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The intellect of man is forced to choose
perfection of the life, or of the work,
And if it take the second must refuse
A heavenly mansion, raging in the dark.
When all that story�s finished, what�s the news?
In luck or out the toil has left its mark:
That old perplexity an empty purse,
Or the day�s vanity, the night�s remorse.

(William Butler Yeats, The Choice)

To my wife Begoña and children Leonardo and Adriano.
To my parents Graciana and Santiago.
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Preface

This book has two goals. First, it aims to describe how the physical forces acting
between a vibrating probe and the sample atoms are transformed into amplitude and
phase shift variations. Second, it aims to explain how from these variations it is
possible to generate a high resolution image and to extract information on the
properties of the sample surface.

My first experiment with an amplitude modulation atomic force microscope
happened in the spring of 1993. Then, I was a postdoctoral fellow working with
Carlos Bustamante. At that time, Bustamante�s laboratory was at the forefront of
AFM applications in biology. Tapping mode AFM was generating images of DNA
and single proteins in liquid with an unprecedented resolution. The intellectual
atmosphere of the laboratory was exuberant. Passionate discussions about image
resolution were frequent. Sometimes, the emphasis was placed on the sample
preparation, at others on the size and lifetime of the probe. We knew little about
the cantilever dynamics. Mostly, we assumed that a microscope that provided
impressive images had to have a well established theory behind it. After a few years
of hard work, it emerged that further improvements in lateral resolution and
material properties characterization would require a better understanding of the
cantilever tip dynamics.

About 3 years ago, an editor from Wiley VCH invited me to write a book on
amplitude modulation AFM. I had mixed feelings. Was this happening at the right
time? Is it worth to devote time and energy to write a scientific book at the beginning
of the twenty first century? The writing process has not been easy. On several
occasions, I had to pause because I realized that my knowledge on dynamic AFM
was uneven. It took me about 8 months to reach a steady writing rhythm. On other
occasions, especially when I was under pressure of different submission deadlines, I
went introspective. At the end, the aspirations harbored during the undergraduate
and graduate years had more weight than other professional considerations.

The text is structured to satisfy the needs of beginners and experts alike. Every
chapter starts with an introduction that summarizes the topics of the chapter. Most
of the chapters can be read independently. Chapter 1 offers a historical perspective
on the development of amplitude modulation force microscopy. Chapter 2 sum
marizes the minimum knowledge that is required to properly operate the
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microscope. Chapter 3 introduces to the tip surface forces. Chapters 4 and 5 present
several aspects of the cantilever dynamics in air. Chapter 6 extends the cantilever
dynamics to liquid environments. Chapter 7 deals with the theory and applications
of phase imaging AFM. Chapter 8 describes the factors that control lateral and
vertical resolution of the instrument. Chapter 9 delves into the multifrequency AFM
methods based on the use of several modes or harmonics. Finally, Chapter 10
presents some applications that go beyond topographic imaging such as nanolitho
graphy, near field optics, or molecular recognition imaging.
The number of people who directly or indirectly have helped me understand

atomic force microscopy is larger than I could cope to realize. However, I specifically
want to acknowledge the graduate students that have trodden with me the manifold
aspects of dynamic AFM. Javier Tamayo, Alvaro San Paulo, and Tomás R. Rodríguez
belong to the first wave of graduate students involved in theoretical simulations of
cantilever dynamics. They were genuine pioneers. Nicolás F. Martínez, José R.
Lozano, Christian Dietz, and Elena T. Herruzo are contributing to expand amplitude
modulation AFM into the multifrequency domain. I also want to acknowledge the
graduate students and postdocs who carried some of its applications. Monserrat
Calleja, Marta Tello, and Ramsés Martínez performed some key experiments to
materialize the potential of AFM nanolithography. Javier Martínez, Carlos Gómez,
Nuria S. Losilla, Jorge R. Ramos, and Marco Chiesa have participated in several
projects where the AFM played a crucial role.
I have enjoyed the friendship and the intellectual rigor of many colleagues, in

particular, Carlos Bustamante, Arvind Raman, Roger Proksch, Fabio Biscarini, José
M. Soler, Rubén Pérez, Ozgur Sahin, Artuto Baró, Peter Hinterdorfer, Ali Passian,
Julio Gómez, and Alexis Baratoff. Ron Reifenberger made a short visit to the
laboratory in 1997. His genuine appraisal of the simulations we were conducting
had a considerable effect on me to keep my interest on dynamic AFM.
The type of symbols to be used or the terms selected to describe a given concept

posed some unexpected challenges. The books by Robert Gomer ‘‘Field Emission
and Field Ionization’’ and Jacob Israelachvili ‘‘Intermolecular Forces and Surface
Forces’’ provided some examples or served as models.

Tres Cantos, Spain Ricardo Garcia
February 25, 2010
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Annotation List

A amplitude
Asp set point amplitude
A0 free amplitude
a contact radius
a0 intermolecular distance
B frequency bandwidth
d instantaneous tip surface distance
E, Eeff Young�s modulus
Edis energy dissipated per cycle
Fad adhesion force
FDMT force as given by the DMTmodel
Fts tip surface force
FvdW van der Waals force
F0 external driving force
f frequency
G shear modulus
g gain factor in Q control
H Hamaker constant
h cantilever thickness
I area moment of inertia
k force constant
kB Boltzmann constant
kn force constant nth eigenmode
L cantilever length
l lateral resolution
mc cantilever mass
m effective mass
Q quality factor
Qn quality factor nth eigenmode
R, Rt tip�s radius
T period of the oscillation
t time
V external voltage
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W cantilever width
w(x,t) deflection of a continuous cantilever
z instantaneous cantilever deflection
z0 average cantilever deflection
zc average tip surface distance
c effective force damping factor, surface tension
d indentation
e dielectric constant, strain
kn eigenvalue of spatial argument
r cantilever density
w phase shift of the tip�s oscillation
j phase shift in Q control
v excitation angular frequency
v0 fundamental angular frequency
vn angular frequency of an eigenmode or higher harmonic
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1
Introduction

1.1
Historical Perspective

The invention of scanning probe microscopy is considered one of the major
advances in materials science since 1950 [1, 2]. Scanning probe microscopy
includes a large family of microscopy methods that share two operational
elements: the use of a sharp probe (tip) and the feedback mechanism. The
feedback loop is characterized by keeping at a constant value the interaction
parameter while the probe is scanned across the sample surface. Scanning probe
microscopy started with the invention of the scanning tunneling microscope
(STM) by Gerd Binnig and Heinrich Rohrer in 1982 [3, 4]. The STM works by
detecting the current that flows between a metallic tip situated a few angstroms
above a conductive surface when an external voltage is applied. The limitations of
the STM to image poorly conducting materials such as biomolecules served as a
motivation for Gerd Binnig, Calvin Quate, and Christoph Gerber to invent the
atomic force microscope (AFM) in 1986 [5, 6]. The first AFM operated by
measuring the static deflection of the probe. This method is called contact mode
AFM. One year later Martin, Williams, and Wickramasinghe implemented the
dynamic operation in force microscopy [7]. They wanted to use the AFM to
measure long range forces over a distance range of 3 15 nm. They noticed that the
amplitude of the tip�s oscillation changed with the tip surface distance. These
changes were related to the gradient of the tip surface force. At the same time,
they proposed to use the amplitude in a feedback loop to get an image of the
surface. Such an early start would have anticipated a sudden rise in the number of
articles dealing with amplitude modulation AFM. However, it did not happen that
way (Figure 1.1). In 1987, the technique was so new that only a handful of groups
could master the instrumental and conceptual challenges to design and operate a
dynamic AFM [7 11].
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1.2
Evolution Periods and Milestones

The evolution of amplitude modulation AFM is interspersed with several periods
where a few topics establish the frontiers of the technique. In some cases, a topic that
contributes to shape the technique in a given period could have had its origin in an
earlier period. The dates in brackets are indicative.

1.2.1
Early Times (1987 1992)

Martin and coworkers recorded the first AFM images obtained in a mode similar
or identical to what today is known as amplitude modulation AFM. However, at
that time, dynamic AFM was seen as an auxiliary microscopy its main
advantage was its flexibility to be combined with other methods to map magnetic
properties [9], electrostatic charges [10], or surface potential differences [11].
The few available dynamic force microscopes were rather complex instruments.
For example, the deflection of the lever was measured by using optical inter
ference and the levers were handmade, for example, by bending a tungsten
wire.

Figure 1.2 shows the experimental setup of earliest dynamic AFM.The instrument
is equipped with an interferometer to measure the lever deflection. The lever is a
tungsten needle.

Figure 1.1 Histogram of the number of
publications per period [104]. In dark gray are
the publications that include in the abstract the
keywords �tapping mode or tapping force or
amplitude modulation force.� In light gray are

the publications that include the above key
words in the title. The search for the first period
was accomplished manually (12 publications).
The above figures are merely indicative.
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1.2.2
Exploration and Expansion (1993 1999)

This period ismarked by the rapid expansion and popularization of the technique for
surface characterization with nanoscale resolution. The efforts were particularly
significant and successful in imaging DNA, proteins and protein DNA com
plexes [12 18], and polymer surfaces [19 24]. The progress was sustained by several
factors. The implantation of the optical beam deflection method to detect the lever
deflection [25, 26] and the fabrication of micromachined cantilevers [27, 28] con
tributed to the availability of reliable commercial instruments [29]. The operation of
tappingmode AFM in liquid [30, 31]made it possible to image dynamic processes, in
particular those involving biomolecules with characteristic times in the range of
severalminutes [32]. The interpretation of the cantilever�s resonance spectra in liquid
was simplified by driving the cantilever oscillation with a magnetic force [33]. A
significant breakthrough was to implement phase shift measurements simulta
neously with topography [34]. This instrumental advance enabled to map compo
sitional variations and changes inmaterial properties in heterogeneous surfaces [35,
36]. In addition, amplitude modulation AFM found new applications by showing its
potential for nanopatterning and nanolithography [37, 38].

The collaboration between Paul Hansma and Virgil Elings led to several instru
mental and conceptual breakthroughs in probe microscopy. The fabrication of the
first wave of short cantilevers is one of them [39]. These cantilevers were initially
meant to reduce the thermal noise, but they would have a pivotal role in the
development of fast AFM imaging [40].

This periodwitnessed the earliest attempts to simulate the cantilever tip dynamics
in the presence of an external force [36, 41 44]. Numerical simulations explained the
sudden changes, sometimes observed in the amplitude curves in terms of transitions

Peak
detector

Computer
display

HeNe laser

Beam splitter

sample

X, Y, Z
PiezoBragg

cell

Figure 1.2 Schematic experimental setup of the first dynamic AFM. Notice the use of a bent
tungsten wire as the integrated lever tip system. Adapted from Ref. [7].
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between attractive and repulsive tip surface interaction regimes [44 46]. Simula
tions also established that the phase contrastwas directly related to energy dissipation
processes [47]. This led to the deduction of the first analytical expressions that linked
the sine of the phase shift to the energy dissipated by the tip on the sample [48, 49].
Anothermilestonewas the publication of thefirst comprehensive attempt to describe
the dynamics and performance of the microscope in liquid [50].

1.2.3
Cantilever Tip Dynamics (2000 2006)

Amplitude modulation AFM became so firmly established for nanoscale character
ization of surfaces that theoretical contributions devoted to explain its dynamics were
initially rejected in themost prestigious physics journals. In fact, during the first two
periods, the experimental achievements preceded a comprehensive theoretical
understanding of them. Fundamental questions such as the origin of the amplitude
reduction, the reconstruction of the force from the observables, or the generation of
higher harmonics remained unsatisfactorily addressed. It became evident that the
lack of a theory was limiting the evolution of the technique. A significant number of
publications were devoted to explain the nonlinear character of the cantilever
dynamics [51 54], the generation [55, 56] and the use of higher harmonics, or
modes to map material properties [57 59]. A remarkable result was the method
developed by Stark and coworkers to obtain the time resolved force by integrating the
higher harmonics of the oscillation [58]. The spatial reconstruction of the force from
the amplitude and phase shift curves was also accomplished [60, 61].

Two experimental results highlighted the molecular resolution capabilities of the
instrument. Muller and coworkers provided images of a purple membrane surface
with a lateral resolution of 1.1 nm [62], a value almost identical to the one reported by
the same authors with contact AFM. Later, Klinov and Magonov dispelled the myth
that molecular resolution was incompatible with operation in air by imaging a
polymer crystal with a resolution of about 0.4 nm [63].

Three instrumental developments underlined the vitality of the technique. First,
the promise to observe dynamic processes in real time was eventually fulfilled by
designing a microscope with a frame rate of 12.5 s�1 [64]. Second, the observation
that the oscillation is asymmetric in liquid led to combine topography andmolecular
recognition imaging, in a single pass, [65, 66]. Third, the simultaneous excitation of
the first two cantilever modes provided a way to separate topography from compo
sitional contrast and to enhance spatial resolution while minimizing tip surface
forces [67, 68].

1.2.4
Multifrequency AFM (2007 to Present)

Several experimental schemes are being proposed to increase the capacities of the
instruments to measure material properties while aiming molecular spatial resolu
tion. These methods are based on the simultaneous detection of several harmonics
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and/or modes of the tip oscillation. In some cases, such as in bimodal AFM, two
modes of the cantilever are externally excited [69], while in other cases, for example, it
happens in liquid, the higher modes or harmonics are activated by the tip surface
interaction [70, 71]. In other cases, the use of a special cantileverwhere the tip is offset
at one edge of the cantilever enables to measure time varying forces [72, 73]. Other
approaches are exploring the cantilever response when the excitation involves a
discrete series [74] or a band of frequencies [75].

The theoretical efforts are focused on two different directions. First, several aspects
of the cantilever dynamics in liquid such as the origin of the asymmetry observed in
the oscillation, the generation of higher harmonics, the interplay between damping
and added mass effects, or the influence of the excitation mode on the dynamics are
being addressed [76 81]. Second, the operation of the microscope in various
multifrequency regimes is under investigation [80, 82].

1.3
Tapping Mode or Amplitude Modulation Force Microscopy?

Amplitude modulation AFM suffers from a problem of terminology. This is a
common issue with scanning probe techniques where standardization is coming
rather slowly. Different terms are being used to describe the same method or
technique. This anomaly can be partially explained by the vitality of the technique
that every now and then surprises with new developments. The first publication
describing tapping mode AFM operation [19] makes a point in distinguishing
tapping mode from the noncontact method proposed by Martin et al. [7]. Elings
and coworkers emphasized that tapping mode AFM operated with amplitudes
ranging between 20 and 100 nm, while amplitudes of 5 nm or less were required
for noncontact operation. It was claimed that large amplitude values were needed to
overcome the adhesion forces and reach stable imaging conditions. However, an
analysis based on the equation of motion and the feedback mechanism shows that
there are no grounds to support that distinction [83, 84]. The value of the free
amplitude is certainly one of the factors that contributes to establishing the operation
regime, attractive (usually noncontact) versus repulsive (intermittent contact). But
there are other relevant factors such as the radius, the cantilever�s force constant, or
the surface energy. Furthermore, the attractive and the repulsive regimes are the
solutions of the same equation of motion [46]. Nonlinear dynamics studies have
shown that these solutions do coexist under the same operational parameters [52, 83].
The alternation between stable and unstable imaging while the set point amplitude is
reduced represents a direct experimental evidence of the coexistence of solutions [52].
Furthermore, the coexistence of solutions is observed for amplitude values ranging
from 5 to 25 nm. In fact, the technique is characterized by the use of the amplitude as
the feedback parameter not by the values of the amplitude.

In this sense, amplitudemodulation AFM seems amore appropriate name for the
technique. Furthermore, this term helps us to rationalize the separation of dynamic
AFMmethods into two modes or techniques, frequency and amplitude modulation,
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according to the parameter used to establish the feedback mechanism [84, 85].
Acceptable variations are amplitude modulated or amplitude mode AFM. Nonethe
less, on a fewoccasions Iwill also use the tappingmodeAFM term.The latter is both a
tribute to its widespread use and a means to emphasize that we are dealing with the
same experimental technique.

1.4
Other Dynamic AFM Methods

Nanoscience sets the scenario for an intense competition among the different
microscopy techniques. In the field of forcemicroscopy, there are twomajor dynamic
modes that, on a few occasions, might be seen as competitors. The other technique
uses the frequency as the feedback parameter and it is rightly called frequency
modulation AFM.

1.4.1
Frequency Modulation AFM

In frequency modulation AFM, the feedback parameter is a frequency shift between
the resonant frequency far from the sample surface and the resonant frequency
closer to the surface [84, 86, 87]. The resonant frequency depends on the forces acting
between the tip and the sample surface. The spatial dependence of the frequency
shift, the difference between the actual resonant frequency and that of the free lever,
is the source of contrast. An image is formed by profiling the surface topographywith
a constant frequency shift. FM AFM has been primarily used to obtain atomic
resolution images of semiconductor, metals, insulators, or adsorbates in ultrahigh
vacuum [88 94]. The ability to measure the tip surface force with great accuracy has
led to several approaches to identify atoms [95, 96]. Initially, FM AFM operation was
restricted to ultrahigh vacuum conditions; however, recent results show that mo
lecular resolution imaging can also be achieved in liquid [97 100].

