped into a ferric nitrate-IPA (isopropyl alcohol) solution with a concentration
of 200 µg/ml for 10 seconds, and then were dipped into n-hexane for 10 seconds
for rinsing and dried in air in the end. Here, ferric nitrate is used as catalyst for
the growth, the solution was prepared one night before the growth, and kept being
stirred until to the growth. The as-prepared micro cantilevers were put onto a si-
licon wafer substrate with theirs tip upright to the top (see figure 4.4), then were
placed in the center of the tube. The tube chamber was heated to 900◦C under
argon atmosphere with a flow of argon (600 sccm) and hydrogen (400 sccm). After
10 mins of stabilization, CNT’s synthesis was carried out for another 10 mins by
adding methane (CH4, 1200 sccm), ethylene (C2H4, 26 sccm), hydrogen (H2, 500
sccm) while the argon source was turned off. The reaction chamber was cooled down
over a half-day with argon flows on and the cantilevers were brought out when the
chamber’s temperature was below 200◦C.

The yield of the growth is about 30% : one every three cantilevers has a nanotube
that has been grown on its tip. An example of a successfully grown SWNT with a
length of 400 nm on the tip of the AFM cantilever, is imaged by Scanning Electron
Microscopy (SEM) in figure 4.5. This vertically grown nanotube is then pushed to
a flat surface to conduct a series of experiments. All these preparation, growth and
SEM imaging are performed in the LPMCN, Lyon 1 university, in collaboration with
Athony Ayari.

4.2.1 Adhesion force measurement

To probe the adhesion properties of nanotubes, we measure their adhesion force
on a substrate. To measure this force, we need to know the spring constant k of the
cantilever. In conventional AFM setup, the calibration of the spring constant implies
a hard contact process, in which the cantilever tip is pushed onto a hard surface to
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Figure 4.4 – Schematic diagram of CVD reaction chamber. Nanotubes grow eve-
rywhere on the cantilever and tip from the catalyst nanoparticles

Figure 4.5 – Scanning electron micrograph (SEM) of a SWCNT with a length of
400 nm grown directly on an AFM tip. In experiment, it is pushed almost perpen-
dicularly against a flat surface to perform a series of peeling tests.
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calibrate the sensitivity of the photodiode. In our case, on the tip of the cantilever
is grown a nanotube, the hard contact calibration is thus not applicable, it would
be harmful to the nanotube. However, in our setup, we can calibrate the cantilever
by thermal noise as presented in detail in the chapter 3 with our quadrature phase
interferometer : when the cantilever is in equilibrium with the environment, the
thermal induced fluctuations can be described by kBT/2 = k

〈
d2
〉
/2, this thermal

excitation operates like a random force (white noise) on the cantilever. Using our
quadraphase interferometer, we record with high resolution the deflexion fluctuation
d of cantilever, we can compute the power spectrum density (PSD) of the deflexion d.
As shown in figure 4.6, the first resonant peak of PSD is well described by the simple
harmonic oscillator model (SHO model) (as discussed in the chapter 3). By fitting
the first resonance, we easily get the dynamic spring constant k of the first mode of
the cantilever. For the cantilever being probed here, k1 = 0.1N/m. According to the
description of Euler Bernoulli [40], the static spring constant of the cantilever can
thus be derived by k = 0.97k1 = 0.097N/m. That is to say, our way to calibrate the
cantilever is fully contact-less, the commercial AFM counterpart requires however
a hard contact force curve to get precise calibration, during which a conversion
factor from Volt to meter is involved. In our case, what the interferometer measures
here is the actual deflexion of the cantilever without needing any conversion factor.
When the interaction between the nanotube and the surface can be supposed to
be quasi-static and the interaction force vertically applied on the tip, as illustrated
in figure 4.7, the adhesive force of the nanotube can be given with derived static
spring constant by F = −kd/ cos(θAFM), where θAFM = 15◦ is the inclination of the
cantilever with respect to horizontal direction.

In the experiment, we push the nanotube against the substrate (graphite, mica,
. . . ) and retract it away. During approach, the induced increasing bending of the
nanotube becomes strong enough to cause part of the tube to adsorb to the surface,
retracting the nanotube leading thus to a peeling with respect to the substrate. The
process of absorption of nanotube is used to extract information about its adhe-
sion and the intrinsic properties. Our tricky approach differs largely with the other
existing peeling tests in the orientation of the nanotube : it is nearly perpendicular
(see figure 4.7) to the flat surface while other peeling tests mostly choose a parallel
configuration or large peeling angle [121, 122, 123, 124].

The instrument has been already introduced in chapter 2 in detail, in order to
offer a general understanding to readers the train of though of our work, I still want
to mention some key characteristics before introducing static force curve. The ver-
tical position zs of the flat surface is controlled by a piezo translation platform that
works in closed loop, with a resolution of 0.3 nm rms. The precise measurement of
the deflexion d is realized with our home made quadraphase interferometic setup
that reaches an intrinsic background noise level lower than 10−27 m2/Hz. The ad-
vantage of our setup not only lies in the quite low background noise but also in its
intrinsic calibration for the measurement of the deflexion d. Using calibrated d and
zs, we can thus compute easily at any time the compression of the nanotube by
zc = zs− d cos(θAFM). θ accounts for the 15◦ inclination of the AFM cantilever with
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Figure 4.6 – PSD of mechanical thermal noise of a Nanoworld CONT20 cantilever,
the first resonant frequency is fitted by SHO model to get the spring constant of
the first mode : k1 =0.1N/m. The derived static spring constant k = 0.97k1 is :
0.097N/m.
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Figure 4.7 – Schematic diagram of adsorption of the nanotube : the nanotube is
pushed perpendicularly against the flat substrate. The deflexion of the cantilever d
is recorded in real time by the interferometer as a function of the position of the
surface zs, the adhesive force F is thus computed by F = −kd/ cos(θAFM).

respect to the horizontal direction of the sample (see figure 4.7). The origin of zc is
defined as the last contact point of the nanotube with respect to the substrate, in
the case of strong interaction, this points corresponds to a fully extended nanotube
with a zero compression.

With the measured deflexion d and recorded substrate position zs, we plot an
example of measured force F as a function of compression zc on graphite, as shown
in figure 4.8. Three approach-retract cycles are overlapped, implying the force curve
is quite reproducible, the measured forces reflect thus the intrinsic structure of the
nanotube.

During approach, when the compression zc > 210 nm, nanotube snaps into
contact with the substrate, leading to a slight adhesion in the force curve. As the
approach continues, the nanotube undergoes a little increased force and a small
plateau. After a big jump, it faces a increasing repulsive force until the maximum
compression corresponding to the largest extension in the ramp of the piezo (red
curve). The compression range where the force is none zero during retraction is
around 600 nm which is longer than that of approach, this corresponds to extension
of nanotube during retraction. The origin of zc relates to the last contact point of
a fully extended nanotube. The retraction force presents a similar characteristic as
approach : a big and a small jump locate at 480nm and 300 nm, a plateau force in
between. In addition, the retraction curves present a strong hysteresis over the most
range of retraction with respect to the approach one, indicating that an attractive
force is always sensed by the tip during retraction.

The different behaviors of the force curve reflects the intrinsic structure of the
nanotube, as the force curve is highly reproducible, the jump at 480 nm and 300 nm
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Figure 4.8 – Time trace of piezo on a normal ramp (top) and force curve as a
function of compression on graphite (bottom). Blue, red, and black curve link to
approach, rest, retraction of the piezo. Three approach-retract cycles are overlapped.
The measured force curves are quite reproducible, indicating they reflect the intrinsic
structure of the nanotube. The sketches in the force curves give a possible scenarios
of interaction of the nanotube and its defects with the substate.
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Figure 4.9 – The scheme shows that the spring constant of the cantilever shifts to
an effective value : k0 +kCNT when the nanotube get into contact with the substrate.
The stiffness of the cantilever when in contact is k0 +kCNT rather than k0kCNT

k0+kCNT
, this

is because the cantilever and the nanotube are connected in parallel rather than in
series, since we monitor the thermal noise driven deflexion when the position of the
sample is fixed.

correspond to two defects of the nanotube. In section 4.3.2, I will explain precisely
the peeling mechanism of two nanotube parts that are connected by a defect, which
is leading to a big negative force.

4.2.2 Time-frequency analysis

If the speed of the translation of the piezo is sufficiently low, it allows us stay long
enough at any portion along the nanotube during the compression, so that we can
compute the power spectrum density (PSD) of the deflection of the cantilever that
is excited by thermal noise. Here, the force sensed by the cantilever not only comes
from the cantilever itself, but also from the contribution of the adsorbed nanotube
touching with the substrate. In this configuration, the effective spring constant of
the mechanical system is k0 + kCNT : the cantilever is just modeled as an harmonic
oscillator with a static spring constant k0, effective mass m0, and resonant repulsion
ω0, the contact of the nanotube with the surface add a extra stiffness kCNT, as shown
in figure 4.9. The resonant frequency in contact thus presents a shift with respect
to that in free standing state (out of contact).

We plot the relative PSDs of deflexion d in a 20ms window for the two states, in
contact and out of contact of the nanotube in figure 4.10. The cantilever’s resonant
frequency is clearly shifted. For a harmonic oscillator :{

ω2
0 = k0

m0

ω2
CNT = k0+kCNT

m0

(4.2)

The equation 4.2 gives the peeling stiffness of the nanotube in contact :
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Figure 4.10 – Power Spectrum Density (PSD) of the deflexion signal computed
in a 20ms interval before (blue) and during (black) contact. During the absorption
of the nanotube, the resonant frequency of PSD in contact is clearly shifted with
respect to that out of contact (free standing state).
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kCNT = k0

[(
fCNT

f0

)2

− 1

]
(4.3)

where f0 and fCNT are the resonant frequency of out of contact and in contact of
the cantilever oscillator system.

When taking into account of the 15◦ inclination of the cantilever, the equation 4.3
is modified slightly into :

kCNT =
k0

cos2 θAFM

[(
fCNT

f0

)2

− 1

]
(4.4)

The time interval used to compute PSD from the deflexion is critical to the
precision of the estimated stiffness of the nanotube. In the experiment, in order to
probe the stiffness of an adhered nanotube at any time, we restrict this interval to
5ms. From the frequency shifts in a small time interval, we can estimate the peeling
stiffness of the nanotube, this is the main purpose of time-frequency analysis method.