1.4.2
Amplitude Modulation versus Frequency Modulation AFM

Amplitude and frequency modulation AFM are both sophisticated instruments with
atomic andmolecular resolution capabilities.Mostly, they are seen as complementary
dynamic AFM methods because they operate in different environments. However,
FM AFM has also shown its capability to operate under air or liquid environments.
Thismakes it pertinent to comment on the advantages of onemethod with respect to
the other. Let us start by stating that there are no quantitative studies showing that one
method has an intrinsic higher signal to noise ratio than the other. Some direct
comparisons at nanoscale resolution have been attempted by imaging the same
sample with the same instrument [101, 102]. However, the results seem to reflect
more the skill of themicroscopist with a given technique than an intrinsic difference
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between them. More meaningful information could be extracted by comparing
molecular resolution images obtained on the same surface. The cytoplasmic side of
purple membrane has been imaged by both techniques [100, 103]. In this case, both
methods produce images of similar spatial resolution. However, the versatility of
amplitude modulation AFM in achieving molecular resolution while having the
possibility of scanning mm2 regions and coping with the presence of sudden height
changes is still no mach for frequency modulation AFM instruments.
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2
Instrumental and Conceptual Aspects

2.1
Introduction

This chapter introduces the main concepts and elements needed to operate an
amplitude modulation AFM (AM AFM). Expressions for the cantilever force con
stants and resonant frequencies as a function of geometry andmaterial properties are
described. The mathematical deductions are taken up in Chapters 4 and 5. Quan
titative measurements require the calibration of several elements of the microscope,
namely, the optical sensitivity and the force constant. The user should be aware that
each cantilever resonance has its own optical sensitivity and force constant thatmight
require an independent calibration experiment. The chapter also provides a defini
tion of the different tip surface distances that exist in AM AFM.

2.2
Amplitude Modulation AFM

In amplitudemodulation AFM, a sharp probe, often called the tip, is oscillated above
but very close to the sample surface. The probe is at the end of amicrocantilever that is
mechanically excited at a fixed frequency, usually close to or at the first flexural
resonant frequency. The tip surface interaction forces lead to a reduction in the
amplitude of the oscillation from its free value. In amplitude modulation AFM, the
experimental observables are the amplitude of the oscillation and the phase shift lag
that exists between the external excitation and the tip motion. The amplitude is used
as a feedback parameter to map the topography of the surface. The net value of the
force exerted by the tip on the sample surface, either positive (repulsive) or negative
(attractive), defines two different imaging regimes, repulsive or attractive, respec
tively. For afixed chemical composition for the tip surface interface, the force exerted
by the tip on the sample surface depends on several factors such as the free
amplitude, the tip radius, the value of the amplitude chosen to run the feedback,
or the imaging regime.
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2.3
Elements of an Amplitude Modulation AFM

An atomic force microscope in general and an amplitude modulation AFM in
particular has fivemajor elements, the detection unit, the cantilever tip system, the
tip sample motion unit, the feedback controller, and the image processing
and display system (Figure 2.1). The first three elements are usually integrated
into a single module that is called the microscope base (Figure 2.2). A detailed
description of the technical features of the above elements has been reported by
Ando et al. [1].

2.3.1
Feedback Controller

The cantilever tip system is excited at a single frequency. A lock in detector
returns a signal related to the detection amplitude and phase of the input at the
excitation frequency or its harmonics. The feedback loop maintains at constant the
amplitude while the tip is either scanned across the sample surface or kept still
above a given surface region. The root mean square value of the oscillation signal
measured in the photodiode detector is kept constant in a process that involves the
comparison between the instantaneous values of the amplitude Ai with respect to a

Figure 2.1 Scheme of the main elements of an amplitude modulation AFM.
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reference value (Asp), called the set point amplitude. The practical goal of the
feedback loop is to keep the error signal Asp Ai as small as possible. The error
signal is treated in the proportional integral differential system. Its output sends
a voltage signal to the piezo z scanner to either approach or withdraw the tip in
such a way as to minimize the difference between Asp and Ai. The feedback loop
sets the upper limit for the maximum scanning speed of the microscope. Current
acquisition rates range from 60 to 500 kHz. Figure 2.3 shows the schematics of the
feedback system.

Figure 2.2 Top: microscope setup in 2006. Bottom: images of two commercial microscope bases.
The microscope base integrates the detection, the cantilever tip, and the tip sample units.
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2.3.2
Optical Beam Deflection

Methods of detecting the bending of the cantilever tip system produced by the
tip surface forces are at the heart of force microscopy. The sensitivity and simplicity
of the optical beam deflectionmethod [2, 3] is one of the factors that have contributed
to the rapid success of the AFM. A light beam coming from a solid state diode is
reflected at the back of the cantilever and the deflection is monitored by a position
sensitive photodetector consisting of several photodiodes (Figure 2.1). The photo
currents are fed into a differential amplifier that generates an output signal in volts.
The use of four segmented photodiodes enables the detection of both normal and
lateral forces.

The ultimate detection sensitivity of the optical beam deflectionmethod is limited
by the thermal noise. A properly tuned beam deflection system enables detection of
cantilever deflections below 0.01 nm. The beam deflection method has a caveat for it
does not directlymeasure the deflection of the cantilever z (vertical displacement) but
its change in slope dz/dx. A force applied on the tip produces both a change in the
cantilever deflection and a change in the slope. For a rectangular cantilever, the
application of the Euler Bernoulli theory and some geometrical considerations allow
us to deduce a relationship between changes in slope and changes in deflection [4 6]
(Figure 2.4).

The deflection along the cantilever length L produced by a force F applied at the
free end is

zðxÞ ¼ F
2k

3
x
L

� �2 x
L

� �3
� �

; ð2:1Þ
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Figure 2.3 Simplified scheme of the feedback loop circuitry in amplitude modulation AFM.
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then

zðLÞ ¼ 2L
3
dzðLÞ
dx

: ð2:2Þ

The above equation is valid for a static force applied at the tip; nonetheless, it will also
be used to describe AM AFM.

From Figure 2.4, it can also be deduced that the amplification of the deflection in
the photodiode is proportional to the ratio between the cantilever photodiode
distance D and the cantilever length,

DA � 2
D
L
Dz: ð2:3Þ

2.3.3
Other Detection Methods

Several other methods have also been proposed and applied to detect the cantilever
deflection [7 16]. Quate and coworkers introduced self sensingmethods to detect the
cantilever bending [10]. A piezoresistive layer deposited on top of the silicon
cantilever changes its resistance with changes in the cantilever geometry. In this
way, the cantilever deflection can be measured. Self sensing methods based on
piezoelectric materials can be small size and compact; however, the signal to noise
ratio is not as good as in optical beamdeflection. Another type of self sensingmethod
uses quartz tuning forks [12].

 

D

∆θ 

2. ∆θ 
z

x

laser
photodiode

cantilever

Figure 2.4 Standard geometry in an optical beam deflection system.
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2.3.4
Tip Sample Motion System

Piezoelectric actuators provide positioning with high accuracy and subangstrom
precision. Both the tip oscillation and the relative position of the tip to the sample
surface are performed by means of piezoelectric actuators. Two different piezoelec
tric actuators are common in AM AFM. A dither piezo glued at the clamped end of
the cantilever is used to excite the cantilever oscillation. The other piezo actuator is
used to displace the tip with respect to the sample surface. This piezo scanner could
be placed either underneath the sample surface or above it. Commonly, the piezo
scanner is a hollow and segmented tube that enables motion in the x , y , and
z directions. Tube scanners are preferred because they are compact, implying higher
resonant frequencies. In addition, the same scanner could cover a wide range of
scanning areas from nm2 to mm2. The downside is the existence of some coupling
between the lateral and the vertical displacements.

Piezoelectric scanners do not have a linear relationship with the voltage that
produces themechanical deformation. They suffer from a series of problems such as
hysteresis, creep, aging, or thermal drift. These factors might cause serious distor
tions in the imaging process. Hysteresis may be corrected by the use of algorithms
implemented in the software that controls the tip displacement.Hysteresis and creep
are more noticeable for large displacements while thermal drift is more visible for
small tip displacements. The most effective way to minimize the difference between
the real and the nominal tip displacements is by using the so called of close loop
systems. In a close loop scanner, the actual displacement in x , y , or z direction is
measured by a magnetic, capacitive, or optical system and is compared with its
nominal value. An error signal is generated and a process to minimize this signal is
implemented.

The sensitivity of piezoelectric scanners (volts/nm) might change with use and
time. For this reason, it is advisable to recalibrate the scanners once per year by using
calibration gratings for the x , y , and z axes.

A different tip motion system, called the force sensing integrated readout and
active tip, has been proposed [14, 15]. This method integrates tip motion with force
sensing by combining a micromachined electrostatic actuator to move the tip
and an integrated optical interferometric displacement detector in a microscale
volume.

2.3.5
Imaging Acquisition and Display

Imaging acquisition and display account for the processes performed on the signal
coming out of the photodiodes to generate an image that conveys meaningful
information on the topography and other properties of the surface. Many AFM
manufacturers provide software for image processing and representation. An early
introduction to the subject is provided by Guckenberger [17] and an example of AFM
software can be found in Ref. [18].
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A key factor to bear in mind is the limit that the frequency bandwidth imposes on
the imaging acquisition time ta. The imaging acquisition time can be conveniently
expressed in terms of fx, the scanning frequency in the fast moving direction, and the
number of scan lines N in the tip�s slow moving direction, ta¼N/fx. The feedback
bandwidthB should always be larger than 1/tm, where tm is the time taken by the tip to
travel between the closest features resolved by the instrument l. Then,

B � 1=tm ¼ vx
l
¼ 2Dxfx

l
¼ 2DxN

lta
; ð2:4Þ

where vx is the tip speed in the fast moving direction and Dx lateral image size. The
feedback bandwidth is determined by several factors such as the mechanical
resonances of the cantilever and tip sample motion system, the quality factor, and
the time response of the feedback controller [1, 19, 20].

2.4
Cantilever Tip System

The cantilever tip system has two elements, the cantilever and the tip. The cantilever
is the transducer that converts the force sensed by the tip into a deflection that can be
recorded andmeasured. The use ofmicroelectronic processes hasmade possible the
integration of the cantilever and the tip into a single device, the cantilever tip system
(Figures 2.5 and 2.6). However, it seems convenient to describe the properties of the
tip independent of those of the cantilever. On the one hand, the cantilever body
outweighs the tip by several orders ofmagnitudemeaning that inertial effects depend

Figure 2.5 Scanning electron microscopy (SEM) image of a silicon cantilever tip system.
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mostly on the cantilever mass. On the other hand, the proximity of the tip to the
surface makes it possible to confine the tip surface interaction to the size of the tip�s
apex.

2.4.1
Cantilevers

Cantilevers are fabricated in microelectronic facilities with some of the technologies
used to fabricate integrated circuits such as photolithography and etching procedures
[21, 22]. The majority of AFM cantilevers are made of either silicon or silicon nitride
(Si3N4).

Most commercial cantilevers are either v shaped or rectangular beams. Rectan
gular cantilevers have a trapezoidal shape. Nonetheless, some applications might
require the development of special geometries to enhance the response of higher
cantilever modes [23, 24]. Figure 2.6 shows the main cantilever geometries used in
dynamic AFM. The dynamic quantities describing rectangular cantilevers are
amenable of analytical treatments, so the rest of the section is devoted to them. For
a theoretical description of triangular cantilevers, the readermay consult Refs [25, 26].

The cantilever properties of interest in AM AFM are the force constant, the
resonant frequency, and the quality factor. The force constant enables to transform
intermolecular and nanoscale forces into force measurements. The resonant fre
quency is one of the factors that control the time response of the instrument and the
quality factor is a measure of the hydrodynamic damping of the cantilever with the
environment (liquid or gas). The quality factorQ also includes the cantilever internal
energy losses, although these are usually negligible with respect to the hydrodynamic
damping. The Q can be estimated by fitting the resonance curve to a Lorenztian
function (Chapter 4).

The cantilever is a three dimensional continuous system with several resonances
or eigenmodes. Each mode is characterized by its own force constant and quality
factor. Furthermore, the cantilever has bending, torsion, and flexural modes. This

Figure 2.6 Scanning electron microscopy images of (a) rectangular and (b) triangular cantilevers.
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book is mostly focused on flexural vibrations, that is, those occurring in the plane
perpendicular to the long cantilever axis. Whenever the cantilever is referred to by a
single resonant frequency, quality factor or force constant ismeant to be the values of
the lowest flexural mode. The frequency of the lowest mode (first mode) is usually
called the fundamental frequency. A more complete description of the flexural
vibrations is provided in Chapters 5 and 9.

The static force constant of a rectangular beam can be expressed in terms of the
Young�s modulus of the material E and the size of the beam with L its length,W its
width, and h its thickness [27, 28]:

ks ¼ k ¼ EWh3

4L3
: ð2:5Þ

The resonant frequency can be determined by

fn ¼ 1
2p

k2n
12

p E
r

s
h
L2

; ð2:6Þ

where r is the mass density and kn are the solutions of the equation cos kn�
cos h kn¼ 1 with k1ffi 1.875 and k2ffi 4.964. The other coefficients are calculated by

kn ffi p n
1
2

� �
for n � 3: ð2:7Þ

For convenience, in most of the equations the frequency is expressed in terms of the
angular frequency vn¼ 2pfn. The frequency of the fundamental mode is commonly
expressed as v0 (v0¼v1).

2.4.2
Tips

The size of the tip at its apex and the tip�s aspect ratio has a defining role in
determining the lateral resolution. Different microfabrication processes yield very
sharp Si or Si3N4 tips with a radius down to 2 nm. However, the aspect ratio of
microfabricated tipsmight compromise the lateral resolutionwhen imaging surfaces
with large features. Several alternative procedures have been developed to either
reduce the tip�s radius and/or to get better aspect ratios [29 32]. Both the formidable
aspect ratio and the small diameter of single wall carbon nanotubes make them
seemingly ideal candidates for AFM imaging (Figure 2.7) [29, 31]. However, the
difficulties in attaching in a reliable and efficient manner carbon nanotubes to a Si
cantilever have greatly limited its impact on AFM. Molecular resolution images in
amplitude modulation AFM have been obtained either by using oxide sharpened
silicon nitride tips [33] or by using sharp carbon whiskers grown by chemical vapor
deposition on top of regular Si tips [30].

The tip�s geometry might also be the source of several imaging artifacts. Etched Si
tips are asymmetrical. The tip�s angle depends on the scanning direction. This fact
should be kept in mind to minimize tip convolution artifacts.
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2.4.3
Excitation of Cantilever Tip Oscillations

Three different excitation methods have been applied to vibrate the cantilever tip
ensemble: acoustic, magnetic, and photothermal excitation (Figure 2.8). In the
acoustic excitation mode, a piezoelectric actuator is attached below the substrate
containing the cantilever tip ensemble [34]. The application of an oscillating voltage

Figure 2.7 (a) SEM picture of multiwall carbon nanotube attached to a silicon nitride tip. (b) TEM
image of a single wall carbon nanotube attached at the end of a silicon nitride tip. Adapted from
Ref. [31].
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Figure 2.8 Schematics of (a) acoustic and (b) magnetic excitation methods.
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to the actuator produces its vibration and this, in turn, produces the oscillation of the
cantilever. This is by far the most common excitation mode in air and liquids,
although in liquids it also excites the fluid (Chapter 6). Themagnetic excitationmode
uses magnetic forces to generate an oscillating magnetic field that causes the
cantilever to vibrate [35 37]. This requires the magnetization of the cantilever or
just the region close to the tip. Another method to excite the cantilever is provided by
the photothermal excitation where a power modulated laser diode is focused on the
backside of the cantilever [38, 39].

2.5
Calibration Protocols

AFM operation involves three main calibration procedures. Imaging applications
requires the regular calibration of the x, y, and z scanners that form the tip sample
motion system. Applications oriented to capture information on surface forces and/
or material properties require the determination of the force constant of the
cantilever and the optical sensitivity of the beam deflection method.

2.5.1
Optical Sensitivity

The output of the photodiode detector is a photocurrent that is eventually trans
formed into an output voltage. To measure deflections and amplitudes in units of
length, we require to determine the conversion factor between volts and nanometers.
A commonly used sensitivity calibration method starts with the determination of
sensitivity in the static case and then using the theoretical expressions that relate the
sensitivities of the different cantilever eigenmodes to static sensitivity. The static
sensitivity is determined by first plotting the dependence of the deflection as a
function on the sample separation. This requires the use of a stiff tip sample
interface, so the surface deformation upon contact is negligible with respect to the
cantilever deflection. A line fit in the contact section is used to calibrate the detector
signal (DV) with a known cantilever deflection. It is assumed that the cantilever
deflection is equal to the z piezoscanner displacement Dz,

ss ¼ DV
Dz

: ð2:8Þ

The above value depends on the laser spot position along the cantilever axis; as a
consequence, the sensitivity will depend on the cantilever length and the alignment
procedure.

The shape of the cantilever depends on the excited eigenmode so does the
sensitivity. However, the sensitivity of mode n (sn) can be determined from the
value of the static sensitivity ss by realizing that the ratio between the sensitivities is
proportional to the cantilever slopes [27, 40]. By following Sch€affer�s hypothesis,
the equation that relates the optical sensitivity of a mode (eigenmode) to the static
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sensitivity is

sn
ss

¼ dXn=dx
dXs=dx

¼ ð 1Þnþ 1 2kn
3

sinkn sinhkn
sinkn þ sinhkn

; ð2:9Þ

where X(q) with q¼ x/L is the modal shape of the nmode [40]. Equation 2.7 has been
expressed for q¼ 1. The sensitivity ratio for the two lowest modes is, respectively,
s1/ss¼ 1.0898 and s2/ss¼ 0.3138.

The optical sensitivity in dynamic AFM could also be modified by the tip surface
forces. This is usually a minor effect. It is less noticeable for higher modes [41].

2.5.2
Calibration of the Cantilever Force Constant

Measurement of the tip surface forces requires the determination of the cantilever�s
force constant k. A variety of methods have been proposed [6, 42 50]; among them,
the thermal noise and the Sadermethods stand out because they are relatively easy to
implement and provide values of the force constant with a relative error below 10%
[45, 48]. A good introduction to the different calibrationmethods, and in particular to
those described below, is provided by Cook et al. [48].

2.5.2.1 Thermal Noise Method
This method was first proposed by Hutter and Bechhoefer [42] and later refined by
Butt and Jaschke [6]. It is based on the equipartition theorem that states that in
thermal equilibrium the average value of each quadratic term in the Hamiltonian is
given by kBT/2. For a free cantilever at equilibrium with the environment,

1
2
k
�
z2
	 ¼ 1

2
kBT ; ð2:10Þ

where
�
z2
	
is the mean square deflection of the cantilever caused by thermal

vibrations. The deflection includes contributions from all the eigenmodes. To exactly
determine

�
z2
	
, it requires to measure the power spectral density over all frequen

cies. This might become a time consuming measurement. Butt and Jaschke simp
lified the process by deducing a relationship between the total power and the power of
the lowest eigenmode. First, the deflection power density of the lowest resonance Pd
is measured. Then, its dependence on the frequency is fitted to the shape of single
harmonic oscillator R (a Lorentzian function) with an added background term,

Pd ¼ Pb þRð f Þ; ð2:11Þ

ð1
0

Rðf Þdf ¼ pf1Q1A1

2
¼ �

z21
	 ¼ kBT

k1
; ð2:12Þ

then

k1 ¼ 4kBT
v1Q1A1

: ð2:13Þ
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A relationship between the cantilever static and the first mode force constants is
derived by using the vibrational decomposition of the cantilever oscillations [6, 27],

k ¼ kBT
hz2i ¼

12kBT

1:8754hz21i
¼ 0:9707k1: ð2:14Þ

2.5.2.2 Sader Method
Sader et al. have studied the effect of fluid dissipation on the cantilever dynamics [44,
49, 50]. On the basis of these studies, they have developed amethod to determine the
force constant of a rectangular cantilever [49]. Themethod requires it to measure the
quality factor, the resonant frequency of the fundamental mode, and the planview
size of the cantilever,

k ¼ 7:524rf W
2LQ1Cið f1Þf12; ð2:15Þ

where f1 is thefirst resonance asmeasured in the fluid (air, vacuum, or liquids);Ci (v)
is the imaginary part of the hydrodynamic function (Chapter 6). The values of the
hydrodynamic function are tabulated in Ref. [49].

2.6
Common Experimental Curves

The main observables in amplitude modulation AFM are the oscillation amplitude
and the phase shift. To characterize the dependence of the amplitude and, to a lesser
extent, the phase shift with respect to the excitation frequency is a necessary step to
understand its dynamics.

2.6.1
Resonance Curves in Air and Liquids

Many aspects of the dynamics of an oscillator, and in particular of the cantilever tip
system, are contained in its resonance curves [51 53]. The dependence of the
amplitude upon the excitation frequency is usually called the resonance curve by
the AFM community. More generally, the resonance curve involves the representa
tion ofA2 versus the frequency. A resonance occurs when the interaction between the
excitation force and the mechanical system is maximized, which happens when the
excitation frequency matches the frequency of one of the eigenmodes of the system.
Resonance curves serve several purposes. They are used to identify the different
eigenmodes, to determine the quality factor, or to estimate the anharmonicity of the
cantilever.

Figure 2.9 shows the resonance curves for the lowest eigenmode of a rectangular
cantilever (k¼ 0.75N/m) in air and water. The medium does considerably alter the
resonance curves. In liquid, the resonance curve is wider (Qwater¼ 3 versusQair¼ 60
in this example). At the same time, the resonant frequency is shifted to lower values.
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The above curves were taken very far from the sample surface, so the tip surface
forces did not affect the curve. However, in AM AFM the tip surface forces could
substantially modify the shape of the resonance curve. Figure 2.10 shows three
resonance curves taken in air at different separations from amica surface (12, 6, and
5 nm). For separations larger than the free amplitude (7 nm), the curve has a
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Figure 2.10 Resonance curves as a function of
the tip surface distance (zc 12, 6, 5 nm). At
zc 12 nm, a tip surface separation larger than
the free amplitude (A0 7 nm), the resonance
curve shows a Lorentzian shape. At closer
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Figure 2.9 Experimental resonance curves in water and air. Notice the shift of the resonant
frequency and the broadening of the resonance when the measurement is done in water. Adapted
from Ref. [59].
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Lorentzian shape. However, for separations smaller than the free amplitude, the
tip surface forces truncate and distort the resonance curves. More details about
resonance curves are provided in Chapters 5 and 6.

2.6.2
Amplitude and Phase Shift Distance Curves

The representation of the amplitude with respect to the average tip surface distance
is called an amplitude distance curve. A similar curve where the phase shift is the
observable is called a phase distance curve. When there is no ambiguity, they will be
called, respectively, amplitude and phase curves. These curves have many applica
tions; for example, they are essential tomeasure and identify the nature of the forces,
either conservative or nonconservative [54]. They are also crucial to extract informa
tion about material properties. Amplitude or phase distance curves can also be used
to identify the interaction regime either attractive or repulsive. The slope of the
amplitude curve participates in the determination of the vertical noise of the
instrument.

Amplitude curves may have different shapes [55 58]. The shape of an amplitude
curve represents an interplay between the different instrumental parameters and the
sample properties. Among the parameters that influence the shape of an amplitude
curve are the free amplitude, the excitation frequency, and the tip radius. The sample
properties that havemore influence on the curve are the Young�smodulus, Hamaker
constant, and the surface energy. As a guiding rule, the amplitude decreases by
approaching the tip toward the sample surface. The slope of the curve depends on the
material. Stiff samples have a slope close to 1 while more compliant materials show
smaller slopes. The monotonical decrease in amplitude with respect to tip surface
distance could be altered by the presence of sharp discontinuities. These disconti
nuities reflect the transition from the attractive to the repulsive regime or vice versa.

Figure 2.11 shows some amplitude and phase distance curves obtained with a
silicon tip on a silicon surface. The jump observed when the distance is decreased
reveals a transition from the attractive to the repulsive regime. At the transition point,
the amplitude shows an increase of about 1.5 nm,while the phase shift shows a jump
from 110� to 65�.

2.7
Displacements and Distances

The analyst of amplitude modulation AFM experiments requires to be familiar with
at least five different distances and/or displacements. In some cases, the conceptual
differences among them are subtle; however, they have remarkable experimental
implications. Figure 2.12 illustrates the definition of the tip deflection z(t) and the tip
displacement with respect to the sample surface S(t). The optical beam deflection
method directly measures the cantilever slope, which can relate to the tip deflection.
The origin of the tip deflection is the rest position of the cantilever tip system.When
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the cantilever is excited by a mechanical force, the amplitude of the displacement of
the cantilever base isAd. For highQ values (>10),Ad ismuch smaller than zorS, then
z�S. The definitions of the other distances are also shown in Figure 2.12: the
instantaneous tip surface d and the average tip surface separations zc; the spatial
coordinate along the longitudinal axis of the cantilever is x andw(x, t) is the cantilever
bending.

zc

z

d

z=0

Z

x

w(x,t )

d=z+z c

sample

Figure 2.12 Scheme of the relevant distances
in amplitude modulation AFM; d is the
instantaneous tip surface separation, z is the
instantaneous tip deflection, zc is the average

tip surface separation, x is the spatial
coordinate along the longitudinal axis of the
cantilever, and w(x,t) is the cantilever bending.
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Figure 2.11 Amplitude and phase distance curves obtained in air with a silicon tip on a mica
surface.
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3
Tip–Surface Interaction Forces

3.1
Introduction

The forces of interest in force microscopy are of electromagnetic origin. However,
different intermolecular, surface, andmacroscopic effects give rise to interactionswith
distinctive distance and geometry dependencies. In the absence of external fields, the
dominant forces in air are van der Waals interactions, short range repulsive interac
tions, and adhesion and capillary forces. In liquid, the solid liquid interfaces together
with the presence of ions and electrolytes give rise to the presence of additional forces
such as the electric double layer and the solvation forces. Some of the above forces are
attractive while others are repulsive. In some cases, interaction forces could show
oscillations. The repulsive or attractive character of electrostatic interactions could be
changed in liquid by modifying the ionic strength. The variety of tip surface forces,
their different character, and the difficulty in isolating a single interaction are some of
the factors that contribute to making the technique hard to master.

A force curve acquired on apurplemembrane surface is depicted inFigure 3.1. The
force curve could be divided into the short range and long range regions. The short
range region involves forces within 1 nm from the tip and sample uppermost atoms,
while the long range region extends several nanometers above the sample surface. A
practical description of the common forces to be encountered in a typical amplitude
modulation AFM experiment in either air or liquid follows in the next section.

3.2
Van der Waals Forces

The universal character of long range interactions of van der Waals type between
objects arises from the existing electromagnetic field fluctuations. These fluctuations
arise from thermal and/or zero point quantum fluctuations. Several theoretical treat
ments of varying complexity have been developed to introduce van der Waals forces
[1 3]. Specifically, Israelachvili [1] and Butt et al. [2] give a detailed and comprehensive
description of the van der Waals interactions adapted for an AFM like interface.

Amplitude Modulation Atomic Force Microscopy. Ricardo García
Copyright � 2010 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim
ISBN: 978-3-527-40834-4
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The van der Waals forces between atoms and/or molecules have their origin in
electric dipole interactions. The dipoles could be permanent or either induced by
another permanent dipole or by thermal fluctuations. The three possible dipole
interaction potentials, dipole dipole, dipole induced dipole, or induced dipole
induced dipole, scale as 1/r6, where r is the distance between atoms or molecules.
Force microscopy experiments usually deal with ensembles of atoms or molecules.
The net van der Waals force is the result of adding all the individual dipole
interactions between tip and surface atoms [1, 2]. The two most common approx
imations to describe an AFM interface are the sphere flat and the conical tip
sphere flat geometries (Figure 3.2). For a sphere flat geometry, the van der Waals
force is given by

FvdW ¼ HR
6d2

; ð3:1Þ

whereH is the Hamaker constant, R the tip radius, and d is the instantaneous tip
surface distance. The above equation diverges for d ! 0. To avoid the divergence
for separations d smaller than the intermolecular distance a0, the resulting van der
Waals force is identified with the adhesion force derived from contact mechanics
models. A reference value for the intermolecular distance is a0¼ 0.165 nm [1]. The
Hamaker constant depends on the materials and the intervening medium, typical
values are in the 10�20 J range [1, 2].

For a conical mesoscopic tip that ends in a half sphere [4, 5], the force is given by

FvdW ¼ H
6

R
d2

þ tan2b

dþRb

Rb

dðdþRbÞ
� �

; ð3:2Þ

Figure 3.1 Force versus distance curve acquired on a purple membrane surface. Experiment
performed in air.
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where b is the half angle of the cone and Rb¼R(1 sinb). Notice that for d<R, the
van der Waals force is dominated by the half sphere cap, then Equation 3.2 is well
approximated by Equation 3.1. When the roughness of the sample surface is
approximated by a succession of half spheres, the sphere sphere approximation
could be applied to estimate the van der Waals force,

FvdW ¼ H
6d2

RtRs

Rt þRs
; ð3:3Þ

where Rt is the tip�s radius and Rs is the effective radius of the surface under the tip.
The van der Waals force between two surfaces is usually attractive. Nonetheless, it

is worth to summarize three relevant situations. The van derWaals force between two
identicalmaterials in amedium is always attractive. The van derWaals force between
two different materials in air or in vacuum is also attractive. The van der Waals force
between two different materials in liquids could be either attractive or repulsive
depending on the values of the dielectric constants and the refractive indexes of the
interface [1, 2]. In a heterogeneous interface, that is, an interface consisting of layers
of different materials such as a rigid metallic substrate and a thin monolayer on top,
the van der Waals force at larger distances could still bear the influence of the
underlying substrate [2, 6, 7].

3.3
Contact Mechanics Forces

Repulsive forces between atoms or molecules arise from Pauli and ionic repulsion.
However, if the contact area between two objects involves hundreds or thousands of
atoms, the description of the effective repulsive force is provided by contact
mechanics models [8, 13 18]. The surfaces of two bodies are deformed when they
are brought into mechanical contact. The deformation depends on the applied force

R

d
d

β
h

Figure 3.2 Models of the tip surface geometry: sphere flat and conical shaft capped with a half
sphere flat.
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(load) and the properties of the material. Continuum elasticity theories describe the
contact and adhesion between finite bodies under an external load. The first model
was proposed by Hertz in 1881, describing the deformation of two elastic spheres
without adhesion forces [8]. Johnson, Kendall, and Roberts (JKR) [9] and Derjaguin,
Muller, and Toporov (DMT) [10] models provide analytical relationships between the
deformation and the applied load (force) in the presence of adhesion forces. More
sophisticated and self consistent descriptions of the deformation, the stress, and the
interaction forces between surfaces have been developed by Maugis [11] and Muller
et al. [12].

Continuum mechanics models have provided good descriptions of some exper
imental results [19 21]. Furthermore, atomistic simulations show that some of the
parameters relevant to dynamic AFM such as the indentation or the contact area are
well described by some contact mechanics models [22]. However, the use of
continuum mechanics models to describe nanoscale mechanical properties has
some limitations [14, 22 24].

To determine the deformation of two elastic objects in contact, here tip and sample,
requires to establish and solve the relationship between the stress C and the strain e

tensors. This functional relationship is called the constitutive equation. For an
isotropic material, it is deduced

Cij ¼ lelldij þGeij; ð3:4Þ

where l is the Lam�e coefficient andG is the shearmodulus. The shear and the Young�
modulus are related by

G ¼ E
2ð1þ nÞ ; ð3:5Þ

where n is the Poisson ratio. In equilibrium, the form of the solutions of Equation 3.4
can be parameterized by the elasticity parameter le

le ¼ C0
9R

2pWadEeff

� �1=3

; ð3:6Þ

1
Eeff

¼ 1 n2t
Et

þ 1 n2s
Es

� �
; ð3:7Þ

where Wad is the work per unit of area required to fully separate the surfaces and
C0 is the stress at the equilibrium spacing; Eeff is the effective Young�s modulus of
the tip sample interface. The subscripts t and s stand for tip and sample,
respectively.

The parameter le compares the relative magnitude of the elastic deformation at
pull off forces and the effective range of the surface force. It can be demonstrated that
the general solutions of Equation 3.4 reduce toHertz for le¼ 0,DMT forle< 0.1, and
JKR for large le (le> 5). Figure 3.3 shows the adhesion map of Johnson and
Greenwood [25] that describes the range of application of different contactmechanics
models.
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Figure 3.3 Adhesionmap for the contact of elastic bodies. It shows the range of application of the
different contact mechanics models. Adapted from Ref. [25].

DMT and JKR models are extensively applied in force microscopy because they
provide analytical expressions to determine the force exerted on the sample surface as
a function of the indentation. Bothmodels share several assumptions, namely, (1) the
deformations are elastic and follow a linear behavior; (2) the size of the contact is
small with respect to the radius of the tip; and (3) the contact geometry is axisym
metric with the absence of shear forces.

3.3.1
Derjaguin Muller Toporov Model

The Derjaguin Muller Toporov [10] model is valid for describing stiff contacts with
low adhesion forces and small tip radii (Figure 3.3). The DMTmodel considers the
existence of adhesion forces acting outside the contact area. The adhesion force is
calculated by

Fad ¼ 4pRc: ð3:8Þ
In addition to the adhesion force, during the contact there is a repulsive force that at
the atomic and molecular level comes from Pauli and ionic repulsion,

Fr ¼ 4
3
Eeff R

p
ða0 z zcÞ3=2 for zc þ z � a0; ð3:9Þ

where c is the surface energy withWad¼ 2c. The radius of the contact area is given by

a3 ¼ 3R
4Eeff

ðFþFadÞ; ð3:10Þ

where F is the applied load.
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Figure 2.12 provides a definition of the coordinates and distances needed to
operate with the above equations. These definitions are used throughout the book
unless otherwise stated. Positive values of the sum zc þ z define the instantaneous
tip surface distance d, while negative values give the indentation d. The DMTmodel
also provides an expression for the indentation as a function of the load,

d ¼ a2

R
¼ ðFþFadÞ2=3FþFad

16
9 RE

2
eff

3

q
:

ð3:11Þ

3.3.2
Johnson Kendall Roberts Model

The Johnson Kendall Roberts model considers that the adhesion force acts inside
the contact area. Thismodel should be the choice for studying contacts characterized
by relatively low stiffness, high adhesion forces, and large tip radii [8, 9, 11]. The
adhesion force is calculated by

Fad ¼ 3pRc: ð3:12Þ
The JKRmodel enables us to express the indentation as a function of the applied force
as

d ¼ 3 FJKR þ 2þ 2 1þFJKR

q� �2=3

4 2þFJKR þ 2 1þFJKR

q� �1=6

; ð3:13Þ

where d ¼ d=da and FJKR ¼ FJKR=Fad are, respectively, the normalized indentation
and force. The parameter da is the pull off separation given by

da ¼ p2Rc2

3E2
eff

� �1=3

ð3:14Þ

and the contact radius is obtained from

a3 ¼ 3R
4Eeff

�
Fþ 2Fad þ 2 FadFþF2

ad

q �
ð3:15Þ

3.4
Capillary Force

Under ambient conditions, water spontaneously condenses from vapor into the
cracks or pores of hydrophilic surfaces. Capillary condensation is a thermodynamic
process that links the vapor pressure of a liquid to its curvature in the condensed
form [26 28]. It is described by the Kelvin equation,

RgT log
P
P0

¼ cLVm

rk
: ð3:16Þ
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The Kelvin radius rk gives information on the size of the meniscus,

1
rk

¼ 1
r1

þ 1
r2
; ð3:17Þ

where Rg is the gas constant, cL is the surface tension of liquid, P is the actual vapor
pressure, P0 is the vapor pressure at saturation,Vm is themolar volume of the liquid,
and r1 and r2 are the principal radii of curvature of the meniscus. In the case of water
condensation, P/P0 is the relative humidity.