We perform this analysis of the deflexion of the cantilever during a slow trans-
lation of the piezo. The shifted resonant frequency (see equation 4.4) can be used
to access to kCNT at each time as long as fCNT can be identified easily on each PSD
Sd(t, f). 5ms time interval corresponds to 5 nm translation of the piezo since its
speed is around 1 µm/s. Any characteristics of nanotube longer than 5 nm can be
detected, thus giving a highly sensitive way in exploring peeling stiffness of the tube.

The computed PSD is plotted in figure 4.10, due to very short time (20ms is
used here) window, it is very noisy, it is thus hard to read a precise value of fCNT, the
frequency resolution is only 200Hz. We compare the PSD deduced from 5ms window
and from 100ms figure 4.12, it is clear that the PSD computed in 100ms window
is smoother to be fitted by SHO model to refine the resonant frequency, wheres the
PSD in 5ms one is too noisy to be fitted. As the ramp time (see figure 4.11 ((a)))
spans only 0.5 s, the adhesion time (the nanotube is being adhered to the substrate)
is even shorter around 0.15 s, the fit of PSD in 100ms window is evidently not
enough for the ramp used here. In Chapter 6, we will focus on a specially designed
ramp, where the nanotube can stay or undergo a slow speed of ramp that leaves us
longer time to perform time-frequency analysis to the data. In order to estimate the
resonant frequency at each small time interval, we use the following estimator :

fCNT(t) =

∫
∆f fSd(t, f) df∫
∆f Sd(t, f) df

(4.5)

where ∆f is an adequate frequency interval centered on fCNT (self adapting proce-
dure). By this trick, we can identify easily the fCNT on a noisy PSD.

We plot the results of time-frequency analysis to the deflexion in figure 4.11 (c) :
Before the nanotube gets into contact with the substrate, the resonant frequency of
the mechanical oscillate system obviously equals to the resonant frequency of the
free standing cantilever : fCNT − f0 = 0 before t < 0.17 s. From t = 0.17 s to t =

0.37 s, the nanotube is in contact with the substrate and the f0 shifts to a larger
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Figure 4.11 – Time trace of the substrate position zs (a), deflexion d (b), resonant
frequency f0 (c), dynamic stiffness of nanotube kCNT (d) during an approach-retract
cycle. The color blue, red, and black lines indicates the approach, rest, retract trans-
lation of the piezo. The dotted cyan line in (c) indicates the resonant frequency of
the cantilever in out of contact state to give a comparison with fCNT. Thermal indu-
ced fluctuations excite the AFM cantilever, the first mode resonant frequency shift
implies a changed stiffness of this small mechanical oscillator that is composed of
AFM cantilever, nanotube and the substrate (see figure 4.9). We compute the PSD
of the deflexion of the cantilever d for every 5ms time window. In the case of with
very short time interval, it is hard to fit the PSD by SHO model, however, with an
estimator 4.5, we can still access at each time to the dynamic stiffness of nanotube
by equation 4.4 with a high precision.
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Figure 4.12 – The comparison of PSDs computed in 5ms window and in 100ms
window. The spectrum of 5ms is much noisier than that of 100ms. The resonant
frequency estimated by equation 4.5 matches with a trustable precision with the
value from the averaged curve that is fitted by a simple harmonic oscillator model
(SHO).
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value that corresponds to fCNT. When t > 0.37 s, the stiffness of the nanotube goes
back to 0, which corresponds to the recovery of the nanotube to out of contact state,
implying the nanotube gets away from the surface. In figure 4.11 (d), we plot the
deduced stiffness of the nanotube in contact kCNT.

The time-frequency analysis is thus a useful way to access to the dynamic stiff-
ness of nanotube at each time during the peeling test. The thermal induced fluc-
tuations are strong enough to excite the cantilever, giving possibility of determining
the resonance of the cantilever through an estimator. The dynamic stiffness of nano-
tube during the contact corresponds to the response of nanotube when it undergoes
random excitations at fast time scale. It gives us a value of the dynamic stiffness
kCNT, and by conducting the time-frequency analysis on the force plateau, it leads
to the proposal of questions about the dynamic peeling stiffness of the nanotube in
section 6.3.

4.3 Description of carbon nanotube : Elastica

In this section, we will explain our model describing the nanotube when it is
approached perpendicularly against to a flat surface. This part is strongly inspired
by references [125, 29].The nanotube here is modeled as an elastic line, it is not
compressible along its length, and we assume the surface can not be deformed (in-
finitely stiff) when it is in interaction with the nanotube. As figure 4.13 illustrates,
the approached nanotube is described by a parameter curve with coordinates x(s)

and z(s), where s is the arc length along the nanotube. We define the O as the origin
of the nanotube (s = 0), it is the tip of the cantilever holding the nanotube, the
point L as the first contact point (s = L) of the nanotube with the surface, where
L is the length of the free standing part of the nanotube. Thus, the coordinate of L
can be given as :

X =

∫ L

0
sin θ ds (4.6)

Z =

∫ L

0
cos θ ds (4.7)

where θ(s) is the local slope.
We assume that there is no external force applied along the nanotube length,

except at the two extremities s = 0 and s = L. When the nanotube lies in equi-
librium, the force acting on the two extremities should present the same absolute
value but opposite directions, as indicated in the figure 4.13. The same arguments
hold for every part of CNT, thus the force is constant along the nanotube. We also
assume that the horizontal force Fxex = 0 as if the first contact point s = L can
freely slide on the surface, thus the sensored force at the origin (s = 0) is vertical :
F = Fez.

The bending moment M at each point along the nanotube length can be linked
to its local curvature :
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Figure 4.13 – The nanotube we approach against to the substrate is described by a
parametric curve with its coordinates x(s) and z(s) as sketched, s is the arc length
from the origin O to the first contact point L of the nanotube with the substrate.
When part of the nanotube is adsorbed on the substrate, the free standing part
length L is always smaller than the total length of the nanotube Ltotal.

M = EI
dθ

ds
= EIθ′ (4.8)

where E is the Young’s modulus and I the quadratic moment of the nanotube. In
equilibrium, the sum of the moments applying on an infinitesimal element should
be zero, this leads to the expression of the elastica [126] :

dM

ds
= EI

d2θ

ds2
= EIθ′′ = −F sin θ (4.9)

F < 0 corresponds to an attracting force at the extremity s = 0 while F > 0

corresponds to a repulsive force.
By integrating equation (4.9), we get the first invariant expression of the Elas-

tica :

EI(θ′(s)− θ′(0)) + Fx(s) = 0 (4.10)

Multiply equation (4.9) by dθ and integrating, we obtain the second invariant
expression of the Elastica :

1

2
EIθ′(s)2 − F cos θ(s) = Constant (4.11)

Two boundary conditions are needed to get the solution of the expression (4.10)
and (4.11) since they are second order differential equations. The classical boundary
condition at the origin is θ = θAFM or θ′ = 0, corresponding to ’clamped hypothesis’
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and ’torque free hypothesis’, respectively. In the latter part 4.3.2, we will present
which hypothesis is more realistic to describe our measurements.

4.3.1 Force plateau

We study in this section the case of a nanotube partially adsorbed on the sub-
strate. It implies that the length L of the free standing part of the nanotube is
smaller than the total length of the CNT Ltotal, and that the final slope of the na-
notube is horizontal : θ(L) = π

2 . The interaction between the nanotube and the
substrate is mainly due to the van der Waals force, a short-range force that can be
lost as soon as the distance between the nanotube and substrate is larger than a few
nanometers. In our research, we focus on the pure contact case which means that
the van der Waals force disappears as soon as the nanotube is peeled away from the
surface. Ea is defined as the adhesion energy per unit length of the nanotube.

For a given shape of the nanotube, the curvature energy is :

Ec =

∫ L

0

1

2
EIθ′(s)2ds (4.12)

The total energy of the nanotube Etotal is the sum of the curvature energy Ec
which is due to the deformation of the nanotube and the adhesion energy Ea which
is due to the partially adsorbed nanotube on the surface, we have :

Etotal = Ec(Z,L)− LcEa (4.13)

where Lc is defined as Lc = Ltotal − L, the length of the nanotube in contact with
the substrate. For a given distance Z between the origin and the surface, the length
L of the free standing part of the nanotube adjusts itself by minimizing the total
energy in order to get to a stable state. In equilibrium, the adhesion energy of the
nanotube is given by [127, 128] :

Ea = − ∂Ec
∂L

∣∣∣∣
Z

=
1

2
EIθ′(L)

2 (4.14)

I would like to refer the interested reader to Appendix C for more details of (4.14).
It can also be rewrote as :

θ′(L)
2

= θ′L
2

=
2Ea
EI

=
1

R2
a

(4.15)

where we defined the natural radius of curvature Ra for the first contact point.
As soon as the nanotube is partially adsorbed on the surface, the system tends

to minimize its total energy by maximizing the absorbed length Lc. However, this
change of the CNT increases the bending of the free standing part of the nanotube
and thus its curvature energy Ec(Z,L). The adsorbed length will thus be a balance
between the bending and the adhesion. If the free standing part of the nanotube
is long compared to its natural radius of curvature Ra, its shape does not change
much when it is peeled from the surface. The vertical displacement δz needed to
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peel a small length δl is in first approximation δz ' δl. The work produced as we
are peeling with a force F is Fδz while the energy released during the peeling is
−Eaδl, it is directly leading to F ' −Ea : peeling the nanotube will result in a flat
force-compression curve.

Figure 4.15 shows the numerical integration of the elastica, for a total length
Ltotal = 5Ra [29]. When zc > Ra and zc < 3Ra, the adhesion force is clearly
equivalent to the adhesion energy F = −Ea. The result is also valid with different
clamping conditions at the origin as will illustrate in section 4.3.2. This force plateau
is clearly seen in our measured force curves, as shown in the figure (4.8). More
obvious force plateaux are illustrated in section 4.3.2 in figure 4.16 : about 4 plateaux
are clearly found in the force curve, the large negative peak in the force curve will
be reasonably understood with torque free boundary condition.