The Kelvin equation states that in equilibrium the size of the capillary where
condensation occurs is determined by the vapor pressure. This property leads to
capillary condensation and capillary adhesion forces in the presence of asperities. As
a consequence, condensation occurs at a relative humidity below 100% for curved
surfaces. For example, for a spherical concave water meniscus, Equation 3.16
gives rk� 0.78 nm at P/P0¼ 0.5 and T¼ 293K (50% relative humidity and
cLVm=R�T ¼ 0:54 nm).

In AFM, a water meniscus could be formed whenever the tip and the sample gap
distance is comparable to the Kelvin radius (Figure 3.4). Inside the meniscus, the
pressure is larger than outside. The Young Laplace equation gives the pressure
difference across the meniscus interface

DP ¼ cL
1
r1

þ 1
r2

� �
: ð3:18Þ

The above equation enables us to calculate the adhesion force associated with the
meniscus formation. The capillary force depends on the interface geometry. It
requires to determine the contact angles between the surfaces and the liquid. In
general, for a tip of arbitrary shape and a flat sample, it can be determined only by the
numerical solution of the above equation. Nonetheless, several analytical or semi
analytical expressions to determine the force between a sphere and a flat surface have
been proposed [1, 2, 28 32]. Following Israelachvili, the capillary force between a

θ2

r1

Rφ

d

θ1

Figure 3.4 Definition of angles and distances needed to calculate the capillary force in AFM.
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sphere and a flat surface [1] could be estimated by

Fcap ¼ 4pRcLcos q
1þ d=d0

: ð3:19Þ

Themaximum attraction force occurs when the spherical tip is in contact with the
flat surface d¼ 0,

Fcap ¼ 4pRcLcos q: ð3:20Þ
Direct measurements of capillary forces performed with a surface force apparatus

showed that the Equation 3.20 is valid for systems down to menisci of radius of
2 4 nm [1, 32]. The above equations give the force once the meniscus has been
formed.However, it should be kept inmind that capillary condensation is an activated
process that depends, among other things, on the relative humidity. The formation of
a water meniscus is often observed in AFM experiments performed at ambient
conditions. It has been observed in both contact and dynamic AFM experiments
[33 36]. In fact, the control and manipulation of water menisci has given rise to a
powerful AFM based nanolithography [37]. However, from an imaging point of view,
the formation of a water meniscus should always be avoided. Capillary forces could
disrupt the observed objects. Equation 3.19 shows that capillary force values in an
AFM interface could be in the 1 100 nN range, that is, they could dominate all other
tip surface forces.

3.5
Forces in Liquid

Capillary forces disappearwhen the tip and the sample are both immersed in a liquid;
however, the interaction of the liquid with the solid surfaces gives rise to other forces
such as solvation or electrostatic double layer forces.

3.5.1
Electrostatic Double-Layer Force

Solid surfaces are charged when they are in contact with polar liquids, in particular
withwater. A surface in a liquid could become charged by either the ionization and/or
dissociation of surface atoms or by the adsorption of ions from solution onto the solid
surface. With independence of the charging process, the surface charge must be
compensated by the presence of an equal and opposite charge distributed within
the liquid but in the vicinity of the surface. The extension of the electric double
layer depends on the concentration and valence of the ions present in the liquid. It
varies between �0.2 nm and tens or hundreds of nanometers. Two regions are
distinguished: a very thin region of counterions transiently bound to the surface
(Helmholtz layer) and a region of counterions in thermal motion extending farther
from the surface (diffuse double layer). The electrical field created by the presence of
ions of different signs attached to the surface and distributed in the liquid attracts
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back the dissolved ions to the surface; however, this force is balanced by the entropy
that favors the distribution of ions away from the solid surface.

The double layer force appears when another solid surface is introduced. The
second surface disturbs the double layer of the first and vice versa giving rise to
the presence of the double layer force. The double layer force should always be
considered when dynamic AFM experiments are performed in aqueous solutions
(Figure 3.5). For two similarly charged surfaces, the double layer force is repulsive.

The relevance of electrostatic interactions in controlling the spatial resolution of
the AFM should not be underestimated. M€uller, Engel, and coworkers achieved
molecular resolution images of protein membranes by screening the long range
electrostatic between the tip and the membrane surface [38, 39]. The screening of
long range electrostatic interactions is achieved by changing the ion concentration of
the buffer solution [39, 40].

3.5.2
Derjaguin Landau Verwey Overbeek Forces

In liquid, the double layer force and the van der Waals force form the basis of the
Derjaguin Landau Verwey Overbeek (DLVO) theory [41, 42]. A detailed account of
DLVO theory is given by Israelachvili [1]. An account of the DLVO theory applied to
AFM measurements is provided by Butt et al. [2].

For a spherical tip and a flat surface, the DLVO force can be approximated by

FDLVO ¼ 4pR
ee0

stsslD expð d=lDÞ HR
6d2

; ð3:21Þ

where lD, e, and e0, are, respectively, the Debye length, the dielectric constant of the
medium, and that of the free space;st andss are the surface charge densities of the tip
and sample surface, respectively. Several assumptions have been applied to deduce

Figure 3.5 Schematic of the electric double layer in AFM.
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the above, in particular d� lD. To make a quantitative comparison with the
experimental data it requires to determine the charging process occurring in
surfaces.

The DVLO theory is able to explain a variety of phenomena in colloidal stability.
Double layer and van derWaals forces have remarkable differences. First, for similar
surfaces one is repulsive and the other attractive. Second, double layer forces depend
on the electrolyte concentration, while the ion concentration does not affect van der
Waals interactions. Third, the van der Waals attraction overcomes the double layer
repulsion at very small separations (1/d2 versus exp( d/lD)). These differences could
give rise to a rich variety of tip surface force curves in liquids.

3.5.3
Solvation Forces

Solvation forces include a variety of phenomena that can be explained only by the
fact that liquids and surfaces are made of discrete entities such as atoms or
molecules. A consequence of the intermolecular interactions is that the structure
adopted by a very thin liquid films adsorbed onto a solid surface is generally
different from the bulk structure [43, 44]. The most remarkable effect of the
solvation forces is the structuring of organic liquid layers between two crystalline
mica surfaces [44]. Geometric considerations imply that the liquid molecules must
reorder themselves so as to accommodate between the two surfaces. If the liquid is
squeezed between two surfaces, the solvation force could give rise to an oscillatory
behavior.

Solvation forces introduce oscillations in the density of the liquid in the
proximity of the solid surface with respect to the value of the bulk density. The
oscillation region extends over a fewmolecular diameters. Its periodicity is the size
of themolecule. Solvation forces have also beenmeasured and observed with AFM.
The oscillations aremore easily observedwhen the experiments are performedwith
organic liquids formed by large molecules [45 47], but they have also been
measured in water [48 50]. Yamada and coworkers have measured an oscillatory
force while imaging a single crystal of polydiacetylene in water [49]. The period of
the oscillation is 0.2 nm that matches the water molecule size. For example,
Fukuma et al. [49] reported peak to peak force values of 0.1 0.2 nN distributed
over �0.25 nm in water.

Solvation forces between a sphere of radiusR and a planar surface can be described
by an exponentially decaying oscillating function [2, 51],

Fsv ¼ F0 cos
2pd
am

þj
� �

expð d=lsvÞ; ð3:22Þ

where am is the molecular diameter and tanj ¼ lsv=am, then

F0 ¼ Rf0

½ð2plsvÞ�2 þ a�2
m �1=2

: ð3:23Þ
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3.5.4
Other Forces in Aqueous Solutions

There are other types of forces that could be present in aqueous solutions such as the
hydration forces. The proximity between the tip and the sample surfaces could
disrupt the hydrogen bonding network of water leading to the appearance of
oscillatory forces. Furthermore, surface solvent interactions can induce positional
or orientation order in the adjacent liquid and give rise to a monotonic hydration
force [52 54]. Hydration forces are separated into repulsive hydrophilic forces and
attractive hydrophobic forces. In general, hydration forces are smaller in value than
the previous forces. They are usually ignored.

3.6
Electrostatic Forces

Electrostatic forces, other than double layer forces, could arise from a variety of
situations. Equilibrium conditions applied to an interface made of two different
metallic surfaces (tip and sample) involve a transientflowof electrons. The associated
electric field originates from a voltage difference across the interface called contact
potential Vc. The contact potential is determined by the difference between the work
functions of the metals Dy, Vc¼Dy/e.

In some experiments, an external voltage is applied between the tip and the sample
surface. That voltage generates an electrical field that in turn produces an attractive
force. If the interface involves dielectric materials, long range electrostatic interac
tion forces could appear due to the trapping of charges, ions or electrons, within the
dielectric.

Electrostatic forces usually depend on a long range distance. This could imply that
the force acting on the sample surface not only is due to the atoms ormolecules at the
tip�s apex but also bears the influence of the atoms in the shank of the tip or even in
the body of the cantilever. The electrostatic force between two surfaces can be
calculated by knowing the electrostatic energy. This is given by U¼C(V Vc)

2/2,
whereC is the capacitance of the system andV the external applied voltage. Then, the
electrostatic force is given by

Fe ¼ 1
2
dC
dz

ðV VcÞ2: ð3:24Þ

The problemof calculating the electrostatic force is to determine the capacitance of
the system for a realistic situation. This is a hard problem that involves a number of
approximations that depend on the geometry of the interface [55 60]. A general
expression for a conical tip of a half angle b capped with a half sphere of radius R is
given by

Fe ¼ pe0ðV VcÞ2gðdÞ; ð3:25Þ
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where e0 is the dielectric constant of the vacuum and g(d) is a geometrical factor that
contains contributions from the tip�s apex, tip shank, and cantilever body [55, 57]. The
contribution from the cantilever body introduces a constant offset to the electrostatic
force that is at least one order of magnitude smaller than the other terms. It can be
neglected in force microscopy experiments whenever the tip surface distance is d<
100 nm. Then, for small cone angles [55],

Fe ¼ pe0ðV VcÞ2 R2

dðdþRÞ þ p2 log
dþR
h

1þ R
sin bðdþRÞ

� �� �
; ð3:26Þ

where h is the length of the cone and

p ¼ 1
log tanðb=2Þ : ð3:27Þ

In the above expression, the contribution from the spherical cap is

Fapex ¼ pe0
R2ðV VcÞ2
dðdþRÞ : ð3:28Þ

Whenever the radius is far larger than the tip surface distance R� d, Equation 3.28
simplifies to

Fapex ¼ pe0
R ðV VcÞ2

d
; ð3:29Þ

which is the most common expression used to estimate electrostatic forces in AFM.
Numerical simulations and experiments have shown that the electrostatic force
follows the V2/d dependence given by Equation 3.29 [57, 60].

3.7
Nonconservative Forces

The forces discussed in the previous sections are conservative; however, in many
experiments it is rather common to find both conservative and nonconservative
forces. Dissipation arises froma variety of processes that depend on both thematerial
properties and the environment. For example, dissipation is involved in force
induced atomic or molecular reorientations, interdigitation, and formation and
rupture of liquid menisci, or whenever there is an exchange of atoms and molecules
between the tip and the sample [61 65].

Dissipation at the nanoscale could be classified into two major mechanisms,
surface adhesion hysteresis [66, 67] and velocity dependent processes such as
viscoelasticity [68, 69]. Surface adhesion hysteresis might have two contributions:
one coming from long range interactions and the other coming from short range
atomic and molecular interactions. The key concept is that the work needed to
separate two surfaces in the presence of surface adhesion hysteresis is always greater
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than the originally gained by bringing the surfaces together. As a consequence, the
surface energy of the systemshows twodifferent values, one during the approachhalf
period ca and the other in the retraction half period cr. For example, surface adhesion
hysteresis in the framework of the DMT could be described as

Fsh ¼ 4
3
EeffR

1=2d3=2 4pRca;r; ð3:30Þ

where ca and cr are, respectively, used during the approach and retraction half
periods.

Long range dissipative interfacial forces, that is, interactions that do not imply
the mechanical contact between probe and surface (noncontact), could be calcu
lated by using a time dependent power law interaction where the strength of the
force a depends on whether the probe approaches aa or retracts ar away from the
surface,

Flh ¼ aðtÞ
d2

: ð3:31Þ

Figure 3.6 illustrates a tip surface force with both short and long adhesion range
hysteresis.

A simplified expression for the viscous force is obtained by combining the
relationship between the stress and the strain given by the Voigt model and the
sample deformation obtained from the Hertz contact mechanics [68]. The above
assumptions give a time dependent viscous force as

Fvis ¼ g Rd
p dd

dt
; ð3:32Þ

where g is the viscosity. Notice that the viscous force depends on both the defor
mation and the deformation rate (Figure 3.7).

Figure 3.6 Example of a tip surface force that includes surface adhesion hysteresis. The arrows
indicate the approach and retraction parts of the oscillation cycle.
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3.8
Net Tip Surface Force

The first step to characterize and/or simulate an experiment is to establish which of
the above forces participate in the net tip surface force. To illustrate the process to
deduce the tip surface force from the specific interactions, it is instructive to examine
two examples. The first case is characterized by an interface made of a spherical tip
and a bulk elasticmaterial. Nonconservative interactions are present through surface
adhesion hysteresis. The second case involves a viscoelastic material. In both cases,
we assume a sphere flat geometry.

3.8.1
Tip Surface Force for a Stiff Material with Surface Adhesion Hysteresis

First, we consider an interface with van derWaals forces, contact repulsion described
by DMT, and surface adhesion hysteresis in the long range forces. At large tip
surface distances d> a0, the interaction is dominated by long range attractive forces,

Fts ¼ aa;r

d2
; ð3:33Þ

while for d� a0

Fts ¼ 4
3
EeffR

1=2d3=2 4pRca;r; ð3:34Þ

where the subscripts indicate the presence of hysteresis in the adhesion forces. As a
consequence, it must be distinguished between the approach and the retraction parts
of the oscillation cycle. Figure 3.6 illustrates the tip surface forces during a period for
a spherical tip and a bulk elastic material in the presence of surface adhesion
hysteresis (H¼ 6.7� 10�20 J, R¼ 10 nm, Eeff¼ 150GPa, ca¼ 33mJ/m2, cb¼
66mJ/m2, aa¼ 1.11� 10�28 Nm2, and ab¼ 2.78� 10�28 Nm2).

Figure 3.7 Tip surface force curve for a viscoelastic material. The arrows indicate the approach
and retraction parts of the oscillation cycle.
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3.8.2
Tip Surface Force for a Viscoelastic Material

Now, we consider an interface characterized by the presence of long range van der
Waals forces, contact repulsion, and a viscoelastic material. No surface adhesion
hysteresis is present. Before tip surface contact, the force is dominated by van der
Waals forces

Fts ¼ HR
6d2

: ð3:35Þ

Upon contact, three different forces are considered, the adhesion force, the contact
repulsion, and the viscous force. The last force is given by Equation 3.32, while the
other two are calculated by the equations given by the DMTmodel,

Fts ¼ 4
3
EeffR

1=2d3=2 4pRc g Rd
p dd

dt
: ð3:36Þ

To avoid the divergence of Equation 3.20, the van der Waals and adhesion forces are
made equal at d¼ a0,

4pRc ¼ HR
6a20

: ð3:37Þ

Figure 3.7 illustrates the force curve for a viscoelastic material (H¼ 4.1� 10�20 J,
R¼ 10 nm, g¼ 800 Pa s, and Eeff¼ 500MPa).
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4
Theory of Amplitude Modulation AFM

4.1
Introduction

It took 20 years to establish the fundamentals of amplitude modulation AFM
(1998 2007). That is an unusually long period for one of the instruments that
epitomizes the emergence of nanotechnology. There are two seemingly opposed
reasons to explain this anomaly. First, the images provided by themicroscopewere so
impressive and they came so soon after the invention of the technique that it
conveyed the impression that the physical principles governing the operation of
the instrument were already mastered. Second, it turned out that the dynamics of
cantilever tip ensemble was rather complicated. By 2000, it became evident that the
poor theoretical understanding of the tip dynamics was hampering the progress of
the technique. This was the signal needed to develop a coherent theoretical
framework.

The ultimate goal of any theory of dynamic AFM is to provide the mathematical
link between the AFM observables, namely, the amplitude, the phase shift, and the
resonant frequency, and the sample properties. The theory should also explain the
dependence of the observables with respect to the tip surface separation. From these
dependencies, it should be possible to establish the optimumimaging conditions and
to determine the forces exerted on the sample surface.

At present, several theoretical formalisms compete to describe the various
aspects of amplitude modulation AFM. In this chapter, I will present the main
features of the point massmodel approximation with an emphasis on the analytical
or semianalytical approximations. The usefulness of numerical simulations is
also underlined. The most complicated aspects of the point mass model such as
the nonlinear dynamics properties and the self excitation modes (Q control)
together with the introduction of the continuous beam equation (Euler Bernoulli)
are discussed in Chapter 5. The theory for operation in liquid is presented in
Chapter 6.

Amplitude Modulation Atomic Force Microscopy. Ricardo García
Copyright � 2010 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim
ISBN: 978-3-527-40834-4
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4.2
Equation of Motion

Establishing the equation of motion of the vibrating cantilever tip system is the
starting point of any theoretical description of the amplitude modulation AFM. The
left panel of Figure 2.6 shows a scanning electronmicroscope image of a rectangular
silicon cantilever. Solving its equation of motion under the influence of tip surface
forces is a formidable task that involves the motion of a continuous three dimen
sional object under the influence of short and long range interactions (Figure 4.1). A
substantial simplification is attained by approximating the cantilever tip shape to a
rectangular beam (Figure 4.2). The symmetry of the rectangular beam enables to

Figure 4.1 Scheme of the cantilever tip surface interface.
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Figure 4.2 Geometries for the cantilever tip
system. The geometry of the tip is not included
in the modified Euler Bernoulli equation, but it
appears for estimating the tip surface forces.
(a) Rectangular beam. (b) Rectangular cross

section of a rectangular beam. (c) One
dimensional representation of a cantilever tip
beam. (d) Point mass model representation of
the cantilever tip surface interface. The arrow
over kts indicates a �nonlinear� spring.
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introduce a partial differential equation for the cantilever tip system. In fact, the
equation is amodified Euler Bernoulli beam equation with the introduction of some
dissipative elements and the tip surface force,

EI
q4

qx4
wðx; tÞþa1

qw
qt

� �
þrWh

q2wðx; tÞ
qt2

¼ a0
qw
qt

þdðx LÞ Fexcðx; tÞþFtsðdÞ½ �:

ð4:1Þ

Here,w(x,t) is the displacement of the cantilever beamperpendicular to itsmain axis;
E, r, and I are the Young modulus, mass density, and area moment of inertia,
respectively; L, W, and h are the length, width, and thickness of the cantilever,
respectively; a0, a1 are, respectively, the external and internal damping coefficients;
Fexc(x,t) is the excitation force; andFts represents all the tip surface interaction forces.
The delta function indicates that the tip surface forces act only at the end of the tip.
This approximation neglects the influence of the tip�s shape in the motion of the
system across the medium (air, liquid, or vacuum). In the above equation, the tip is a
point object with itsmass negligible with respect to the cantilevermass.However, the
geometry of the tip is considered for determining the tip surface forces.

To find the solutions of Equation 4.1, it is required to introduce both the boundary
conditions and the expression for the tip surface forces. The boundary conditions
restrict the number of possible solutions. The mathematical process requires it to
consider the multiple modes of the continuous system in the z direction. These
modes are usually known as flexural modes (resonances). In the absence of internal
damping, the number of cantilever resonances (eigenmodes) will be infinite. The
process of deriving analytical or more properly semianalytical expressions of Equa
tion 4.1 involves considerable mathematical tools and skills. The difficulties in
tackling directly the above equation have prompted the development of several
alternative theoretical and computational approaches [1 85]. In fact, analytical,
semianalytical, or numerical solutions of a simpler equation of motion based on
point mass models are widely used [1, 6, 13, 16, 21, 30, 35, 56, 85].

4.3
The Point-Mass Model: Elemental Aspects

A point mass model is the most straightforward approximation to model amplitude
modulation AFM (or dynamic AFM). The cantilever tip system geometry is approx
imated by a point mass spring that is driven by an external force in the presence of the
tip surface forces (Figure 4.2d). The relevant equation of motion is a nonlinear,
second order differential equation,

m€z ¼ kz
mv0

Q
_zþ F0 cosvtþFtsðdÞ; ð4:2Þ

where F0 and v are the amplitude and angular frequency of the driving force,
respectively; m, Q , v0, and k are, respectively, the effective mass, quality factor,
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angular natural frequency (undamped), and force constant of the free cantilever. It
must be noted that the effective mass is related to the cantilever mass bym� 0.25mc,
wheremc is the total cantilevermass (see Chapter 5). In amplitudemodulation AFM,
the excitation happens at the first natural resonance of the cantilever or at the
frequency very close to it. The first resonance is sometimes called the fundamental
resonance or mode. Unless otherwise stated Q , k, and v0 describe properties of the
first mode.

The harmonic oscillator model provides a relationship between the force constant
and the resonant frequency [87],

v0 ¼ k=m
p

: ð4:3Þ

To solve Equation 4.2, it is necessary to introduce an expression for the tip surface
forces. However, the nonlinear character of the forces prevents the existence of
analytical solutions. The above reason together with the similarities observed
between the equation of motion of AM AFM and a forced damped harmonic
oscillator has led to adoption of the harmonic oscillator model as a reference to
understand dynamic AFM.

4.3.1
The Harmonic Oscillator

The tip motion of a vibrating tip in the proximity of a surface has many points in
commonwith themotion of a drivenharmonic oscillatorwith damping. In fact, in the
absence of tip surface forces (Fts¼ 0), Equation 4.2 becomes the equation of a forced
harmonic oscillator with damping [87, 88],

m€z ¼ kz
mv0

Q
_zþ F0 cosvt: ð4:4Þ

The solutions of a driven damped harmonic oscillator provide many of the
definitions and concepts needed to describe dynamic AFM. To be familiar with the
properties of harmonic oscillators is a requirement to master any dynamic AFM
experiment. Among the textbooks that introduce the dynamics of harmonic oscilla
tors, I have followed the descriptions given by French [87] and Taylor [89].

Let us start with some qualitative considerations about the asymptotic limits of the
oscillation amplitude as a function of the excitation frequency. At low driving
frequencies with respect to the free resonant frequency, the response is controlled
by the stiffness of the spring. The oscillator moves in step with the driving force with
an amplitude close to F0/k. At frequencies very large with respect tov0, the term kz is
small compared to d2z/dt2 so the response is controlled by inertia. Then, a relatively
small oscillation amplitude should be expected with a phase shift of 180� because the
acceleration of a harmonic oscillator is 180� out of phase with the displacement.

The solution of a driven harmonic oscillator with damping has three different
regimes [87, 89]. The relevant regime for most dynamic AFM experiments is the
underdamped regimewhere 1/2Q< 1. The solution in the underdamped regime has
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a transient term and a steady motion,

z ¼ B exp
a

2
t

� �
cos ðvr t bÞþAcos ðvt wÞ; ð4:5Þ

with a¼v0/Q. Initially, both motions are prominent; however, after a time 2Q/v0,
the transient term is reduced by a factor 1/e. The steady motion is a sinusoidal
function (harmonic) in a solution that oscillates with the excitation frequency v and
has a phase lagwith respect to the excitation force. The transient termoscillateswith a
frequencyvr that should be considered the new resonant frequency. The damping a
modifies the resonant frequency of the harmonic oscillator. The new resonant
frequency is related to the natural resonance frequency by

vr ¼ v0 1
1

4Q2

� �1=2

: ð4:6Þ

For cantilevers with low quality factors, say Q< 5, Equation 4.6 shows that there are
substantial differences between the actual and the natural resonant frequencies,
otherwise, vr�v0. The dependence of the amplitude with the excitation frequency
follows the Lorentzian expression,

AðvÞ ¼ F0=m

ðv2
0 v2Þ2 þðvv0=QÞ2

h i1=2 ð4:7Þ

and the phase shift can be calculated by

tan w ¼ vv0=Q
v2

0 v2
; ð4:8Þ

where w is the angle by which the driving force leads the displacement.
Figure 4.3 shows, respectively, the amplitude and the phase shift as a function of

the driving frequency for two different values of Q. In the presence of damping, the
excitation frequencies at which themaxima of the amplitude and the energy absorbed
by the harmonic oscillator occur do not coincide. The maximum in the amplitude
happens at

vm ¼ v0 1
1

2Q2

� �1=2

ð4:9Þ

and the amplitude takes a value of

Am ¼ QF0
k

1

1 ð1=4Q2Þð Þ1=2
: ð4:10Þ

On the other hand, for the absorbed energy (or power) the maximum happens at v0.

The phase shift is exactly 90� at v¼v0 with independence of the Q. These results
emphasize the special significance of the natural frequency. Equation 4.7 is simpli
fied by exciting the oscillator at its natural frequency v0,

A0 ¼ QF0=k: ð4:11Þ
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4.3.2
Dynamics of a Weakly Perturbed Harmonic Oscillator

Let us assume that the point mass cantilever tip is oscillating under the influence
of tip surface forces. The total force acting on the tip includes the elastic response
k(z z0), the hydrodynamic damping, and the interaction force Fts. For small
displacements with respect to the equilibrium position (z¼ 0), the tip surface force
can be expressed by

FtsðzÞ ¼ Ftsð0Þþ ðdFts=dzÞ0z: ð4:12Þ

Figure 4.3 Dependence of the amplitude (a) and the phase shift (b) as a function of the excitation
frequency for a forced harmonic oscillator with damping. The curves are plotted for two differentQ
values. The phase shift is in degrees.
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In this approximation, the gradient of the force is the relevant factor that influences
the tip motion. Then, the interaction can be characterized by an effective spring
constant kts,

kts ¼ ðdFts=dzÞ0: ð4:13Þ
By substituting the above equation into Equation 4.2, we recover the equation of a
forced damped harmonic oscillator,

m€z ¼ ðk ktsÞz mv

Q
_zþ F0 cosvtþFtsð0Þ ð4:14Þ

with an effective spring constant keff,

keff ¼ k ðdFts=dzÞ0: ð4:15Þ
Then, the new effective resonant frequency is calculated by

veff ¼ ðkeff =mÞ1=2 ð4:16Þ
and the difference Dv¼veff v0 can be approximated by

Dv � ðv0kts=2kÞ: ð4:17Þ
The above equations show that whenever the interaction force can be approximated
by its linear term, the amplitude modulation AFM behaves as a harmonic oscillator
with a resonant frequency that depends on the gradient of the interaction.

The dependence of the amplitude on the excitation and effective resonant
frequencies provides thefirstmechanism to explain the dependence of the oscillation
amplitude with the strength of the interaction force, or in other words, with the
tip surface separation [18]. Let us assume that the tip is excited at its natural
frequency. Approaching the tip toward the surfacewillmodify the resonant frequency
that in turn implies a modification of the oscillation amplitude (Equation 4.7). The
actual oscillation amplitude will be given by the value of the new resonance curve at
the excitation frequency of the oscillator. As a consequence, the new oscillation
amplitude would be smaller than the free amplitude (Figure 4.4). However, if the
excitation frequency is just off resonance to the left, the oscillation amplitude could
decrease or increase depending on the position of the new resonant frequency with
respect to the natural frequency. This mechanism is called the detuning effect.

Approaches based on the harmonic oscillator model are useful to understand
amplitude modulation AFM; however, in many cases, these approaches might fail to
provide quantitative or even semiquantitative agreement with the experiments. They
also might lead to misconceptions about AM AFM operation. The limitations of
weakly perturbedharmonicmodels todescribedynamicAFMcanbe tracedback to the
implicit assumptions used to derive Equations 4.12 4.17. First, it was assumed that
the tip surface force induces a frequency shift and not energy transfer. Second, the
force gradient was assumed independent of the separation. Third, the force gradient
was smaller than the cantilever force constant kts� k. However, many experiments
imply oscillation amplitudes above 1 nm that violate one or more of the above
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assumptions. A quantitative discussion on the limitations of the harmonic oscillator
approach to interpreting dynamicAFMexperiments is providedbyH€olscher et al. [38].

4.4
The Point-Mass Model: Analytical Approximations

The goal of any theory of amplitude modulation AFM is to provide the relationships
between the tip surface forces and the microscope observables. More specifically, it
must explain the dependence of the amplitude and phase shift with both the
tip surface distance and forces. Finally, these relationships will enable to extract
quantitative information about the sample properties.

The nonlinear character of the tip surface forces prevents exact analytical
solutions; however, several approximations do provide analytical or semianalytical
solutions [15, 30, 35, 85]. Three theoretical frameworks have been used to describe
dynamic AFM: harmonic approximations, nonlinear dynamics methods, and
standard classical mechanics methods. However, the availability of numerical
simulations has somehow weakened the need of analytical approaches. As a
consequence, the AFM community has not yet reached a consensus on the most
suitable analytical approximation to describe the operation of the instrument.
Three analytical methods are described in the following sections. It should be said
that in all cases, the motion is considered to be sinusoidal and in some cases the
expressions resemble those of the single harmonic oscillator for the amplitude and
phase shift as a function of the frequency. The analytical approaches neglect the
average deflection of the cantilever and the higher harmonics components of the
oscillation.

attractive repulsive

ω ω0

frequency

Figure 4.4 Detuning in a weakly perturbed harmonic oscillator. The gradient of the tip surface
forces shifts the resonance curve to lower frequencies (attractive force) or to higher frequencies
(repulsive force).
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It is also worth mentioning the approach developed by Aim�e and coworkers [30,
31]. They used a variational approach based on the principle of least action to obtain a
relationship between the separation and the oscillation amplitude. In this model, the
tip�s dynamics is governed by the product of the quality factor and a reduced stiffness
k, Qk. The reduced stiffness depends on the character of the interaction. However,
the derived functional relationship between the amplitude and the distance is rather
complex limiting the applications of this method.

4.4.1
Perturbed Harmonic Oscillator

Thurn Albrecht and coworkers [85] have revisited the description of theAM AFMas a
perturbed harmonic oscillator. In this model, the starting hypothesis is to consider
that the tip surface force can be expanded in a time dependent Fourier series [40, 45]

Fts ¼ b0 þ b1 cosvtþ b2 cos 2vtþ � � � þ c1 sinvtþ c2 sin 2vtþ � � � ð4:18Þ
with

bn ¼ 2
T

ðT
0
Fts cosðnvtÞdt ð4:19Þ

and

cn ¼ 2
T

ðT
0
Fts sin ðnvtÞdt: ð4:20Þ

This approach also considers an excitation force given by F¼F0 cos (vt w) and it
assumes a sinusoidal solution given by z¼A cosvt. By reducing the force expansion
to its first Fourier components (n¼ 1), Equation 4.2 shows that the effect of the
interaction forces can be parameterized by introducing two parameters keff and aeff,

keff ¼ k ðb1=AÞ ¼ kþ kts ð4:21Þ
and

aeff ¼ aþðc1=AvÞ: ð4:22Þ
Then, the familiar dependences of a driven damped harmonic oscillator can be
recovered by introducing new definitions for the resonant frequency and the quality
factor,

AðvÞ ¼ F0=mh
ðv2

eff v2Þ2 þðvveff =QÞ2
i1=2 ; ð4:23Þ

tan w ¼ vveff =Q
v2

eff v2
; ð4:24Þ

veff ¼ keff =m
p

; ð4:25Þ
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Q ¼ ðmveff =aeff Þ: ð4:26Þ
The above expressions are formally identical to those of the harmonic model

described in Section 4.3.1; however, there is a significant difference. The perturbed
harmonic oscillator approach [85] establishes that the influence of the interaction
force in the tip motion is averaged over the whole oscillation cycle, while in the
harmonic oscillator model only the gradient of the force influences the tip motion.

4.4.2
Wang Model

By using methods from nonlinear dynamics models, Wang has deduced some
semianalytical expressions [35, 36]. This approach assumes a steady state sinusoidal
oscillation

z ¼ A cos ðvt wÞ ¼ A cosq ð4:27Þ
and by applying the Krylov Bogoliubov Mitroposky asymptotic approximation, the
following relationships for the amplitude and phase shift are deduced:

A ¼ F0=k

ð1þvÞ a2
eff þðv veff Þ2

q ; ð4:28Þ

tan w ¼ veff v
aeff

; ð4:29Þ

where

aeff ¼ a0 þ 2
p

ðq0
0
as sin

2 q d q; ð4:30Þ

v2
eff ¼ 1þ 1

pkA

ðq0
0
FtsðzÞcos q dq; ð4:31Þ

where q0 is determined from the contact position

cos q0 ¼ zc þ a0
A

; ð4:32Þ

where ae is an effective damping factor that includes the hydrodynamic damping
with the medium a0 (a0 ¼ 1=2Q) and the inelastic interactions in the sample as; v
and veff are, respectively, the normalized driving frequency v/v0 and effective
(normalized) resonant frequency. Equation 4.28 resembles the Lorentzian expres
sion for a forced harmonic oscillator with damping. It says that in the absence of
tip surface inelastic interactions, the variations of the oscillation amplitude are
related to changes in the effective resonant frequency of the system. The changes in
resonance are induced by the tip surface interaction forces as it is shown by
Equation 4.31. Thus, qualitatively this result coincides with the one derived by the
perturbed harmonic oscillator model.
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4.4.3
Virial Dissipation Method

Applying the virial theorem and the energy conservation principle over one period
of the oscillation, Garcia, Lozano, and San Paulo deduced some analytical relation
ships [15, 21, 90]. These equations link the amplitudes and the phase shifts to two
independent properties of the tip surface interaction, the dissipated energy and the
virial.