4.3.2 Clamped origin or torqued free origin ?

In previous section, under the condition of large length of the adsorbed nanotube
compared to the radius of curvature, when it is peeled off from the substrate, we
show that the force measured by the cantilever is equivalent to the adhesion energy
Ea per unit length. However, the question comes when the limit condition is not met,
that is to say, compression is large and the free standing length of the nanotube is
small, as shown in the figure 4.15. The boundary at the origin can play an important
role in behaviors of the adhesive force, it has to be therefore carefully considered as
well.

When the nanotube is approached against or pulled off from the substrate, we
have two possible boundary conditions to describe the extremity of the nanotube,
one is clamped origin : the origin is clamped (see figure 4.15), the nanotube is not
allowed rotating but keep a fixed inclination with the AFM cantilever 1.

θ(0) = θ0 = θAFM (4.16)

Another simple boundary condition is the torque free origin (see figure 4.17) :

θ′(0) = θ′0 = 0 (4.17)

In the torque free origin hypothesis, the origin can be rotated freely (θ can be
any angle). We will demonstrate next that the two different boundary conditions
present almost opposite force behaviors. Note that the clamped origin discussed
here is natural to describe the connection between the nanotube and the tip of the
cantilever since the elastica model we used is a defect-free line. For the experimental
synthesized nanotube, however, defects are hard to avoid to obtain an ideal tube,
the concept of origin is linked to the first defect found after leaving the surface.

1. θAFM is the angle that the AFM cantilever present with respect to the surface, it is designed in
the setup so that the cantilever can image various samples especially those with uneven morphology.
When the nanotube grows along the tip, the inclined tip gives the nanotube almost the same angle
with the vertical direction, as shown in the figure 4.5 and 4.13.
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Figure 4.14 – Boundary condition in limiting case at the origin : clamped origin

Could this defect can be freely rotated ? We will compare the measurement with the
proposed two boundary conditions to discuss the actual force behavior induced by
the defects.

Clamped origin :
We define smax correspond to the coordinate of the maximum value of θ′, we

have :
1

L
(θL − θ0) =

1

L

∫ L

0
θ′(s)ds 6 θ′(smax) (4.18)

Injecting s = L and s = smax into the second invariant expression (4.11) and
combining with the results (4.15), we get :

1

2
EIθ′(smax)

2 − F cos θ(smax) =
1

2
EIθ′L

2
= Ea (4.19)

By deforming, we thus have :

F =
Ea

cos θ(smax)

(
R2
aθ
′(s2

max)− 1
)
>

Ea
cos θ(smax)

(
R2
a

L2
(θL − θ0)2

)
(4.20)

The limiting value when L→ 0 is thus [29] :

lim
L/Ra→0

F = +∞ (4.21)

That is to say, when a small length of the elastic is peeled off, the force presents
a diverging value with the clamped boundary condition. This result is easy to un-
derstand : as the free standing part become shorter and shorter, the different slopes
of the two boundaries lead to a more and more diverging curvature. Numerical in-
tegration of partially adsorbed elastica was conducted [29]. The results are plotted
in the figure 4.15, the force exhibits an adhesion plateau between the compression
range zc < 3Ra and zc > Ra, it however diverges to strong repulsive forces for
large compressions. It is not in line with the measured experimental force curves
in figure 4.8, where force plateau usually ends with large attractive forces at large
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Figure 4.15 – Numerical integration of nanotube compression for L = 5Ra with
clamped boundary condition. Fundamental and metastable states are described by
thick and thin lines, respectively. (a) shape for the point contact, (b) shape for
adsorbed state, and (c) force F are illustrated as a function of compression zc [29].

compression. This is even more obvious in figure 4.16 where a nanotube with much
more defects is peeled from the surface, an large attractive force can be seen at each
defect.

Torque free origin : In the case of a torque free origin, we can rewrite the first
invariant equation of the elastica with boundary condition θ′0 = 0 and combining
the results 4.15, we have :

EIθ′L + FX = 2EaRa + FX = 0 (4.22)

With coordinate X 6 L :

lim
L/Ra→0

F 6 lim
L/Ra→0

−2Ea
Ra
L

= −∞ (4.23)

That is to say, when the nanotube is approached in a limit case L → 0, the
torque free boundary condition gives a diverging attractive force. As illustrated in
figure 4.18. From the numerical simulation, the force presents a plateau between
the compression range zc < 3Ra and zc > Ra. The curve ends with a diverging
attractive force for large compressions (zc > 3Ra). It is clearly more in line with the
experimental data plotted in figure 4.16. Let choose the defect located at the com-
pression 130 nm for example, the force jumps from previous plateau at F =0.5nN,
via "−∞", to the next plateau at F =0.3 nN. The observed 4 plateaux are easy to
interpret : the synthesized nanotube is composed of several segments linked with
defects. When the peeling of the nanotube begins with a defect, the defect act like



4.3. Description of carbon nanotube : Elastica 73

Figure 4.16 – Force curve of a nanotube as a function of compression on graphite,
it owns more defects than the previous one. Blue and black curve correspond to the
approach and the retraction, respectively. For the compression, there are 4 obvious
defects can be found along the adsorbed length, they locate at the compression
230 nm, 175 nm, 75 nm and 80 nm, respectively. Four force plateau are also clear
at the compression of 190 nm–230nm, 150 nm–170nm, 80 nm–120nm, and 20 nm–
40 nm.

Figure 4.17 – Boundary condition in limiting case at the origin : torque free origin



74 Chapitre 4. From adhesion force to intrinsic property of nanotubes

Figure 4.18 – Numerical integration of nanotube compression for L = 5Ra with
torque free boundary condition. Fundamental and metastable states are described
by thick and thin lines, respectively. (a) shape for the point contact, (b) shape for
adsorbed state, and (c) force F are illustrated as a function of compression zc [29].

a torque free origin since its linkage with the next defect can be rotated easily, the
force presents thus a infinite attractive force.

Indeed, if we want to peel a totally adsorbed nanotube from the surface, the
vertical distance changes by Z ∝ X2/Ra with a minimum part X being peeled off
(Ra being the radius curvature at the detachment point). The energy released is
EaX, the work needed in this peeling is W = FZ, in equilibrium, we have F ∝
−EaRa/X. The adhesion force should thus present a negative divergence when the
part of the nanotube that includes a defect is peeled off.

4.3.3 From adhesion energy to mechanical property

Let us first rewrite the two invariants of the elastica (4.10) and 4.11 using the
boundary condition of torque free origin (4.17), adsorbed end θL = π/2, we obtain
directly :

EIθ′L = −FX (4.24)

1

2
EIθ′L

2
= −F cos θ0 (4.25)

Injecting the definition (4.15) into the equation (4.24) and (4.25), we have :

F = − Ea
cos θ0

(4.26)
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X = 2Ra cos θ0 (4.27)

In the case of large seperation of the nanotube, It is demonstrated in the
section 4.3.1 that the pulling force presents a constant value equals to adhesion
energy per unit length Ea, this implies the spring contant of the nanotube is zero
(kCNT = dF/dzc). However, if we suppose that the adhesion process is slow, the
nanotube behaves as if the its length L is fixed and can not adjust to balance the
adsorption. We will however stay in slow time scale (low peeling frequency) with
respect to the dynamics of the free standing part of the nanotube, in this case, we
can still use the elastica to compute the dynamic stiffness of the nanotube kCNT :

kCNT = −∂F
∂Z

∣∣∣∣
L

(4.28)

Note that, if the adhesion process is not completely in slow time scale we are
measuring, the measured stiffness is expected to be some value between slow and
high time scale. We derive the equation (4.24) and (4.25) by Z :

EI
∂θ′L
∂Z

= kCNTX − F
∂X

∂Z
(4.29)

EIθ′L
∂θ′L
∂Z

= kCNT cos θ0 + F sin θ0
∂θ0

∂Z
(4.30)

Note that θ′L is not perfectly constant anymore since equilibrium with adhesion is
not assured at fast time scales. By injecting the solution (4.15), we get :

kCNT(X −Ra cos θ0) = F

(
∂X

∂Z
+Ra sin θ0

∂θ0

∂Z

)
(4.31)

We rewrite the equation (4.31) in the limit of large separation ( (4.26)
and (4.27)) :

kpeeling
CNT = − Ea

Ra

∂X

∂Z

∣∣∣∣
L

(θ0 → 0) (4.32)

To describe ∂X/∂Z, we need recall the equation (4.34) and (4.33) :

ds = Ra

(
1 +

F

Ea
cos θ

)−1/2

dθ (4.33)

L =

∫ L

0
ds = Ra

∫ π/2

θ0

(
1 +

F

Ea
cos θ

)−1/2

dθ (4.34)

thus :

L− Z =

∫ L

0
(1− cos θ)ds

= Ra

∫ π/2

θ0

(1− cos θ)

(
1 +

F

Ea
cos θ

)− 1
2

dθ
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As large separation always obeys the limit Z ≥ Ra, F ' −Ea, plus the boundary
condition θ′0 = 0 :

L− Z ' Ra
∫ π/2

0
(1− cos θ)

1
2 dθ = 2(

√
2− 1)Ra (4.35)

With the description (4.25), we thus have :

L− Z = 2(
√

2− 1)Ra = (
√

2− 1)X (4.36)

The equations above leads to :

∂X

∂Z

∣∣∣∣
L

(θ0 → 0) = −1−
√

2 (4.37)

The dynamic stiffness of the nanotube can be written as :

kpeeling
CNT = (1 +

√
2)
Ea
Ra
≈ 2.4

Ea
Ra

(4.38)

The equation (4.38) demonstrates that the dynamic stiffness of the nanotube is
also a constant value, it is linked to the adhesive energy per unit length Ea and the
radius curvature Ra. The value of the dynamic stiffness can further give us access
to the bending stiffness EI of the nanotube :

EI = 2EaR
2
a = (6 + 4

√
2)

E3
a

kpeeling
CNT

2 (4.39)

The quadratic moment I is a function of the geometry of the nanotube [126] :

I =
πD3

CNTtCNT

8
(4.40)

whereDCNT is the diameter of the nanotube, tCNT the wall thickness (for a single wall
carbon nanotube, it is around 0.34 nm [97]). For a given value E =1TPa, we can
extract the geometric information of the nanotube by measuring the adhesion energy
per unit length Ea and the peeling stiffness of the nanotube kpeeling

CNT . In chapter 5,
I will present that though the adhesion energy per unit length varies on different
surfaces, the inferred diameters of the nanotube is of the same order.

4.4 Summary

Let us summarize the main points of this chapter : we perform a series of ex-
periments where a single wall carbon nanotube is pushed perpendicularly against
a surface, we record the adhesion force as a function of the compression. A main
feature that the force curves presents is it exhibits a plateau at some range of com-
pression. We propose a time-frequency analysis method by monitoring the resonant
frequency shift of the cantilever, this allows accessing to the peeling stiffness of the
nanotube at any compression during retraction process.
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Elastica model is used to described the adsorbed nanotube on substrate, adhesion
energy per unit length Ea is used to describe the strong interaction between the
nanotube and the surface, Ra the radius of curvature of the first contact point during
a nanotube’s adsorption is also defined. Theoretical description of the adsorption of
nanotube is used. It illustrates that the measured force plateau is equivalent in the
absolute value to the adhesion energy per unit length Ea. Two boundary conditions
are proposed to described the peeling mechanism of the peeling point : torque free
origin and clamped origin. The following numerical simulations indicate that the
two boundary conditions exhibit opposite force behaviors at the defect where the
nanotube is peeled. The experimental measurement of the adhesive force valid the
torque free origin being a more realistic condition to describe the adhesion where
the peeled part of nanotube include defects.

The adhesion energy per unit length Ea is measured from the force plateau,
the peeling stiffness kpeeling

CNT is obtained by time-frequency analysis method. The
mechanical properties of the nanotube is then inferred by Ea and kpeeling

CNT : Ra, EI,
and diameter of peeled nanoutbe DCNT .
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5.1 Questions to probe

As discussed in chapter 4, during the peeling of a single walled carbon nanotube,
measuring the adhesion force and the derived peeling stiffness kpeeling

CNT can provide
access to the intrinsic properties of the nanotube. On various surfaces, is there
any difference in the adhesion energy ? Are the inferred intrinsic properties of the
nanotube independent of the substrate ? We will focus on answering these questions
in this chapter.

5.2 Substrate preparation

For the substrates, graphite and mica are first chosen as candidates as a fresh
layer is always easy to be cleaved before the test. The interaction between the layers
is dominated by Van der Waals forces. For the other substrates, we will choose
several metallic surfaces of gold (Au), aluminum (Al), silicium (Si), and platinum
(Pt) to conduct the peeling test to investigate relative adhesion energies.

For the adsorption of the nanotube on substrate, a very flat surface is indispen-
sable in order to get rid of the impact from the morphology of the surface. We choose
to work on the chip of commercial AFM cantilevers coated with Au, Al, Pt, and
without any coating (thus Si). In the test, we approach the nanotube to the chip of
the chosen cantilevers. Their millimetric surface is flat and clean to test the adhesive
peeling. Before the test, all metallic samples undergo a treatment in an ultrasound
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cleaner in ethanol for 10mins, isoproponal for 10mins, then in a plasma cleaner
(medium power) for 10mins to avoid any contamination from outside environment.
Then are kept in clean and dry containers for 6 hours to decrease the surface impact
that might be changed by the cleaning process.

5.3 Force measurement

On graphite, we record the force as a function of compression by approaching and
retracting the nanotube, the measured force curve is plotted in figure 5.1. Blue, red,
and black curve correspond to approach, retract, and standstill state of the piezo.
An obvious hysteresis due to the adhesive force can be noticed. The interaction is
mostly attractive, hinting at an adhesive force dominated peeling process. In the
figure, we can easily read out two long force plateaus around 300 nm< zc <550 nm,
another one around 100 nm < zc < 250 nm with a smaller value. This value of the
force plateau is equivalent to adhesion energy per unit length Ea according to the
previous discussion. The different values of the plateau detected here link to different
segments of the nanotube with different diameters (e.g. a loop from each side for
this nanotube).

The piezo ramp used here is specially designed compare to a normal ramp : nor-
mal approach but slow retraction, this leads to a very high resolution of attractive
force curve. This special ramp allows us to perform time-frequency analysis thereaf-
ter to obtain more precise information about the dynamic stiffness of the tube. One
defect located at around zc =630 nm can be figured as at this compression the force
exhibits a big negative force, the feature measured here once again valid the fact
that torqued free origin describes the adsorption of nanotube in a more realistic
manner.

With this special ramp of the piezo, we can stay a sufficient time at any com-
pression to perform a precise time-frequency analysis for this CNT on graphite.
The results are plotted in figure 5.2. The resonance frequency of the cantilever is
obviously shifted on the plateau 300 nm< zc <550nm during the retraction of the
piezo (the cyan dotted line indicates the resonant frequency f0 of the cantilever be-
fore contact). The corresponding dynamic stiffness of the nanotube on this plateau is
clearer than that in figure 4.11. The long plateau (as black arrow indicates in the fi-
gure) allows us to compute easily the averaged dynamic stiffness to a more trustable
level with respect to that of used normal ramp (figure 4.11) : kCNT =0.46±0.05N/m.

We plot a typical force curve on substrates of graphite, Pt mica, Au, Al, and
Si in figure 5.3 : the features of the force curves tend to be similar though on
different surfaces. It is reasonable since the measured force curve reflects the intrinsic
structure of the nanotube, and always the same nanotube is used in these tests. The
value of the force plateau on these substrates is different, that is to say, the adhesion
energy per unit length Ea depends on the substrate. The measured adhesion energy
and the inferred dynamic stiffness kCNT on these 6 surfaces are listed in details in
table 5.1 : the adhesion energy per unit length Ea for various substrates is of the
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Figure 5.1 – Measured force curve (down) F vs. compression zc on a graphite sub-
strate. The strong hysteresis due to the adhesion can be noticed between approach
(blue curve) and retraction (red curve). The black arrow indicates the longest force
plateau from 300 nm to 550 nm on the force curve.

same order of magnitude though the value for graphite, Au, mica are generally larger
than that for Al, Pt, and Si. Note that, Ea for graphite is around 1.6 times larger
than that for mica, which is almost in line with our previous measurement [125] (2
times larger). The absolute value though is different since it corresponds to different
growth conditions (previous nanotubes were prepared by A. M. Bonnot in Grenoble).

Substrate graphite mica Au Al Pt Si
Ea (nJ/m) 6.60±0.39 4.20±0.40 5.07±0.76 3.77±1.04 3.22±0.39 3.05±0.48
kpeeling

CNT (N/m) 0.46±0.05 0.28±0.04 0.40±0.08 0.26±0.07 0.21±0.03 0.21±0.04
Ra (nm) 34±4.3 36±6.1 30±7.5 35±13.6 37±6.8 35±8.7
EI (10−24 Jm) 15.8±4.5 11.0±4.4 9.5±5.7 9.2±9.2 8.8±4.0 7.5±4.6
DCNT(nm) 4.9±0.8 4.4±1.0 4.1±1.4 3.8±1.3 4.0±1.0 3.8±1.3

Table 5.1 – Measured values of the adhesion energy per unit length Ea, dynamic
stiffness of the nanotube kpeeling

CNT , natural radius of curvature Ra, bending modulus
EI, and inferred diameter Ra of the adsorbed nanotube.

According to the discussion (4.38), from the inferred dynamic stiffness and the
adhesion energy, we can estimate directly the radius curvature Ra and the bending
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Figure 5.2 – Time evolution of the piezo position zs (a), deflexion d (d), reso-
nant frequency fCNT (c) and dynamic stiffness of CNT kCNT (d) during a specially
designed approach-retract cycle. The color blue, red, and black lines indicates the
approach, rest, retract translation of the piezo. The dotted cyan line in (c) indicates
the resonant frequency of the cantilever in out of contact state to give a comparison
with that in contact fCNT. The longest plateau of figure 5.1 corresponds to the time
interval 4.5 s-7 s, which we use to compute the adhesion and intrinsic properties of
the nanotube in the peeling regime.
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Figure 5.3 – Measured force curves on various substrates : graphite, Pt, mica, Au,
Al, and Si as a function of compression. We compute the value of Ea from the longest
force plateau, around 300 nm to 500 nm.

stiffness EI of the nanotube when it is being peeled, we estimate in the end the
diameter of the peeled CNT by equation (4.40). For all of the substrates, even though
the adhesion energy and the dynamic stiffness varies, we obtain similar diameters
of the nanotube on these substrates.
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Figure 5.4 – The value of the force plateau on substrates (top) : graphite, mica,
Pt, Au, Al and Si and (bottom) the inferred diameter of the peeled CNT by (4.38)
and (4.40). The adhesion energy for various substrates differs, but the inferred dia-
meters tend to be similar. This fully validates our previous discussion about the
absorption of the CNT : we access both to its measured adhesion energy and to its
mechanical properties. Error bars correspond to the stand deviation of the mean
value of the plateau.

In the table 5.1 and figure 5.4, we report the adhesion energy and inferred dia-
meters of the nanotube on these surfaces. Standard error bars are computed in
different approach-retraction cycles on the same plateau. From the figure, we can
clearly see that for these surfaces, the nanotube presents different amplitude of adhe-
sion forces, specially for the graphite and the mica which differs by a factor of 1.6.
However, the inferred diameters are 4.9±0.8 nm for graphite, 4.4±1.0 nm for mica.
This is evidently in accordance with the independence on the substrates. Measuring
the adhesion force and peeling stiffness allows access to the mechanical properties
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of the nanotube, this experimental data gives thus direct support to our previous
discussion about the peeling process of the nanotube in the chapter 4.3.3.

5.4 Calibration of the deflexion

As described in chapter 2, our home-made quadrature phase interferometric
AFM is working with the sensing beam reflected on the free end of the cantilever
and the reference beam on its flat base (figure 2.1). To make sure the sensing beam
is always right on the tip, we scan the cantilever in a 2D map of reflected intensity
with a interval of 10 µm in two directions of the cantilever plane (along and across
the cantilever).