The instantaneous tip deflection can be approximated by

zðtÞ ¼ Acosðv0t wÞ: ð4:33Þ

The amount of energy dissipation and the virial are defined as

Ets �
ðT0

0
d tFtsðdÞ _zðtÞ ¼ pkA

Q
ðA0 sin w AÞ: ð4:34Þ

Vts � 1
T

ðT0

0
d tFtsðdÞzðtÞ ¼ kA0

2Q
A cos w; ð4:35Þ

with A0¼F0Q/k the free amplitude value.
Equation 4.34 represents the convolution of the interaction with the velocity, while

Equation 4.35 is the convolution of the interaction with the position. We remark that
both expressions are mathematically independent. Then, the following can be
deduced [90]:

A ¼ A0 ð2vÞ2 þ
1� 1 ð4vÞ2 4b=p

q
2

0
@

1
A

2
vuuut ; ð4:36Þ

w ¼ arctan
1� 1 ð4vÞ2 4b=p

q
4v

0
@

1
A; ð4:37Þ

where n and b contain the effect of conservative and nonconservative forces,
respectively, as given by

b ¼ ðQEts=kA0Þ; ð4:38Þ

n ¼ ðQVts=kA
2
0Þ: ð4:39Þ

The amplitude now appears as a function of the values of the energy dissipated and
the virial of the force. These values are averaged over a period. The amplitude is no
longer explicitly expressed as a change of the resonant frequency (see Section 4.6).
The virial dissipation method can be applied to describe conservative, nonconser
vative, or both tip surface interactions.
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4.5
Peak and Average Forces

In contact or static AFM, the force exerted by the tip on the sample surface is easily
determined by measuring the cantilever deflection z. Once the deflection is mea
sured, the application of the Hooke�s law (F¼ kz) gives the force. In dynamic AFM,
the deflection changes with time for two reasons. First, the proper cantilever tip
vibration implies the changes in the deflection. Second, the tip surface
force modifies the deflection. Because the tip surface distance changes with time
so does the force and hence the deflection. It is not straightforward to separate
these contributions, which in turn, makes it hard to measure the force (see also
Section 5.8).

In general, two different force measurements are relevant, the force dependence
on time and the force dependence on the tip surface distance. Figure 4.5 shows a

Figure 4.5 Numerical simulations of the time and distance dependencies of the tip surface force
in AM AFM (Eeff 150GPa, H 6.7	 10 20 J, A0 15 nm, R 10 nm, k 2N/m, Q 150,
f0 59 kHz, zc 6 nm).
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force curve (a) simulated by using theDMTmodel (Eeff¼ 150GPa,H¼ 6.7	 10�20 J,
R¼ 10 nm, k¼ 2N/m, Q¼ 150, f0¼ 59 kHz). Figure 4.5b shows the time depen
dence of the force during one oscillation (A0¼ 15 nm and zc¼ 6 nm). Only during a
fraction of the oscillation period, here about 1/6T, are the tip surface forces
noticeable. The methods to extract the dependence of the force on time and distance
from the experimental data aremathematically demanding. Theywill be discussed in
the next chapter. From an experimental point of view, it is convenient to distinguish
two other types of force measurements, the peak force and the average force. The
values of these forces are critical to estimate the nondestructive character of the
measurements.

4.5.1
Peak Forces

Themaximum force exerted by the tip on the sample surface is a parameter of special
relevance to estimate the nondestructive character of the imaging process. By using
the nonlinear asymptotic theory, Hu and Raman parameterized the peak forces in
attractive and repulsive regimes [61]. For attractive forces of the van der Waals type
described by Equation 3.1, the peak force is determined by

Fp
vdW ¼ 2 33

p
A2
0

ðHRÞ1=3ðQ=kÞ4=3
A
A0

A3

A3
0

� �2=3
; ð4:40Þ

while for repulsive forces described by the DMTmodel,

Fp
DMT ¼ 21=8

p3

3

� �1=4 EeffR1=2k3

Q

� �1=4

ðA8
0A A6

0A
3Þ1=8: ð4:41Þ

The values provided by the above equations are in good agreement with numerical
simulations of the peak forces under ambient or vacuum conditions.

4.5.2
Average Forces

The average force experienced by the tip during a cycle can be calculated by
measuring the average tip deflection z0, thus hFtsi¼ kz0, or can be more easily
calculated from the value of the amplitude according to the expression deduced from
the virial dissipation method,

hFtsi � F0

2
1

A
A0

� �2
" #1=2

¼ kA0

2Q
1

A
A0

� �2
" #1=2

: ð4:42Þ

For small oscillations, say below 5nm, the above expression provides a lower limit for
the peak forces.
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4.6
The Point-Mass Model: Numerical Solutions

Numerical simulations offer an alternative way to understand and explain amplitude
modulation AFM experiments. Depending on the experimental conditions, numer
ical simulations might provide quantitative, semiquantitative, or qualitative descrip
tions of the experimental data. Simulations have been critical to understanding some
nonlinear dynamics behavior such as the bistable tip motion. They have also paved
the way for the development of multifrequency AFM approaches. A more practical
outcome of numerical simulations has been that for a wide range of experimental
conditions the tip deflection can be approximated by [17]

zðtÞ ¼ z0 þA cosðv0t wÞ; ð4:43Þ

where z0 is the mean value of the cantilever deflection. In many experimental
situations, z0j j � zc þA cosðvt wÞj j, and z0 is neglected.

Figure 4.6 shows the amplitude, contact time, and the average force dependence
on the average tip surface separation as obtained by numerical integration of the

Figure 4.6 (a) Amplitude, (b) average force,
and (c) contact time as a function of the average
tip surface separation. Observe that in the
attractive (low amplitude) solution the contact

time per cycle is zero (Eeff 1.51GPa,
H 6.4	 10 20 J, A0 10 nm, R 20 nm,
k 40N/m, Q 400, f0 350 kHz, zc 6 nm).
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point mass equation ofmotion (Eeff¼ 1.51GPa,H¼ 6.4	 10�20 J,R¼ 20 nm, k¼ 40
N/m, Q¼ 400, f0¼ 350 kHz).

4.6.1
Attractive and Repulsive Interaction Regimes

Anczykowski et al. noticed that the discontinuities observed in the amplitude curves
could be related to transition points from different interaction regimes [6, 7]. The
transition reflects the coexistence of two steady state solutions in the cantilever tip
system [13, 14]. These solutions define two tip surface interaction regimes that may
be classified, for many relevant experimental cases, according to the average value of
the force

hFtsi ¼ 1
T

þ
Ftsdt: ð4:44Þ

Oscillations where the average value force is positive belong to the repulsive regime,
while those where the average value of the force is negative belong to the attractive
regime. As it is shown in Figure 4.6, the regimes coexist, that is, for the same external
parameters the equation ofmotionhas two stable solutions (high and low amplitude).
The coexistence of two ormore solutions is also reflected in the peculiar shape of the
resonance curves (Figure 4.7). The explanation of this effect was one of the first
successful applications of numerical simulations. Notice that for very small average
tip surface separations (<1 nm), the low amplitude solution vanishes and the high
amplitude solution changes from repulsive to attractive. In Chapter 5, the nonlinear
dynamics properties of the microscope are discussed in detail.

Figure 4.7 Resonance curves for a free vibrating tip (black) and for a tip that interactswith a surface
via attractive and repulsive conservative forces (gray). The forces deform the resonance curve in the
proximity of the natural frequency. The amplitude is multivaluated for certain frequencies.
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4.6.2
Driving the Cantilever Below Resonance

Figure 4.7 shows that there is an interval of frequencies below resonance where the
tip shows a single solution (repulsive). These frequencies could provide more stable
oscillations with several advantages such as the ability to employ higher feedback
gains [91].However, numerical simulations show that, for the same amplitude ratios,
the further the cantilever is driven below the resonance, the larger are the forces
exerted on the sample surface. The predictions given by numerical simulations have
also been confirmed by experiments [92].

4.7
The Effective Model

The above results allow us to propose an effective model to describe amplitude
modulation AFM. The key elements of the model are the equation of motion, the
tip surface interaction, and the expression for the deflection. The equation ofmotion
of the point mass system (Equation 4.2) represents a good compromisebetween rigor
and computational effort. The expression of the tip surface force depends on the
properties of the interface. For experiments performed in air where the DMT is
applicable (stiff materials and low adhesion forces), the force is calculated by

Fts ¼ HR
6d2

d > a0; ð4:45Þ

Fts ¼ 4
3
Eeff R

p
ða0 z zcÞ3=2 þFad d 
 a0: ð4:46Þ

Under the above conditions, the approximate steady state solution has a sinusoidal
form given by

zðtÞ ¼ z0 þA cosðv0t wÞ: ð4:47Þ
The effective model is the starting point to describe an amplitude modulation AFM
experiment. This book describes some experimental conditions under which the
effective model is applicable and also describes other conditions that require the use
of more sophisticated models.

Appendix A
The Runge Kutta Algorithm

The numerical solution of the point mass model is determined by using a fourth
order Runge Kutta algorithm [93]. For a first order differential equation given by

dz=dt ¼ f ðt; zÞ; ðA1Þ
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which has a known value zi¼ z(t0) for an initial value of the independent variable
ti¼ t0. Then, the successive values of zn¼ z(tn) with

tnþ 1 ¼ tn þDt ðA2Þ
are generated by using the following algorithm:

znþ 1 ¼ zn þ Dt
6
ðl1 þ 2l2 þ 2l3 þ l4Þ; ðA3Þ

with

l1 ¼ f ðtn; znÞ; ðA4Þ

l2 ¼ f tn þ Dt
2
; zn þ Dt

2
l1

� �
; ðA5Þ

l3 ¼ f tn þ Dt
2
; zn þ Dt

2
l2

� �
: ðA6Þ

The Runge Kutta algorithm can be applied to solve a second order differential
equation by transforming the second order differential equation into two first order
differential equations,

dy
dt

¼ d2z
dt2

¼ f ðt; yÞ; ðA7Þ

y ¼ dz
dt

¼ yðt; zÞ: ðA8Þ

Then, Equations A7 and A8 are solved simultaneously by using Equation A3 and
the initial conditions at ti¼ t0, zi¼ z(t0), and yi¼ y(t0).
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5
Advanced Theory of Amplitude Modulation AFM

5.1
Introduction

This chapter deals with some aspects of the amplitude modulation AFM theory that
might require familiarity with advanced mathematical methods. The chapter alter
nates models based on point mass approximations and continuous systems. Point
massmodels are used to develop the theory of self excitationmodes,more commonly
known asQ control theory. Thesemodels are also helpful in describing the nonlinear
dynamics behavior of the microscope. An alternative description based on the
systems theory is also presented. The section devoted to continuous models starts
with a description of themethod to solve themotion of a continuous cantilever beam.
This is followed by a section devoted to discuss the equivalence between point mass
parameters and continuous model concepts. The last section of the chapter intro
duces some of the current approaches to reconstruct the spatial and the temporal
dependencies of the tip surface force.

5.2
Q-Control

In the absence of inelastic tip surface interactions, damping is controlled by the
dissipation processes occurring inside the cantilever and those associated with the
interaction between the cantilever and the surrounding medium. These are physical
processes, thus, they cannot be altered by the electronics. However, how the energy is
imparted or removed from the cantilever could be externally modified.

The first implementation of an active feedback in amplitude modulation AFM
went almost unnoticed [1]. However,Q control has elicited considerable attention in
both experiments [2 12] and theory [13 18] since it was claimed to be compatiblewith
operation under very small forces [5]. Anczykowski et al. proposed the increase in the
effectiveQ to favor the oscillation in the attractive regime [2]. Tamayo et al. pioneered
its application in liquids to reduce the applied force while imaging [5, 6]. Other
authors have implemented Q control to reduce the effective Q and, in this way, to
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Figure 5.1 Schematic view of theQ control feedback. The new elements are the block to calculate
the time delay, the gain, and the block that combines the sinusoidal excitation with a time delayed
deflection.

increase the scanning speed of the microscope [8]. Numerical simulations tend to
support the above applications, although they also limit their impact. High gainsmay
cause instabilities in the feedback system [13]. Kokavecz et al. pointed out that the
advantages of increasing the effectiveQ appear onlywhile imaging softmaterials [14].

The experimental effectiveness ofQ control to provide higher resolution images of
soft systems in liquid remains controversial. In fact, the highest resolution images of
biomolecules are obtained by using the standard feedback circuitry. Ashby has
proposed an explanation of what might be called the Q control paradox [17]. By
including thermal noise into the simulations, he showed that Q control gives little
advantage in terms of signal to noise ratio.

The theory of Q control has been thoroughly addressed [13 18]. The effective
quality factor of a cantilever Qeff can be modified by adding a self excitation force
proportional to the cantilever deflection of an earlier time z(t Dt), then equation of
motion is written as

m€zþ kzþ mv0

Q
_z ¼ F0 cosvtþ kgz t

j
v

� �
; ð5:1Þ

where the time delay has been expressed in terms of a phase shift Dt¼j/v. The
feedback circuitry for theQ control operation requires the addition of a time (phase)
shifter (Figure 5.1). It is not possible to solve the above equation for arbitrary values of
the gain g. However, for small gains, g2 [0, 1/Q) the steady state solution can be
approximated by

zðtÞ ¼ Aðv; g;jÞcos½vt wðv; g;j�: ð5:2Þ
Then, the amplitude can be expressed analytically as

A ¼ F0=m

v2
0 v2 þðkg cos j=mÞ� �2 þ ðvv0=QÞ ðkg sin j=mÞð Þ2

h i1=2 : ð5:3Þ
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Equation 5.3 shows that the amplitude depends on g and j. By comparing the above
equation with the Lorentzian expression of a forced harmonic oscillator with
damping, it can be shown that the self excitation modifies both the resonant
frequency and the term that carries the Q contribution. In particular, the Qeff as
measured from the width of the power resonance curve at half maximum (�v0/Qeff)
is increased by choosing a j in the 0 p range, while j values in the interval (p, 2p)
decrease it.

An approximate analytical expression of Qeff can be deduced for j¼p/2,

1
Qeff

¼ 1
Q

kg
mvv0

: ð5:4Þ

The effect of g on amplitude curves for a phase shift of j¼ 90� and a driving force
of F0¼ 2 nN is shown in Figure 5.2. The curve for the initial nonself excited
system, its maximum is about 10 nm, appears as a straight line at the scale of
the figure. An increase in g produces an increase in the amplitude, the shift
of the resonant frequency to higher values, and also narrows the amplitude
curves. The amplitude at resonance can be increased by two orders of magni
tude with respect to the initial system, while the resonant frequency changes
by a small factor (0.3%). In the example shown in Figure 5.2, an increase of
g from 0 to 0.198 produces a two orders of magnitude increase in Qeff (from 5
to 403).

1.0

0.5

0.0
19.6 19.8 20.0 20.2 20.4

Figure 5.2 Normalized amplitude versus
frequency for different values of the self
excitation gain. The curves have been obtained
for a system characterized by F0 2 nN,
k 1N/m, v0/2p 20 kHz, and Q 5. In the

frequency range shown in the figure, the
resonance curve of the nonself excited system
(g 0.0) hardly shows any change,while the one
for g 0.198 shows a sharp peak (Qeff� 500).
Adapted from Ref. [13].
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5.3
Nonlinear Dynamics

The tip surface forces relevant to AM AFM have a nonlinear dependence on
distance. On the other hand, the amplitudes of interest range from 1 to 30 nm, that
is, they are larger than the decay lengths associated with short range and van der
Waals forces. Thus, the forces acting on the tip are nonlinear and, inmost cases, they
cannot be linearized. As a result, the tipmotionmight show some striking nonlinear
dynamics features. A common observation is the hysteresis loop observed when a
resonance curve is first measured by driving the cantilever from low to high
frequencies and then from high to low frequencies [19 21]. Hysteresis loops
can also be observed in the amplitude distance and the phase distance curves
(Figure 5.3) [20, 22 24]. The step like discontinuities observed in the amplitude and
the phase curves [22 26] and, in some cases, the noise in an image have their origin in
nonlinear dynamics effects [27].

The above observations and their implications in the performance of the micro
scope have generated a considerable amount of attention [27 58]. In particular, the
potential of themicroscope in studying different chaotic regimes such as homoclinic
chaos or grazing bifurcations has attracted interest on its own [29, 30, 35, 36, 42 51].

In the conditions required for high resolution imaging, the hysteresis loops, the
step like discontinuities, and the nonlinear dynamics noise are related to the
coexistence of two stable oscillation states (low and high amplitude) [27, 40, 41].
These states are compatible with the same set of external parameters. For example, a
step like discontinuity represents a single transition between the low and the high
amplitude states (or vice versa), while a hysteresis loop happens when there are two
transitions, one when the tip approaches and the other when it retracts from the
sample surface. It is very unlikely that the transitions happen at the same tip surface
distance, in the presence of a hysteresis loop. The presence of multiple transitions
while imaging is a source of noise.

The resonance curve plotted in Figure 4.7 shows that for some frequencies, in
particular for v0, there are three possible amplitudes. Each of these amplitudes
represents a different oscillation state or solution. The top and the bottom states are
stable and accessiblewhile themiddle represents ametastable state. These oscillation
states have different properties [56]. In the top or high amplitude state, the tip touches
the surface at the lower end of the oscillation (Figure 4.6). The average force for the
most part of the dynamical range takes positive values. For the above reasons, the
high amplitude state is usually called the repulsive or intermittent regime. None
theless, it must be noticed that for very small average tip surface distances the force
might be attractive (Figure 4.6b). The low amplitude state involves attractive forces
and the absence of tip surface mechanical contact. The low amplitude solution is
usually called the attractive or noncontact regime. In stiff samples, stable images can
be obtained with either state. However, the state selected for imaging isolated
biomolecules or soft materials does influence the spatial resolution and the sample
deformation [40, 56 58].
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The coexistence of two stable states depends on the experimental parameters
(amplitudes and frequencies), tip�s radius, and sample properties. Each state has its
own basin of attraction that is formed by the points in the phase space that have the
same attractor. In general, the basins of attraction have different sizes, and as a
consequence one state might be dominant with respect to the other [27]. There are
also cases where the system shows only one solution. As a rule, the attractive solution
dominates for low A0 values and set point amplitudes (Asp) very close to the free
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Figure 5.3 Experimental hysteresis loops in (a) amplitude distance and (b) phase distance
curves. The experiments were performed on a mica surface in air. In grey and black are plotted,
respectively, the approach and retraction curves.
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amplitude. In contrast, the repulsive solution dominates for high free amplitudes and
medium to small set point amplitudes.