However, in some cases, the cantilever can be contaminated by materials that
is less reflective, specially in the case of growing the nanotube on the cantilever
by CVD, the by-products of the growth—amorphous graphite for instance, would
decrease the reflectivity of the surface of the cantilever. It is thus usually hard to
find precisely the end of the cantilever. Using the model presented in chapter 2, the
cantilever is described in the Euler Bernoulli frame work. According to the solution
of the equation of motion, the displacement of the tip is mode dependent : the
deflexion d is changing according to the position of the laser spot with respect to
the position of the nodes and antinodes of the mode. Therefore, the position of the
laser spot can have an impact that is not negligible on the deflexion measurement,
thus the force measurement. Related corrections should be taken into account, we
present here two simple methods that are usually used for correction :

5.4.1 hard contact

When the cantilever is in hard contact with the substrate, the deflexion d should
be equivalent to the translation of the surface linked to the piezo. That is to say, we
will get a line with a slope equals to 1 in the plot of deflexion d vs. zs. In case of the
laser spot is not exactly on the end, the measured deflexion d is expected to have
a smaller value, as indicated in figure 5.5. Let us define d′ = αd, the parameter α
can be directly measured from the fit of blue (approach) or red (retract) line on the
force curve of figure 5.6. The real deflexion of the tip is thus d = d′/α, as plotted in
black line in the figure. That means, the nearer to the tip, the closer the measured
deflexion d′ is to the real deflexion d.

The inset figure in the figure 5.6 illustrates the behavior of the zoomed deflexion,
it is noticeable that there is an obvious ’jump’ when the tip get or loose contact
with the surface, which implies an adhesive force exists. This adhesive force is due
to the interaction between the tip and the surface. The interaction leads to an
small hysteresis during the retraction. With parameter α being subtracted, the real
deflexion of the tip can be compensated as plotted in black line in the figure 5.6.

Using the hard-contact trick to calibrate the cantilever is common for commercial
AFM setup, it is also used in our next chapter (chapter 6) when we want to calibrate
a piezo that is used to apply excitation to the nanotube. However, as in this method
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Figure 5.5 – Schematic diagram of cantilever in hard contact.

we need to push the tip against to the surface, in the case of a functionalized tip
with a single wall carbon nanotube, the hard contact has thus the risk of harming
the nanotube, for this reason, I would like to introduce another safer calibration way
by using the normal modes according to the description of Euler Bernoulli.

5.4.2 stiffness

The measured force is computed by multipling the stiffness with the deflexion of
the cantilever : F = kd. If the laser spot is not focus right on the end, the estimated
force is F ′ = k′d′. Let us recall the equipartition theorem, when the cantilever is
in equilibrium with the outside environment, the energy stored in the spring is in
average equal to the thermal noise :

1

2
k
〈
d2
〉

=
1

2
kBT (5.1)

where k is the spring constant of the cantilever,
〈
d2
〉
the mean quadratic deflexion,

kB the Boltzmann constant and T the temperature. We have been using this formula
to calibrate the cantilever’s stiffness according to the FDT.

For the laser spot positions right in the end (deflexion d) and not (deflexion d′),
we have according to our calibration procedure :
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k
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d2
〉
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1

2
kBT =

1

2
k′
〈
d′

2
〉

(5.2)

We thus have :

k′ = k

(
Φ1(L)

Φ1(x)

)2

(5.3)

The true (d) and measured deflexion (d′) are linked to the shape Φ1(x) first mode
of oscillation of the cantilever considered here :

d′ = d×
(

Φ1(x)

Φ1(L)

)
(5.4)
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Figure 5.6 – Deflexion d as a function of the position of piezo zs in hard contact,
the inset figure illustrates the area where the cantilever tip get and loose contact
with the surface. By fitting the curve (red), the real deflexion of the cantilever can
be given by d = d′/α.

where x is the coordinate of the laser spot on the cantilever. It leads to :

F ′ = k′d′ = k

(
Φ1(L)

Φ1(x)

)2 Φ1(x)

Φ1(L)
d (5.5)

thus,

F = F ′
√
k′

k
(5.6)

The true stiffness k is calibrated before the growth of the nanotube. By mea-
suring the force F ′ at position x and the corresponding stiffness k′, we can thus
estimate the real force F that could be measured if the laser spot was right on
the end of the cantilever. This calibration is critical when one wants to compare
the adhesion energies on various substrates, this is because when we change the
substrate from one to another, slight shifts on the laser position on the cantilever
are introduced even with very careful manipulation. In addition, the value of adhe-
sion energy among various substrates are on the same order of amplitude, any tiny
fluctuation in stiffness can cause incorrect results of the comparison. By such ca-
libration, we can get a reliable comparison of the forces on these substrates. The
force measured in figure 5.4 has been calibrated by this method.
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5.5 Summary

We measure the adhesion force when a single wall carbon nanotube is approached
perpendicularly against and retracted off a flat surface on various substrates. With
a specially designed ramp (normal approach but slow retraction), we have sufficient
time to perform precise time-frequency analysis of the deflexion of the cantilever,
and get access to the dynamics stiffness of the nanotube during the peeling test. In
the force curve, a long force plateau presents the most striking feature of the curve,
the value of which is equivalent to the adhesion energy per unit length. It exhibits
substrate dependence.

Within the framework previously discussed, measuring the adhesion energy per
unit length and the peeling stiffness of the nanotube lead directly to the mechani-
cal property of the nanotube. We measured the adhesion energy on substrates of
graphite, mica, Au, Al, Pt and Si, the results unveil that the Ea for graphite, mica
and Au are generally larger than for Al, Pt, and Si. The adhesion energy on the
graphite is twice larger than that on Si. After performing time-frequency analysis
of the measured deflexion for all of the substrates, we go further to estimate the
diameters of as peeled nanotube : though the adhesion energy differs on substrates,
the estimated diameters are similar, all in accordance with the fact that the same
nanotube is peeled in these tests.
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As presented in chapter 4, the measured force plateau F directly gives the adhe-
sion energy per unit length Ea, combining with the peeling stiffness kpeeling

CNT , we can
get access to the mechanical properties of the nanotube (EI, DCNT). In chapter 5,
adhesion energy Ea of a peeled nanotube on various substrates are measured, the
results shows that Ea is surface dependent.

6.1 Peeling stiffness of CNT

In this chapter, we will focus our investigation on the peeling stiffness of the
nanotube when it is retracted away from the surface. We plot the force curve of one
of the grown nanotube as a function of compression zc in approach-retract cycle in
the figure 6.1. The force curve exhibits an obvious long force plateau for compressions
from zc = 70 nm to 220 nm. This flat force plateau lead thus to zero peeling stiffness
of the nanotube since it implies :

dF/dzc = 0 (6.1)

Even if we take into account the details of the force plateau (which is not perfectly
flat), we have an upper limit around 10−2 N/m for the static stiffness.

When we apply time-frequency analysis of the deflexion by equation (4.3) as
we did in the figure 4.10, and plot the results in figure 6.2. The peeling stiffness is
obviously a non-zero value : kpeeling

CNT is around 0.06N/m. The question soon arises :
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Figure 6.1 – Forve curve vs. compression zc of a nanotube with few defects.

Figure 6.2 – Dynamic stiffness of the nanotube estimated by time-frequency ana-
lysis of the deflexion of the cantilever. On the force plateau, the peeling stiffness is
obviously a non zero value.
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Figure 6.3 – The question being probed in this chapter : the characteristic of the
peeling stiffness from low frequency to high frequency.

Why does the peeling stiffness of the CNT exhibit different behaviors using different
estimation method ? Is this a contradiction ?

Let us go back to recall the computation process of the kpeeling
CNT : the resonant

frequency of the power spectrum density (PSD) of fluctuation is used to compute
the frequency shift : f0 → fCNT from out of contact to in contact. They are measured
in frequency range of (10 − 15) kHz on PSD of thermal noise induced deflections.
The answer might be like : the adhesion can be a slow process, high frequency
thermal noise will only probe the response of the free standing part of the nanotube,
the adsorbed length acting like a rigid clamping at fast time scales. With such
an assumption, questions are further proposed as shown in figure 6.3 : how does
the peeling stiffness depend on the probing frequency ? Is there any characteristic
time scale ? What is dissipation like during this adhesive process ? It is undoubtly
interesting to probe this dynamic peeling stiffness of the nanotube and its relative
dissipation process at different time scales.

6.2 Experiment configuration

The configuration of the experiment is shown in figure 6.4. Besides the piezo
(1) that is used to perform the normal ramp, a new piezo (piezo (2)) is added to
the setup. It is mounted on top of the support by a metallic plate, magnetically
connected. A fresh cleaved mica substrate is then carefully mounted on the top
side of the piezo. An elastic fork is designed to supply a uniform force to push the
mica and piezo on both sides to the metallic plate. The reason why we choose this
complicated configuration rather than using directly an double sided adhesive tape
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magnetmagnet

Figure 6.4 – Scheme of excitation experiment (right) and the top view of the
substrate mica (left). The mica and the piezo are strongly pushed by a designed
elastic fork to the metallic plate, without any adhesive tape that might be add
inertia is involved.

to link the mica and the piezo or the piezo and the metallic plate is that the adhesive
tape acts as an additional spring. It can reduce the response of the piezo, especially
at high frequency in our case, thus getting rid of it in this small response system is
critical to get a response at high frequency. Due to the similar reason, we use the
piezo(2) rather than the piezo(1) to add the excitation because of the huge mass of
the support the piezo (1), causing too much inertia to reach high frequencies. Piezo
(2) needs of course to be calibrated to get its response before being used. In this
chapter, I will introduce a simple way to conduct the calibration.

We use the similar calibration process of the photodiode sensitivity : to calibrate
the piezo, we just need to push a normal cantilever without nanotube against to the
substrate, then we apply the same voltage as we are going to apply for peeling test.

piezo

micadmin

Figure 6.5 – The schematics of calibration of piezo by hard contact. To avoid being
lagged by the displacement of the piezo at high frequency, the cantilever is pushed
by a minimum distance dmin which is determined by the resonant frequency f0 of
the cantilever and upper bond of the frequency one wants to probe.
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Figure 6.6 – Modulus and argument of transfer function χvd when mica layer,
piezo, and the support are connected by double sided adhesive tape. The adhesive
tape in between behaves as a spring leading to less response of the piezo at high
frequency (f>2 kHz).
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Figure 6.7 – Modulus and argument of transfer function χvd when using the desi-
gned fork. The response is flat up to 6 kHz.

As the tip of the cantilever is in hard contact with the surface, any movement of
the surface can be directly followed by the tip, and recorded by the interferometer :
zs = d cos θAFM. With a minimum push distance dmin, we measure this way the
response of that piezo with respect to the excitation voltage.

Note that using a minimum pushing distance dmin (illustrate in figure 6.5) is
important to calibrate the piezo by hard contact since at very high frequency, the tip
of the cantilever may not follow the displacement of the piezo due to lack of enough
acceleration. The minimum value of distance dmin can be simply computed when
the acceleration of the excitation signal is equivalent to that of the tip. Supposing
the excitation signal we use is zs = A sin(ωt), then z̈s = −Aω2 sin(ωt), where A
is the amplitude of the signal. For the tip, according to Newton’s second law, the
maximum acceleration provided by the cantilever is d̈ = F0/m = F0ω

2
0/k = d0ω

2
0,

where d0 is the average deflexion. We therefore get the minimum pushing distance
dmin, it is related to amplitude of excitation, resonant frequency of the cantilever
and the upper bond of the frequency one wants to probe :

dmin = A
ω2

ω2
0

(6.2)

For example, using a cantilever with a resonant frequency around 80 kHz, with
a amplitude of excitation A =20 nm and a pushing distance of 70 nm, we can probe
frequencies up to 150 kHz. To avoid large deflections, usually a cantilever with a large
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Figure 6.8 – (top) Power Spectrum Density (PSD) of the excitation signal v and the
corresponding PSD of the deflexion d of the cantilever. (bottom) Coherence spectrum
of the input ’excitation signal (v)’ and the output ’deflexion of the cantilever (d)’.
The black stars mark the frequencies that we use to perform the excitation.

spring constant is favorable to perform the calibration. As illustrated in figure 5.6,
from the position where the tip get into contact with the piezo, a distance around
250 nm is further pushed to avoid any hysteresis with respect to the movement of
the piezo at fast time scale.

In figure 6.8, we plot the Power Spectrum Density (PSD) of the excitation signal
(v) and the deflexion of the cantilever (d) in hard contact. The discrete frequencies
at f =4Hz, 6Hz, 10Hz, 16Hz, 30Hz, 40Hz, 65Hz, 112Hz, 158Hz, 251Hz, 398Hz,
631Hz, 1000Hz, 1585Hz, 2512Hz, 3981Hz, 6310Hz, 10 000Hz are chosen to conduct
the excitation, these frequencies are also the ones we will use later to excite the
carbon nanotube. As it can be seen in the figure, the piezo can well respond to the
applied signal up to 10 kHz. The absolute value of the coherence function between the
input ’excitation signal (v)’ and the output ’deflexion of the cantilever (d)’ is close
to 1, as is shown in the figure (bottom), indicating high consistently between the
input and the output signal. The transfer function from excitation to the deflexion
can thus be expressed as :
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Figure 6.9 – The modulus of the transfer function χvz (up) and corresponding
phase (down), probed on discrete frequencies.

χvz(ω) ≡ ẑs(ω)

v̂(ω)
=
d(ω)

v(ω)
cos θAFM (6.3)

where ẑs(ω) and v̂(ω) are the transformation in Fourier space of the excitation zs(t)
and v(t).

We plot the modulus of the transfer function χvz (up) and its phase (down)
in figure 6.6, 6.7 and 6.9. In figure 6.6 and 6.7, we use a chirp for the driving
voltage v(ω), leading to a continuous measurement of χvz. In figure 6.9, we use a
sum of discrete frequencies to measure χvz, corresponding to the signal we use later
to measure the dynamic peeling stiffness. Before the frequency attains 10 kHz, the
piezo can respond to the excitation with the amplitude close to 20 nm/V and the
phase close to 0, showing it is being a little lagged with respect to the driving signal,
that means the hard contact exhibit a trustable way to calibrate the actual response
of the piezo to the voltage excitation.

Figure 6.6 and 6.7 indicates the difference in transfer function χvd from excitation
v to deflexion d of the cantilever in the case of with and without adhesive tape.
The figure 6.6 shows a gradually decreased amplitude of χvd with the increased of
frequency, and shows a sign of lack of response when the frequency above 2 kHz.
The similar thing is found in its argument when the frequency is above 2 kHz which
means a larger hysteresis between the piezo and the cantilever. While for the piezo
without tape as shown in the figure 6.7, the amplitude and the argument of χvd are
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Figure 6.10 – Schematic diagram of the cantilever and the nanotube in contact
when applying an excitation. The cantilever and the nanotube are modeled as two
simple harmonic oscillators with spring constants k and kCNT, and damping coeffi-
cients γ and γCNT.

flat up to 6 kHz.

6.3 Transfer function χzd(ω)

Since the zero peeling stiffness is derived from a quasi stationary process (peeling
speed is around 10 nm/s), we can increase artificially the peeling frequency by adding
a small amplitude oscillation to the sample position.

Before describing the measurement of the dynamic peeling stiffness of carbon
nanotube, I want to introduce first the model that we use to describe the peeling
test, where the cantilever tipped with a nanotube is peeled perpendicularly away
from surface while an excitation is applied. The schematic diagram is shown in
figure 6.10. The cantilever and the nanotube are modeled as two linked simple
harmonic oscillators with spring constant k and kCNT, damping coefficient γ and
γCNT. kCNT and γCNT describe the peeling stiffness and the dissipative process of the
nanotube during the adhesive contact with the surface.

The equation of motion of the tip is written as :

md̈ = −kd− γḋ+ cos θAFM(kCNTzc + γCNTżc) (6.4)

where m is the effective mass of the cantilever and the tip, d the deflexion of the
cantilever that can be directly recorded by the setup, zc the compression of the
nanotube : zc = zs − d cos θAFM, and θAFM the inclination of the AFM cantilever.
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Since what we are interested in is the frequently response of the system when
the nanotube is being peeled, we rewrite the equation (6.4) in Fourier space :

−mω2d = −kd− iωγd+ cos θAFM[kCNT(zs − d cos θAFM) + iωγCNT(zs − d cos θAFM)]

(6.5)
As zs and d can be directly measured in the setup, it is natural that we introduce

the transfer function χzd of the system, it is defined as χzd = d̂(ω)/ẑs(ω). we have
thus the expression of χzd in the Fourier space :

χzd(ω) =
KCNT(ω) cos θAFM

K(ω) +KCNT(ω) cos2 θAFM

(6.6)

where Kω and KCNT are defined as :{
K(ω) = k

[
1− (ω/ω0)2

]
+ iωγ

KCNT(ω) = kCNT(ω) + iωγCNT(ω)
with ω0 =

√
k

m
(6.7)

we simply rewrite the equation (6.6), and get the expression of KCNT by :

KCNT(ω) = kCNT(ω) + iΓCNT (ω) (6.8)

=
1

cos θAFM − cos2 θAFMχzd(ω)
(6.9)

The real part kCNT(ω) and the imaginary part ΓCNT(ω) = ωγCNT(ω) of 6.9 are the
peeling stiffness and the dissipation of the nanotube during the peeling process.
Therefore, by measuring the transfer function of the system χzd, we can get access
to the information about the peeling stiffness and the related dissipation of the
nanotube during a peeling process.

6.4 Transfer function χvd(ω)

In the section 6.2, we presented a way to calibrate the piezo from our setup
using hard contact. We obtain the transfer function from the excitation voltage v
to the position zs of the piezo χvz. When the CNT is in contact with substrate, the
peeling stiffness and the dissipation of the nanotube are linked to the real part and
the imaginary part of the transfer function χzd that we would like to measure. We
excite piezo(2) with the same driving voltage as the previous section, but now with
the nanotube in contact.

The corresponding deflexion of the cantilever is recorded, we get easily the trans-
fer function from the excitation to the deflexion χvd :

χvd(ω) ≡ d̂(ω)

v̂(ω)
(6.10)

We plot in figure 6.11, the PSD of the excitation signal (top, blue curve) and
the corresponding PSD of the deflexion of the cantilever (top, purple curve) that
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Figure 6.11 – Power Spectrum Density (PSD) of the excitation signal (top, blue
curve) and the corresponding PSD of the deflexion for the cantilever (top, purple
curve) that get in adhesion through the CNT. Coherence of the system with the
input ’excitation signal’ and the output ’deflexion of the cantilever’ (bottom) . The
black stars mark the frequencies that are used to perform the excitation.
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gets in adhesion through the CNT, and the coherence of the system (bottom) with
the input ’excitation signal’ and the output ’deflexion of the cantilever’. Though
it suffers some lost in amplitude, the coherence of the two signals still presents a
high level. The black stars mark the discrete frequencies that we use to perform the
excitation.

Therefore, combing with (6.3) and (6.10), the transfer function from displace-
ment of surface z to the deflexion d of the cantilever is obtained by a simple division
of the two expressions :

χzd =
d̂(ω)

ẑ(ω)
=
d̂(ω)

v̂(ω)

v̂(ω)

ẑ(ω)
=
χvd
χvz

(6.11)

Reporting this measured value in equation (6.9) directly leads to the response of the
contact KCNT(ω).

6.5 Dynamic peeling stiffness and dissipation of CNT

When the nanotube is pushed against and retracted away from the substrate,
instead of using only a very slow peeling ramp (movement of piezo (1)), we add an
excitation voltage with frequencies listed in the section 6.2 to piezo (2). Here, we
choose to apply the voltage while the nanotube is being peeled rather than do it
with a standstill nanotube is because the adhered part of the nanotube can easily
drift during the experiment.

We therefore apply the excitation and perform the peeling test simultaneously.
This way, we can extract the interesting information for every part of the nanotube,
even including the part where defects exist.

In figure 6.12, we plot the time trace of the position of piezo (1), in parallel with
the excitation voltage of piezo (2). We design a slow peeling ramp from t = 3.3 s to
13.3 s, where we peel the nanotube by only 100 nm in this example. The excitation
voltage is the sum of 20 sinusoidal signals from 4Hz to 100 kHz, each having the
same amplitude. The total amplitude of v is normalized in order to have a final
peak-peak displacement of 20 nm for piezo (2). The corresponding force curve with
excitation is plotted in figure 6.13.