5.4
Continuous Cantilever Beam Model

Point mass models cannot describe the existence of multiple resonances or eigen
modes; as a consequence, thesemodels do not predict the influence of highermodes
on the tip motion. The continuous character of the cantilever is captured either by
solving amodified Euler Bernoulli equation [59 80] or by performing finite element
simulations [81 83]. However, analytical or semianalytical solutions of the Euler
Bernoulli equation provide a deeper understanding of the AFM dynamics than the
results provided by finite element simulations. In what follows, a method to find the
solutions of the AFM cantilever based on the discretization of the modified
Euler Bernoulli equation is introduced [67].

The Euler Bernoulli equation describes the bending of a rectangular and homo
geneous cantilever along its longitudinal axis without damping [70, 84]. Equation 4.1
is the modified Euler Bernoulli equation for a continuous and uniform cantilever
beam under the action of external forces applied at its free end. This equation also
includes external and internal damping. Because Equation 4.1 is crucial for the rest of
this chapter, it is reproduced below

EI
q
qx4

wðx; tÞþ a1
qwðx; tÞ

qt

� �
þ rWh

q2wðx; tÞ
qt2

¼ a0
qwðx; tÞ

qt
þ dðx LÞ FexcðtÞþFtsðdÞ½ �;

ð5:5Þ

where d ¼ z0 þ zc þwðL; tÞ is the instantaneous tip surface separation (Figure 2.12).
The symbol definition is provided in Section 4.2.

5.4.1
One-Dimensional Model

To find the solutions of the modified Euler Bernoulli equation, we require to
separate the general solution into spatial and temporal components
wðx; tÞ ¼ XðxÞYðtÞ, and the application of the boundary conditions. There are
four main boundary conditions: (1) the vertical displacement at the clamped end of
the cantilever is zero (Xð0Þ ¼ 0); (2) the slope is also zero at the clamped end
(X 0ð0Þ ¼ 0); (3) the internal torque in the perpendicular direction at the free end
is zero (X 00ðLÞ ¼ 0); and (4) the vertical internal force at x¼ L is also zero
(X 000ðLÞ ¼ 0). The boundary conditions introduce a discrete number of solutions
called eigenmodes or resonances. On some occasions, if there is no ambiguity
the term mode might also be used. Then, the general solution describing the
vertical (flexural) displacement) can be expressed as a superposition of the response
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of each eigenmode:

wðx; tÞ ¼
X1
n 1

XnðxÞYnðtÞ; ð5:6Þ

where Xn(x) is defined as

XnðxÞ ¼ cos kn
x
L

� �
cosh kn

x
L

� � cosðknÞþcoshðknÞ
sinðknÞþsinhðknÞ sin kn

x
L

� �
sinh kn

x
L

� �h i
ð5:7Þ

with kn the nth positive real root of

1þcoskn coshkn ¼ 0 ð5:8Þ
with k1¼ 1.8751, k2¼ 4.694, k3¼ 7.8548, and k4¼ 10.996. Equation 2.7 allows one
to derive the rest of the coefficients. On the other hand,ðL

o
dxXnðxÞXmðxÞ ¼ Ldn;m ð5:9Þ

with Xnð0Þ ¼ 0 and XnðLÞ ¼ 2ð 1Þn:
The time dependent function for each eigenmode Yn(t) follows the set of anhar

monic differential equations,

__Y nðtÞþ vn

Qn

_YnðtÞþv2
nYnðtÞ ¼ FnðtÞ

mn
; ð5:10Þ

where the eigenmode frequency, effective mass, quality factor, and external force are
defined by

v2
n ¼

kn
L

� �4 EI
rWh

; ð5:11Þ

mn ¼ rWh
ðL
0
dx ½XnðxÞ�2 ¼ rWhL � mc; ð5:12Þ

Qn ¼ vn

ða0=rWhÞþ a1v2
n
; ð5:13Þ

FnðtÞ ¼
ðL
0
dxfextðx; tÞXnðxÞ ¼

ðL
0
dxdðx LÞ ½FtsðdÞþ FexcðtÞ�XnðxÞ

¼ 2ð 1Þn½FtsðdÞþ FexcðtÞ�:
ð5:14Þ

In the above equations, the total mass of the cantilever is expressed as mc, while
fext(x, t) represents the density of external forces per unit of length. Then, the actual
tip motion can be calculated as

wðL; tÞ ¼
X1
n 1

XnðLÞYnðtÞ ¼
X1
n 1

2ð 1ÞnYnðtÞ �
X1
n 1

znðtÞ; ð5:15Þ
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where the zn(t) is the mode projection at the tip end. By combining Equations 5.10
5.15, the following differential equations are deduced:

€znðtÞþ vn

Qn
_znðtÞþv2

nznðtÞ ¼
FexcðtÞþ FtsðdÞ

m
n ¼ 1; 2; . . . ð5:16Þ

and

m ¼ 0:25mc: ð5:17Þ
The above equation shows that for a homogeneous and rectangular cantilever, the
modalmassm is one fourth of the totalmass of the cantilever. Please notice the subtle
differences that exist between zn(t) and Yn(t). Each mode is characterized by three
parameters: the eigenfrequency (vn), the force constant (kn ¼ mv2

n), and the quality
factor (Qn). Table 5.1 summarizes the force constants, quality factors, and frequencies
of the first four eigenmodes of a rectangular and uniform cantilever.

Figure 5.4 shows the shapes of thefirst four eigenmodes of a rectangular cantilever.
The corresponding transfer function in the absence of tip surface forces is shown in
Figure 5.5.

Figure 5.4 Shapes of the first four vibration modes of a rectangular and uniform cantilever beam.

Table 5.1 Relative frequencies, force constants, and quality factors of the first four eigenmodes of a
rectangular and uniform cantilever.

Eigenmode Frequency Force constant Quality factor
(no internal damping)

n vn ðkn=k1Þ2v1 kn ðvn=v1Þ2k1 Qn ðvn=v1ÞQ1

1 (Fundamental) v1 v0 k1
2 6.27v0 39.31k1 6.27Q1

3 17.55v0 308k1 17.55Q1

4 34.39v0 1183k1 34.39Q1
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5.5
Equivalence between Point-Mass and Continuous Models

The discretization of the modified Euler Bernoulli equation enables to relate the
effective parameters of the point mass model such as the effective mass or the force
constant to those of a continuous cantilever beam [67]. The first step in the
equivalence process is to determine whether or not a single mode i dominates the
dynamics of the cantilever beam. In the positive case, it can be assumed that the tip
deflection carries information exclusively on this mode, then wðL; tÞ ¼ ziðtÞ, where
x¼ L.

The description of a cantilever beam might require the introduction of several
force constants. The force constants can be divided into three groups: the force
constant associated with each mode ki, the static force constant ks, and the force
constant of the equivalent point mass model k. The static cantilever force constant ks
is defined as the ratio between a static force F0 applied at the free end of the cantilever
and the deflection w(L) caused by that force. The static deflection contains contribu
tions from all the modes, thus

wðLÞ ¼
X1
n 1

zn ¼ F0

X1
n 1

1
kn

� F0

ks
; ð5:18Þ

where the nth mode deflection zn is defined as

zn ¼ F0=kn: ð5:19Þ

Figure 5.5 Amplitude response (transfer function) as a function of the excitation frequency for
a one dimensional cantilever. The frequency is normalized with respect to the first eigenmode
frequency.
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Now, the static force constant can be expressed in terms of the individual mode force
constants by

ks ¼
X1
n 1

1
kn

 !�1

: ð5:20Þ

It should also be kept in mind that Equation 5.16 implies

ki ¼ mv2
i : ð5:21Þ

From Equations 5.11 and 5.21, we deduce

kn ¼ k4n
4
EI
L3

: ð5:22Þ

The above equations give an analytical expression to the static force constant

ks ¼ 3EI=L3; ð5:23Þ
where it has been considered that

X
n 1

1
k4n

¼ 1
12

: ð5:24Þ

In particular, it is deduced that the first mode force constant and the static force
constant are almost identical

k1
ks

¼ k41
12

¼ 1:030: ð5:25Þ

This justifies the implicit assumption of the point mass model derived in Chapter 4
where the force constant of the model was identified with the force constant of the
cantilever k1� ks� k.

Similarly, different masses can be associated with the cantilever. There is the
cantilever mass, that is, the mass obtained from its geometry and density,mc. Then,
there is the effective mass (m) that appears in Equation 5.16. In many situations, the
cantilever motion can be described with the sole contribution from the fundamental
mode (v0¼v1); then another mass, the static mass, can be defined as the ratio
between ks and v2

1, which for a rectangular beam gives

ms � ks
v2

1
¼ k1=1:030

v2
1

¼ 0:25
1:030

mc ¼ 0:2425mc: ð5:26Þ

Other approaches have been applied to derive the equations that relate the effective
parameters of the point mass model to those of the continuous cantilever [85, 86]. In
particular, Melcher et al. have developed a method based on the assumption that a
proper point mass model must possess the same elastic strain, kinetic, and tip
sample interaction energies as the continuous cantilever for a given eigenmode [85].
For a rectangular and homogeneous cantilever with a point force applied at the free
end, the expressions obtained with the energy balance method are identical to the
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ones deduced in this section. However, Raman�s approach [85] shows some
advantages when the force acting on the cantilever is distributed along its length.

5.6
Systems Theory Description

An alternative description of dynamic AFM has been developed by using methods
from the theory of complex systems [87 92]. In this approach, the cantilever tip is
described as a linear time invariant system that is actuated by a nonlinear feedback
caused by the tip surface forces. The cantilever tip sample interface is separated in
two blocks. One block contains the cantilever system and the other the tip surface
interface system (see Figure 5.6). The first block ismodeled as a linear time invariant
system G while the tip surface is modeled as a nonlinear system h. The linear
operator G takes as input the sum of the excitation force Fexc(t) and the tip surface
force Fts(t) (feedback block) and relates the cantilever position P(t) to the total force
(Fexc þ Fts) by

PðtÞ ¼ GðFexc þFtsÞ: ð5:27Þ
To simplify the notation, in the following discussionwe replaceFexc(t) by g(t) andFts(t)
by h(t). Because the excitation force g(t) is periodic, the cantilever tip oscillation has
also a periodic solution with the same period T. Then, the time invariance of the
interaction force implies that h(t)¼F(z(t)) is also periodic. Thus, g, z, and h admit

expansions in the form g ¼ P1
n �1

gnexpðinvtÞ. Then, it follows that
GðnvÞðgn þ hnÞ ¼ pn; n ¼ 0;�1;�2; . . . ð5:28Þ

The above relationship generates a series of equations that are called the harmonic
balance equations [88]. If the transfer function of the cantileverG is determined [90],
Equation 5.28 could be used to determine the Fourier coefficients of the tip sample
force because the coefficient of the excitation force gn are known and those of pn could
be measured experimentally,

hn ¼ G�1ðnvÞpn gn: ð5:29Þ

g(t) p(t)

tip-surface forces

G

h(t)

Figure 5.6 Block diagram of the amplitude modulation AFM. G is a linear and time invariant
model of the cantilever tip system.
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This approach has also been extended to describe the continuous cantilever
beam [91].

The shape of the transfer function for a driven and damped harmonic oscillator is
easily determined,

GðvÞ ¼ v2
0

k

�
v2

0 v2
�2 þ �vv0=Q

�2h i�1=2
: ð5:30Þ

The systems and control approach is less intuitive than the approaches based on
the Newton equation. However, the system and control approach could be helpful to
numerically describe the properties of the higher modes and harmonics. In partic
ular, it gives all its potential to reconstruct the time resolved force interaction.

5.7
Force Reconstruction Methods: Force versus Distance

The tip surface forces that appear on the right hand side of Equation 4.2 as Fts are
usually not known. To reconstruct the force from the tip�s trajectories, we require to
invert Equation 4.2, consequently the process is called force inversion. Force
inversion is technically demanding because the experimental quantities reflect the
interaction averaged over a number of oscillations [93 99].

Frequencymodulation AFM, the othermajor dynamic AFMmethod, faces similar
challenges to reconstruct the force, so the reader interested in force inversion
techniques could also check the contributions from Durig [100], Giessibl [101], and
Sader et al. [102, 103].

5.7.1
Lee Jhe Method

Lee and Jhe force inversion method [93, 94] assumes a steady state sinusoidal
solution given by z � z0 þA cosðvt wÞ (Equation 4.47). Then, it separates the
interaction force into conservative and nonconservative components:

FtsðsÞ ¼ Fc þFnc ¼ FcðsÞ CðsÞ _z; ð5:31Þ

where s is a tip surface distance. Two independent equations are generated by the
following method. First, the above force decomposition and the tip deflection are
substituted into the general point mass model equation (Equation 4.2). Then both
sides of the resulting equation are multiplied by sin (vt w) and integrated over a
period. The other equation is obtained by repeating the above process but this time by
multiplying Equation 4.2 by cos (vt w),

ðp
0

FcðdÞcost dt
p

¼ F0

2
cos wðsÞþ AðsÞ

2
ðk mv2Þ; ð5:32Þ
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ðp
0

CðdÞ sin2 t
dt
p

¼ 1
2

F0

AðsÞv sin wðsÞ mv0

Q

� �
; ð5:33Þ

where the instantaneous tip surface distance is d � zc þAcosðvt wÞ. The above
equations connect the experimental observables A(s) and w(s) to the interaction
forces. In practical terms, s can be identified with the average position of the
cantilever zc (z0� 0). By using the Laplace transform and some Bessel functions,
the integral equations can be transformed into differential equations that are easier to
compute,

X1
j 0

ðlAÞ2jþ 1

22jþ 1j!ðjþ 1Þ!
d2jþ 1

dz2jþ 1
FcðsÞ ¼ F0

2
cos wþ A

2
ðk mv2Þ; ð5:34Þ

X1
j 0

A2j

22jþ 1j!ðjþ 1Þ!
d2j

ds2j
CðsÞ ¼ 1

2
F0

Av
sin w

mv0

Q

� �
ð5:35Þ

with the boundary conditions

d j

ds j
FcðsÞ ¼ d j

ds j
CðsÞ ¼ 0 for s!1: ð5:36Þ

The accuracy in the determination of Fts will depend on the number of terms used in
the above equations (Figure 5.7). For small amplitudes with respect to the charac
teristic lengths of the interaction force, say below 1nm, the first term ( j¼ 0) could be
enough to reconstruct the force,

FcðsÞ ¼
ð1
s

F0

AðsÞ cos wðsÞ ðk mv2Þ
� �

ds ð5:37Þ

and

CðsÞ ¼ F0

AðsÞv sin wðsÞ mv0

Q
: ð5:38Þ

5.7.2
H€olscher Method

This method assumes a sinusoidal solution with z0� 0 (Equation 4.47). The tip
surface forces are formally expanded into a Fourier series (see Equation 4.18), but
only the terms oscillating with vt are retained [95, 96]. The expansion also neglects
the constant term that reflects the average force over a period (b0¼ 0). The substi
tution of the force expansion into Equation 4.2 generates two coupled equations,

v2
0 v2

v2
0

¼ Iþ ðsÞþ ðF0=kÞ
AðsÞ cos wðsÞ; ð5:39Þ
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v

Qv0
¼ I�ðsÞ ðF0=kÞ

AðsÞ sin wðsÞ; ð5:40Þ

where the integrals I� and Iþ are defined as

Iþ ðsÞ ¼ 2v
kA

ðT
0
Fts½SðtÞ�cosðvtþwÞdt

¼ 1
pkA2

ðsþA

s�A
½Ftsð#ÞþFtsð"Þ� S s

A2 ðS sÞ2
q dS;

ð5:41Þ

Figure 5.7 Force reconstruction with the
Lee Jhemethod. For smallA0 values (a) the first
term is enough to reconstruct the force;
however, for large A0 the method requires the

use of several terms. The input force has
been obtained by using the DMT model
with R 10 nm, Q 150, k 40N/m,
Eeff 150GPa, and c 30mJ/m2.
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I�ðsÞ ¼ 2v
kA

ðT
0
Fts½SðtÞ�sinðvtþwÞdt ¼ 1

pkA2

ðsþA

s�A
½Ftsð#Þ Ftsð"Þ�dS ¼ Ets

pkA2
:

ð5:42Þ

In the above equations, the symbol S(t) with SðtÞ ¼ zc þA cosðvt wÞ is used to
define the instantaneous tip surface distance. In this way, any confusion with the
symbol used for differential of a variable d is avoided. The integral Iþ is a weighted
average of the sum of the tip surface forces during approach (F#) and retraction (F").
The integral I� is connected to the energy dissipated by the tip surface forces. For a
given zc, F0, and v, the closest tip surface separation is defined as d0. Then, by
neglecting the contribution of the tip surface forces in the d0 þ A and d0 þ 2A
range, we deduce

Iþ ðsÞ � 2
p

pkA3=2

ðd0 þ 2A

d0

FtsðSÞ
S d0

p dS; ð5:43Þ

which when substituted into Equation 5.39 gives an expression for the force as
a function of the dependencies of the amplitude and the phase shift with the
distance.

FtsðsÞ � q
qd0

ðd0 þ 2A

d0

kðxÞ
x d0

p dx; ð5:44Þ

kðxÞ ¼ kAðxÞ3=2
2

p ðF0=kÞcos wðxÞ
AðxÞ

v2
0 v2

v2
0

� �
; ð5:45Þ

where x is the distance included in the [d0, d0 þ 2A] interval. The method requires
the experimental determination of kðxÞ ¼ kðsÞ � kðzcÞ. The approximations used
to derive Equation 5.44, in particular, to neglect the tip surface force in the interval
[d0 þ A, d0 þ 2A], imply that H€olscher method should be applied for large
amplitude values.