We record the deflexion of the cantilever d during the excitation, we can com-
pute the transfer function χvd. By equation (6.11), we obtain the transfer function
from the displacement of the substrate to the response of the cantilever χzd (plus
nanotube in contact). Using equation (6.9) finally, we compute the peeling stiffness
and its dissipative part, that we will discuss in section 6.6. Since we perform this
measurement during a very slow peeling ramp, we can even take small subsets of
the ramp, and study the response at different location on the nanotube.
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Figure 6.12 – Time trace of piezo (1) (top) : blue line, red line and black line
are correspond to approach, rest and retraction process, respectively. (middle) the
excitation signal as a function of time t. The excitation is applied only during the
slow peeling process from 3.3 s to 13.3 s in time, around 100 nm in length of nanotube.
(bottom) combination of time trace of piezo (1) and excitation signal as a function
of time. Two signals are added by converting the unit of excitation to micrometer.
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Figure 6.13 – Force curve as a function of compression with an excitation applied
on the plateau of the nanotube. The length of excited plateau is around 100 nm.
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Figure 6.14 – Peeling stiffness of the CNT as a function of frequency for different
position along the nanotube. kCNT increases slowly with frequencies f = 4Hz to
f = 10 kHz. The red circles mark the stiffness of the CNT computed by the time-
frequency analysis of the deflexion of the cantilever driven by thermal noise.
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Figure 6.15 – Mean value of peeling stiffness kCNT of every probed position on the
nanotube as a function of excitation frequency f . By fitting the data, a power law
with a small exponent with respect to the excitation is proposed to describe the
dependence of the peeling stiffness : kCNT = k0

CNTf
0.12 with k0

CNT =0.0185N/m and
f in Hz. The red circles correspond to the peeling stiffness inferred from thermal
noise analysis.
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Figure 6.16 – Dissipation as a function of frequency at various positions along the
nanotube while it is being peeled from the surface with the excitation applied by the
piezo. The red circles correspond to the dissipation inferred from the time-frequency
analysis of the thermal noise.

6.6 Results and discussions

6.6.1 Peeling stiffness

In the figure 6.14, we plot the real part of the peeling stiffness kCNT = Re(KCNT)

as a function of frequency, for various positions along the nanotube. kCNT is obviously
frequency dependent, it follows a linear relation with the logarithm of frequency. We
plot the mean value of peeling stiffness kCNT of the nanotube for every probed length
as a function of excitation f in figure 6.15. By fitting the data, we find that above
10Hz, the averaged peeling stiffness follows a power law with a small exponent with
respect to the excitation : kCNT = k0

CNTf
0.12 with k0

CNT =0.0185N/m and f in Hz.

In figure 6.14 and 6.15, the red circles mark the peeling stiffness of the CNT
calculated by the time-frequency analysis method applied to the thermal noise driven
deflexion. Now we can answer to the question of section 6.3 : kCNT increases to
the peeling stiffness which is excited naturally by thermal noise induced deflexion
following a simple power law in frequency. No saturation or characteristic time scale
can be seen on these measurements. This result presents a novel finding about the
adhesion property of the CNT with the environment.



106 Chapitre 6. Dynamic peeling stiffness of CNTs

Figure 6.17 – The mean value of dissipation ΓCNT of every probing length of the
nanotube as a function of excitation frequency f .

6.6.2 Peeling dissipation

When the cantilever anchored with a nanotube is approached against a surface,
the first mode of the cantilever experience an effective stiffness k + kCNT, which
shifts the resonant frequency of the cantilever from f0 to fCNT, this gives us a
way to compute the peeling stiffness of the nanotube around resonant frequency,
it constitutes a base line for the time-frequency analysis method. Here, we can infer
a similar expression to estimate the dissipation when the nanotube is being peeled.
In the free standing state (out of contact), for a simple harmonic oscillator, we have :

1

Q0
=
γω0

k
(6.12)

whereQ0 is the quality factor of the resonance. After the nanotube is being absorbed,
we have :

1

QCNT

=
(γ + γCNT)ωCNT

k + kCNT

(6.13)

where QCNT the quality factor with the nanotube in contact.
The dissipation of the nanotube in contact is thus :

ΓCNT = γCNTωCNT (6.14)

=
k

ω2
0

(
ωCNT

QCNT

− ω0

Q0

)
(6.15)
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We can thus estimate the dissipation of the nanotube ΓCNT when it is being peeled
without excitation from the surface as there is always thermal noise exciting the
nanotube. We plot this dissipation in figure 6.16 in red circles, for various peeling
positions.

Now let us focus on the dissipation of the nanotube ΓCNT during the excitation
process, it is deduced from the transfer function χzd. We plot this value as a function
of the exciting frequency in figure 6.16. Though the dependence is not as clear as that
of the peeling stiffness, we can see a tendency to increase for ΓCNT with the increase
of the exciting frequency, except below 30Hz : where the curve is noisy and rather
flat. Dissipation deduced from thermal noise analysis is in line with the frequency
response measurement. We plot in figure 6.17 the mean value of the dissipation for all
the peeling positions probed, the data as only a weak frequency dependence overall.
It hints at a dissipation process that we studied for coated cantilevers in chapter 3,
where internal damping processes were implied. It may come from inter-nanotube
friction/interaction we may have.

Several CNTs with smaller diameter that are hard to see in SEM, entangle or
bundle with the one we are peeling. These smaller nanotubes are hard to avoid
in a CVD growth. During a cycle of test (approach and retract), the nanotube
is reversibly attached and detached through the zipping-unzipping mechanism at
entangled sites, such a zipping-unzipping process can dissipate energy, since plenty
of energy is consumed to overcome the VdW attractions between the nanotubes
during this unzipping process [129].

6.6.3 Nanotube defects

Another possible source of damping could be an amorphous carbon layer around
the nanotube resulting from the growth process or the SEM imaging. In figure 6.19,
we plot peeling stiffness of CNT kCNT and the measured force F as a function of
compression. We can see that during the peeling, the kCNT and the measured force
F present corelated changes : the higher the adhesion (larger |F |), the larger the
stiffness. The variations are not negligible, showing that the nanotube properties
are changing along its length. This is further illustrated in figure 6.19 and 6.20,
where we plot the dynamic stiffness as a function of the peeling position for various
frequencies (as a 3D plot in figure 6.20).

It vividly shows the relation of the 3 parameters. Along the compression, the
change of peeling stiffness reflects the intrinsic property of the peeled nanotube : 3
segments linked by 2 defects can be clearly noticed, at low frequency, at compres-
sion around zc = 180 →200 nm and zc =220nm. Intrinsic defects during the CVD
growth, or linked to an amorphous carbon layer, could be involved to explain this
behavior.

6.7 Summary

Let us summarize the main points presented in this chapter :
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Figure 6.18 – Peeling stiffness of the nanotube kCNT (red circle) measured through
thermal noise, and quasi-static adhesion force F (black star) as a function of the
CNT compression zc.

We approach and retract a nanotube against a flat surface, and record the force
as a function of the compression. We find that for some portion of the nanotube, the
force curve exhibits a force plateau, which means the quasi-static peeling stiffness
of the nanotube is zero since the force does not change with compression. However,
when we apply a time-frequency analysis to the deflexion of the cantilever, we find
that the resonant frequency of the cantilever is shifted when the nanotube is in
contact with the surface with respect to the resonant frequency out of contact. This
implies that a dynamic peeling stiffness of the nanotube can be computed and it
presents a non zero value. Considering that this method is based on resonance shift
above 10 kHz, whereas the force plateau is in a low time scale, the hypothesis is that
the peeling stiffness of the nanotube depends on the frequency. When the nanotube
adhere to the surface, the random thermal noise only probes the free standing part
of the nanotube, the adhered part behaves like a rigid clamping.

To further test this hypothesis, when the nanotube is peeled away from the
surface, we artificially apply an excitation composed of various frequencies from 4Hz
to 10 kHz. We propose a simple model for the contact, and link the peeling stiffness
and the dissipation of the nanotube in contact to the transfer function from the
displacement of the surface z to the deflexion of the cantilever χzd. With a specially
designed scheme and a simple calibration of the piezo, we obtain the expression of
peeling stiffness and the dissipation of the peeled nanotube. Power law describes
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Figure 6.19 – Peeling stiffness kCNT as a function of the compression of the nanotube
for various frequencies. The obvious tendency of kCNT to increase with the frequency
can be found. The shape of those curves implies that the mechanical properties of
the CNT are not uniform as it is being peeled with a compression from zc = 270nm
to 140 nm.
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Figure 6.20 – 3D plot of peeling stiffness of the nanotube kCNT as a function of
frequency f and compression of nanotube zc.

the frequency dependance of the average nanotube peeling stiffness : kCNT = k0f
0.12

with k0 = 0.0185N/m and f in Hz. The dissipation as well presents little frequency
dependance. This hints at a dissipation process with no characteristic time scale,
which could result from an amorphous carbon layer around the nanotube or internal
friction in nanotube bundles. Heterogeneity along the nanotube for its adhesion and
mechanical properties are illustrated in our experiments.



Chapitre 7

Conclusion and perspectives

I would like to give a conclusion of the thesis :

I present firstly our innovative atomic force microscope (AFM) which detec-
tion process is based on a quadrature phase differential interferometer. We measure
the difference of phase between the reference beam and the sensing beam, which
leads to the measurement of the deflexion of the cantilever with an outstanding
resolution. We get a detection of the deflexion with a background noise down to
2× 10−14 m/

√
Hz. This enables us to measure the power spectrum density of ther-

mal noise driven fluctuations on a wide frequency range. The ultra low background
noise give a way to observe the behaviors of the spectrum at low frequency which
is related to internal dissipation of a metallic coated cantilever.

We then record the PSD of thermal induced fluctuations of the cantilever.
Thanks to our highly sensitive interferometer and low background noise level, the
spectrum spans on a wide frequency range from 2Hz to 20 kHz which is far beyond
the capability for commercial AFM setup. By such, we get a full view on the beha-
viors of the spectrum : in vacuum, the trends of the cantilever of silicon and gold
coated are clearly different, slowly increasing spectrum for silicon cantilever and a
1/f like trend for the gold coated one. This special trend is seen as the signature of
the internal damping of the cantilever. The as used SHO model is not enough for
us to describe the dissipation of a cantilever with a metallic coating.

To go further, using Fluctuation-Dissipation Theorem (FDT) and the Kramers-
Kronig relations, we rebuild the response function G of the cantilever from the
measured PSD, any modification of the cantilever can be directly reflected on the
response function. The 1/f like trend is related to the internal damping of the
cantilever—viscoelasticity. By decreasing the air pressure in which the cantilever is
working, we restrict only our focus on the viscoelastic damping since the viscous
effect from the air is largely limited.

The derived viscoelastic damping φ(ω) presents a material and frequency de-
pendence. A simple power law ωα with a small exponent α is used to characterize
the damping up to 4 decades in frequency. We compute the viscoelasticity as a
function of gold coating with various thicknesses, we find that a linear relation of
viscoelasticity with respect to the thickness. After discussing various possible dam-
ping mechanism that have been proposed up to date, we attribute the origin of this
damping to the bulk of the coating rather than to interface or the surface effects.

The result fully unveil the dissipation process to us, it shows that the choice of the
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coating material is critical with respect to internal dissipation in micro-cantilevers.
The commonly used gold coating is not the best choice according to this criterion,
if it is the material that can not be replaced for chemical requirements, using the
smallest thickness of gold is a wise way to largely minimize the damping. Our cha-
racterization procedure features an excellent resolution with measurement of overall
mechanical loss tangents down to 10−4. This way, the viscoelasticity due to the
coating can be accurately quantified and our measurements should be useful in the
perspective of testing models of internal friction, eventually leading to improved
coating procedures and better performance of cantilever based sensors.

We perform a series of experiments where a single wall carbon nanotube is pushed
perpendicularly against a surface, we record the adhesion force as a function of the
compression. A main feature that the force curves presents is it exhibits a plateau
at some range of compression. We propose a time-frequency analysis method by
monitoring the resonant frequency shift of the cantilever, this allows accessing to
the peeling stiffness of the nanotube at any compression during retraction process.

Elastica model is used to described the adsorbed nanotube on substrate, adhesion
energy per unit length Ea is used to describe the strong interaction between the
nanotube and the surface, Ra the radius of curvature of the first contact point during
a nanotube’s adsorption is also defined. It illustrates that the measured force plateau
is equivalent in the absolute value to the adhesion energy per unit length Ea. Two
boundary conditions are proposed to described the peeling mechanism of the peeling
point : torque free origin and clamped origin. The following numerical simulations
indicate that the two boundary conditions exhibit opposite force behaviors at the
defect where the nanotube is peeled. The experimental measurement of the adhesive
force validate the torque free origin being a more realistic description of the adhesion
where the peeled part of nanotube include defects.

The adhesion energy per unit length Ea is measured from the force plateau,
the peeling stiffness kpeeling

CNT is obtained by time-frequency analysis method. The
mechanical properties of the nanotube is then inferred by Ea and kpeeling

CNT : Ra, EI,
and diameter of peeled nanoutbe DCNT .

We then measure the adhesion force on various substrates. With a specially
designed ramp (normal approach but slow retraction), we have sufficient time to
perform precise time-frequency analysis of the deflexion of the cantilever, and get
access to the dynamics stiffness of the nanotube during the peeling test. In the force
curve, a long force plateau presents the most striking feature of the curve, the value
of which is equivalent to the adhesion energy per unit length. It exhibits substrate
dependence.

Within the framework previously discussed, measuring the adhesion energy per
unit length and the peeling stiffness of the nanotube lead directly to the mechanical
property of the nanotube. We measure the adhesion energy on substrates of graphite,
mica, Au, Al, Pt and Si, the results unveil that Ea for Au, mica and graphite are
generally larger than for Al, Pt, and Si. The adhesion energy on graphite is twice
larger than that on Si. After performing time-frequency analysis of the measured
deflexion for all of the substrates, we go further to estimate the diameters of as
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peeled nanotube : though the adhesion energy differs on substrates, the estimated
diameters are similar, all in accordance with the fact that the same nanotube is
peeled in these tests.

The force curve exhibits a force plateau, which means the quasi-static peeling
stiffness of the nanotube is zero since the force does not change with compression.
However, when we apply time-frequency analysis of the deflexion of the cantilever,
we find that the resonant frequency of the cantilever is shifted when the nanotube
is in contact with the surface with respect to the resonant frequency out of contact,
this implies that a dynamic peeling stiffness of the nanotube can be computed and it
presents a non zero value. Considering that this method is based on resonance shift
above 10 kHz, whereas the force plateau is in a low time scale, the hypothesis is that
the peeling stiffness of the nanotube depends on the frequency. When the nanotube
adhere to the surface, the random thermal noise only probes the free standing part
of the nanotube, the adhered part behaves like a rigid clamping.

To further test this hypothesis, when the nanotube is peeled away from the
surface, we artificially apply an excitation composed of various frequencies from 4Hz
to 10 kHz. We propose a simple model for the contact, and link the peeling stiffness
and the dissipation of the nanotube in contact to the transfer function from the
displacement of the surface z to the deflexion of the cantilever χzd. With a specially
designed scheme and a simple calibration of the piezo, we obtain the expression of
peeling stiffness and the dissipation of the peeled nanotube. Power law describes
the frequency dependance of the average nanotube peeling stiffness : kCNT = k0f

0.12

with k0 = 0.0185N/m and f in Hz. The dissipation as well presents little frequency
dependance. This hints at a dissipation process with no characteristic time scale,
which could result from an amorphous carbon layer around the nanotube or internal
friction in nanotube bundles. Heterogeneity along the nanotube for its adhesion and
mechanical properties are illustrated in our experiments.

In this thesis, we use an unique tool to measure the thermal noise. The ultra low
background noise, as well as its intrinsic calibration are central in our experiments.
The access to the thermal noise spectrum outside resonances is a key point in the
evaluation of the dissipation processes of cantilevers. Using the same geometries,
this method could be applied to other materials or environmental conditions, to
gather data of interest for technological applications of cantilever based sensors
or nanotubes and nanowires. In the study of adhesion property of nanotubes, the
innovative tool provides a direct measurement of force-distance profiles for the two
interacting surfaces. Combing with the full spectrum in frequency range, it allows us
access to the peeling stiffness and energy dissipation when a nanotube is in contact
with the surface. This offers robust suggestions in the fabrication process of nano-
systems.

Lots of questions need to be further investigated. For instance, the peeling stiff-
ness of the nanotube presents a weak power law dependance with respect to the
frequency, what is the behavior when we use horizontal rather than vertical oscilla-
tions ? Does the friction coefficient between the nanotube and the substrate obeys
a similar trend with frequency ? The energy dissipation follows a weak frequency
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dependance for the nanotube, what is the mechanism involved ? what role do the
defects play in this process ? Answering these questions will give clearer understan-
ding of the adhesion and dissipation at nanoscales.

Besides, investigation about the adhesion force of nanotube in a multi-field is
being a new and hopeful direction as carbon nanotube is used more and more as
part of micro-electromechanical systems (MEMS) or nano-electromechanical sys-
tems (NEMS), where not only is Van der Waals force involved, other complicated
energy conversion (mechanical energy to thermal energy or optical energy, etc.) in
the nanotube is very likely to be seen. These energy conversion can largely impact
the performance of these devices. Characterizing this nano-scale energy conversion
will thus result in more challenging questions in the future.



Annexe A

Kramers-Kronig relation

function KKreconstuct.m

function G=KKreconstruct(sp,fs,T)

% G=KKreconstruct(sp,fs,T)
%
% This program computes a response function starting from the noise power
% spectrum density, using Fluctuation-Dissipation Theorem (FDT) and Kramers
% Kronig (KK) relations.
%
% Input variables are :
% sp : power spectrum density (units U^2/Hz)
% fs : sampling frequency (Hz)
% T : temperature (K) (if omitted, the default value is 295K)
%
% Ouput variable is G : response function, (units U/q, where q is the unit
% of the conjugate variable of U)
%
% FDT reads : sp=4 kB T Im(G) / omega
% where kB is the Boltzmann constant and omega = 2 pi f is the pulsation
% corresponding to frequency f. The knowlegde of Sp thus leads to Im(G),
% and KK relations lead to Re(G).
%

if (nargin<3)
kT=1.38e-23*295;

else
kT=1.38e-23*T;

end

% number of point of input spectrum
npt=length(sp);

% round number of point to nearest power of 2
npt=2^floor(log2(npt));
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% define frequency vector
f=(0:npt)/(npt)*fs/2;

% compute Im(G) from FDT
imG=sp/4/kT*2*pi.*f;

% define Im(G) for negative frequencies for FT
imG=[imG(1:npt+1) -imG(npt:-1:2)];

% compute inverse FT of Im(G) (Im(G) is an odd function, its FT is supposed
% to be purely imaginary, thus we take only the imaginary part of the
% result)
imG_t=imag(ifft(imG));

% we compute the direct FT of sign_t*imG_t (FT of an even function is
% supposed to be purely real, so we keep ony the real part)
sign_t=[0 ones(1,npt) -ones(1,npt-1)];
reG=real(fft(sign_t.*imG_t));

% limit the result to positive frequencies
G=reG(1:npt+1)+1i*imG(1:npt+1);

return
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Datasheets of Au coated cantilever

AFM probe Model:

www.budgetsensors.com
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Annexe C

Adsorbed Elastica

The validity of the equation (4.14) is validated by [29] as follows :

Ea = − ∂Ec
∂L
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The boundary term becomes zero when s = 0. In s = L the boundary condition is
sliding with L : θ(s = L,L) = π/2, we have :
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We rewrite the equation with the boundary term −EIθ′L, we have :
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When the total energy of the CNT gets its minimization value, the coordinate of
the last point Z is a constant value, and for the absorbed part of CNT, θL = π/2,
thus this leads F

(
∂Z
∂L − cosθL

)
= 0. We thus have in the end :

Ea =
1
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