5.8
Time-Resolved Force

The time dependence of the force can be obtained by either indirectmethods or direct
experimental measurements. Indirect methods combine experimental measure
ments of the amplitude distance and the phase distance curves and the use of a
theoreticalmodel to reconstruct the force. Directmethods require it to determine the
instantaneous tip deflection with respect to a reference surface and the calibration of
the force constant. Then, by applying the Hooke�s law the force is deduced.
Unfortunately, direct methods require special cantilever probes that incorporate
optical diffraction gratings so they cannot be easily implemented in standard AM
AFM instruments.
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5.8.1
Acceleration

Kowalewski and coworkers proposed a method to obtain the instantaneous tip sur
face forces based on the measurement of the tip�s acceleration [104]. By rewriting
Equation 4.2, the cantilever acceleration can be expressed as

€z ¼ 1
m

Fts b _z kzþ . . .½ �: ð5:46Þ

Thus, in a period the contribution to the acceleration due to the fast changing
tip surface forcemay be distinguished from the other and slowly varying terms in the
second derivative of the cantilever deflection signal. Although this approach is
conceptually simple, it is rather challenging to implement it experimentally because
any noise in the deflection signal is amplified in the second derivative.

5.8.2
Higher Harmonics Method

Stark et al. have proposed an elegant method to obtain the time resolved forces [105].
Their key insight came from the observation that a nonlinear tip surface force
generates higher harmonics of the fundamental excitation. Thus, the tip surface
force is encoded in the frequency spectra of the tipmotion. To decode the information
about the time varying force, they had to apply systems and control theory methods.
The method can be divided into two steps. The first step requires it to express the
cantilever trajectory in the frequency domain. The second step implies to perform the
inverse Fourier of the cantilever trajectory divided by its transfer function. Themethod
proposed by Stark et al. was improved in terms of signal to noise ratio by using the
torsional harmonic cantilevers developed by Sahin et al. [106].

In Sahin�s version of the higher harmonics method [106, 107], the linear operator
representing the cantilever G relates the three dimensional cantilever displacement
Y(x, y, t) to the total force Fexc þ Fts by

Yðx; y; tÞ ¼ GðFexc þFtsÞ: ð5:47Þ
The signal detected in the photodiode s can be considered a vector with vertical and
lateral components sz and sy. These components are related to the cantilever
displacement by sz¼CzY(x, t) and Sy¼CyY(x, y, t). The photodetector signal is
proportional to the slope of the cantilever, and Cx¼ q/qx and Cy¼ q/qy are evaluated
at the location of the spot. Then, the relationship between the detector signals and the
forces on the cantilever can be written as

s ¼ CGðFexc þ FtsÞ: ð5:48Þ
The matrices G and C can be separated into flexural and torsional components,

sx ¼ CxGxðFexc þ FtsÞ; ð5:49Þ

sy ¼ CyGyFts; ð5:50Þ
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FtsðmÞ ¼ 1
N

XN
j 1

H�1
y ðvjÞSyðvjÞeivjðm�1Þ ð5:51Þ

with

HyðvÞ ¼ copt
v2

tor=kl
v2

tor v2 þ ivvtor=Qtor
; ð5:52Þ

where the subscript tor refers to the torsional resonance parameters, and copt is the
scalar factor that relates the torsion of the cantilever to its bending angle.

Figure 5.8 shows the trace of the flexural and torsional signals (a) as a function of
time. The flexural signal has a sinusoidal shape at the excitation frequency with the

Figure 5.8 Reconstruction of the tip surface
force. (a) shows the flexural (black) and
torsional (gray) signals of a torsional harmonic
cantilever on graphite; (b) shows the time

resolved force; and (c) shows the force
dependence on the tip surface distance. The
arrows indicate the direction of motion.
Adapted from Ref. [106].
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presence of some minor distortions due to the higher harmonic contributions. On
the other hand, the torsional signal shows a slowly decaying oscillation with a
frequency close to the first torsional resonant frequency. Figure 5.8c shows the time
resolved force obtained using the torsional signal in (a).

5.8.3
Direct Time-Resolved Force Measurements

Direct force measurements in amplitude modulation AFM are performed by
measuring the tip deflection with respect to a reference surface that oscillates with
the tip. That deflection is converted into a force by using the Hooke�s law.

Thefirst direct forcemeasurement of the force exerted on the sample surfacewhile
operating an AM AFM gave average values. The average force was determined by
measuring the deflection over a period. This was accomplished by replacing the
sample with a piezoresistive cantilever with its own deflection detection system [108,
109].

The development of sophisticated sensors incorporating a diffraction based optical
interferometer has enabled instantaneous measurement of the force. The actual
procedure depends on the experimental setup [110 113], but the general principle is
as follows. The micromachined sensor is made of two major elements, one with a
high bandwidth response that also contains the tip and the other with lower
bandwidth response. Both elements are driven by the same external force and move
in unison. However, in the presence of a surface, the higher bandwidth element
responds to the fast varying tip surface forces while the lower bandwidth element
cannot follow these changes. Thus, the optical system can detect a difference in the
relative position between these elements. This difference multiplied by the force
constant gives the instantaneous value of the force.
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6
Amplitude Modulation AFM in Liquid

6.1
Introduction

Operating an amplitude modulation AFM in liquid represents one of the most
challenging and interesting applications of the instrument. The interest stems from
its applications to study in situ nanoscale phenomena involving, for example,
bimolecular interactions or phase transitions in nanostructured polymeric fluids.
However, the technique is harder tomaster in liquid than in air. Instrumental details
such as the design of thefluid cell or the excitationmethod are critical to properly tune
the cantilever resonances.On the other hand, the tip surface forces are dominated by
electrostatic and confinement interactions. This adds a level of conceptual difficulty
that is rarely found in air applications.

6.2
Qualitative Aspects of the Cantilever Dynamics in Liquid

It is instructive to performa comparison between the resonance curves of a cantilever
in air and in liquid to become familiar with some of the remarkable features of
dynamic AFM operation in liquid. The dynamics in liquid is influenced by two
additional factors, the interaction of the cantilever with the liquid and a newly created
interaction in the sample liquid tip interface. Thus, while describing dynamic AFM
in liquid it is convenient to consider two situations, far and close to the sample
surface.

6.2.1
Dynamics Far from the Surface

The cantilever dynamics shows a strong dependence on themediumbe it a liquid, air,
or vacuum. The strongest qualitative changes are observed when the same cantilever
is vibrated in a relatively high quality factor environment such as air (Q� 50 500)
and, in a low quality factor environment, such as aqueous solutions (Q� 1 5) [1, 2].

Amplitude Modulation Atomic Force Microscopy. Ricardo García
Copyright � 2010 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim
ISBN: 978-3-527-40834-4
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A comparison between the resonance curves of the same cantilever taken in air and
water shows two major changes (Figure 6.1). In water, the resonance curve is wider,
that is, Qwater<Qair, and at the same time the resonant frequency is shifted to lower
frequencies. The frequency of the first resonance for a rectangular cantilever is
reduced by a factor of 3 5 with respect to air (indicative rule).

The reduction in the resonant frequencies in liquid is due to the existence of a
boundary layer of the fluid surrounding the cantilever. When the cantilever vibrates,
it also has to displace this layer. This is an inertial effect that is commonly described in
point mass models by introducing an effective mass for the cantilever. Because the
density of a liquid is higher than that of the air, the effective mass is higher in liquid.
In addition, the viscosity of the liquid gives rise to the hydrodynamic damping of the
cantilever oscillation. The viscous components of the hydrodynamic loading are
responsible for the reduction of the quality factor.

6.2.2
Dynamics Close to the Surface

When the tip of a vibrating cantilever is approached toward a solid surface in liquid,
the resonance peaks of the different eigenmodes broaden and shift to lower
frequency values. The rate of change of the quality factor and the resonant frequency
with the gap distance varies with the eigenmode and with tilt angle of the cantilever
with respect to the surface (Figures 6.2 and 6.3). This is a general behavior of
cantilever beams. In the AFM context, the above behavior was first reported by
G€unther et al. [3]. More recently, Raman and coworkers have described it in detail by
using finite element simulations [4].

Semianalytical models [5 9] and finite element simulations [4] have established
that the dissipative effects in the fluid increase as the cantilever surface gap distance
decreases. This can be explained by realizing that as the gap distance is decreased, the

Figure 6.1 Resonance curves of rectangular cantilever in air and water (first mode). Immersion in
water broadens the resonance curve (Q factor decreases) and reduces the resonant frequency.
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boundary layers formed on both the cantilever and the sample surface occupy a
greater fraction of the gap. This effect increases the fluid shear in the gap, which in
turn, increases the damping. However, in a typical experiment it remains a good
approximation to neglect Q and resonant frequency changes during the tip�s
oscillation. The typical amplitudes in experiments performed in liquid are in the
sub 15 nm range. These values are considerably smaller than the distances where the
hydrodynamic effect takes place (cantilever�s body). The body of the cantilever is
situated 5 20 mm above the sample surface. That distance is defined by the length of
the tip, the length of the cantilever, and the tilt angle.

Amplitude modulation AFM operation in liquid introduces another relevant and
surprising result. When the tip interacts with a solid surface, the cantilever�s
deflection is no longer symmetric (Figures 6.4 and 6.5). The distortion of the
oscillation is more evident on the bottom than on the top side. This was one of the
first experimental results brought by amplitudemodulation AFM in liquid [10, 11]. It
implies that the cantilever oscillation can no longer be approximated by a sinusoid
wave form. This introduces another relevant difference with respect to operating in
air or vacuum. In air or vacuum is a fairly good approximation to neglect the
contribution of higher eigenmodes of the excitation frequency to the total motion.
This approximation is no longer valid in liquid because the low Q enhances the
contribution of higher harmonics and/or modes [12 14].

6.3
Interaction Forces in Liquid

The electrical double layer and the solvation interactions at the tip surface interface
play a distinctive role in liquid. It is useful to remember that these forces have

Figure 6.4 Dependence of the cantilever
deflection on the tip sample distance in water.
The reduction of the oscillation is asymmetric
(region between arrows). The tip surface forces

affect more strongly the bottom part of the
oscillation than its top part. Experiment
performed on a mica surface with a triangular
cantilever.
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different origins. Double layer forces have an electrostatic origin while solvation
forces arise from confinement liquid film effects. On the other hand, immersion in
liquid suppresses the formation of a meniscus, so capillary forces are not present.
The reader may refer to Chapter 3 for a description of the relevant tip surface forces
in liquid.

The relevance of controlling the electrostatic interactions to improve the spatial
resolution and sensitivity of the instrument cannot be understated [15 20]. M€uller,
Engel, and coworkers achieved molecular resolution images of protein membranes
by screening the long range electrostatic force between the tip and the membrane
surface. This was achieved by changing the pH of the buffer solution [15 17].

Figure 6.6 shows a schematic representation of the tip surface forces in liquid.
Thus, the force acting on the tip while imaging in fluids should be expressed as

Fts ¼ FDLVO þFsv þFDMT: ð6:1Þ

Figure 6.5 Steady state cantilever deflection
in water for two values of the set point
amplitude. The anharmonic component ismore
noticeable in the bottom part of the oscillation.
By increasing the strength of the tip surface

forces, the anharmonic components become
more pronounced (b). Experiments performed
on a mica surface with a rectangular cantilever
(k� 5N/m, Asp 0.9A0 (a), Asp 0.7A0 (b)).
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Whenever the solvation forces are negligible, the tip surface force can be calculated
by

Fts ¼ FDLVOðdÞ ¼ 4pR
ee0

stsslDexpð d=lDÞ HR
6d2

for d > a0; ð6:2Þ

Fts ¼ 4
3
Eeff R

p
ða0 dÞ3=2 þFDLVOða0Þ for d � a0: ð6:3Þ

6.4
Some Experimental and Conceptual Considerations

The fluid cell and the cantilever excitation method are some of the elements that
shape the performance of a microscope in liquid. The two most common excitation
methods, themechanical (acoustic) and themagnetic, were introduced in Chapter 2.
Figure 6.7 shows a scheme of the main elements of a fluid cell compatible with
mechanical and magnetic excitation. In liquid, the frequency response of the
cantilever depends on the excitation method at practical and conceptual levels
[2, 21, 22]. A mechanically excited cantilever usually shows a complicated frequency
response that contains many peaks (Figure 6.8) [23, 24]. The majority of these peaks
do not reflect the mechanical resonances of the cantilever. They are associated with
the resonances of the surroundingfluid and other parts of thefluid cell [23 28]. Some
fluid cell designs such as the so called open cell might suppress some of the spurious
resonances observed in the �closed� acoustic fluid cell [29]. On the other hand, a
magnetically driven cantilever generates canonical resonance curves in liquids
[30, 31], although this method requires the use of cantilevers coated with a thin
magnetic film. The lifetime ofmagnetic coated cantilevers in liquid is usually shorter
than that of the uncoated cantilevers.

Short range
forces Long range

forces

Figure 6.6 Illustration of the tip surface
forces in liquid. High resolution imaging is
achieved when the cantilever dynamics is
dominated by the short range forces coming

from a small region of the tip. This usually
requires the screening of the long range
repulsive forces by changing the pHof the buffer
solution.
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Yet, at a fundamental level, the equation of motion also depends on the method
chosen to excite the cantilever. In general, the tip displacement with respect to the
sample surface does not coincide with the tip�s deflection (relative tip motion to the
basemotion). In experiments performed in air, this difference is negligible; however,

Mechanical
actuator

Sample

Magnetic
actuator

Laser beam

Figure 6.7 Scheme of a liquid cell. The scheme includes elements of magnetic and acoustic
excitation methods.

Figure 6.8 Influence of the excitation method
on the shape of the resonance curve in liquid.
Magnetic and acoustic resonance curves of a
rectangular cantilever in water. The resonance

curve obtained by using the magnetic excitation
method avoids the presence of spurious fluid
borne resonances.
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this is no longer the case in liquid. As a consequence, the resonance curves depend on
the way the cantilever is driven [2, 21, 27].

The low quality factor in liquid has been a point of concern for many experi
mentalists. This has led to several proposals to enhance the amplitude response of
the cantilever in liquid (Section 5.2). However, molecular resolution images
of different surfaces have been obtained without implementing any of the
Q control methods. This somehow undermines the motivation to enhance the
Q in liquid.

6.5
Theoretical Descriptions of Dynamic AFM in Liquid

Predicting the cantilever dynamics in liquid and in the proximity of a surface remains
an open issue in amplitude modulation AFM. As a consequence, it is the focus of an
emerging theoretical activity [32 41]. Four main theoretical approaches are being
applied to describe amplitude modulation AFM in liquid: point mass models,
semianalyticalmethods,finite elementfluid structuremodels, and one dimensional
continuous models. A full understanding of this section requires some familiarity
with the concepts and equations presented in Chapter 4.

6.5.1
Analytical Descriptions: Far from the Surface

Point mass models provide insight into the cantilever dynamics and, in some cases,
do render numerical simulations and analytical approximations that are in good
qualitative and even semiquantitative agreement with AFM experiments in liquid [2,
21, 26, 34 36]. Specifically, point massmodels are suitable for analytically describing
the dependence of the amplitude on the frequencywhen the tip is far from the sample
surface, that is, in the absence of tip surface simulations [2, 26, 33].

It has already been mentioned that in liquids the tip displacement does not
coincide with the tip deflection (experimental observable); consequently, the equa
tion of motion depends on the excitation method. The deflection of a cantilever tip
system driven by a force applied at the tip end in liquid (magnetically driven
cantilever) and far from the sample surface can be described by [2]

€zðtÞþ b
meff

_zðtÞþ k
meff

zðtÞ ¼ F0

meff
cosvt: ð6:4Þ

The above equation requires it to redefine the effective mass meff and the damping
coefficient of the cantilever b. Here, the effectivemass includes the cantilevermass in
airm and the fluid mass in contact with the cantilever (added mass) [2, 42]. It can be
calculated by

meff ¼ 0:24mþ 0:144rðWLÞ3=2 ¼ k
v2

0
: ð6:5Þ
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The density of the fluid is rf, and the coefficient b is calculated by using the string of
spheres model [43],

b ¼ L
W

3
4
pW2 2grfv

p þ 3pWg

� �
; ð6:6Þ

where L is the cantilever length,W is the cantilever width, m is the cantilever mass,
and g is the fluid viscosity;v0 is the resonant angular frequency in the absence of any
damping. Then, the effective quality factor is

Q ¼ meffv0

b
: ð6:7Þ

The dependence of the amplitude on the excitation frequency has the well known
Lorentzian expression,

AðvÞ ¼ ðF0=kÞv2
0

ðv2
0 v2Þ2 þðvv0=QÞ2

q : ð6:8Þ

For small excitation frequencies, A tends to be F0/k, while for frequencies well above
v0 the amplitude vanishes.

On the other hand, themotion of a cantilever tip system driven by a piezo actuator
can be described by

__SðtÞþ b
meff

_SðtÞþv2
0zðtÞ ¼ 0; ð6:9Þ

where z(t) and S(t) are, respectively, the cantilever tip deflection and the cantile
ver tip displacement as described in Figure 2.8. Because the optical beam deflection
method directlymeasures the cantilever slope, the above equation has to be rewritten
in terms of the observable,

zðtÞ ¼ SðtÞ Ad cosvt ¼ z0 þAz cosvt; ð6:10Þ

where Ad is the amplitude of the base displacement, and then the amplitude is
given by

AzðvÞ ¼
F0=k v4 þðvv0=QÞ2

q
ðv2

0 v2Þ2 þðvv0=QÞ2
q : ð6:11Þ

Equation 6.11 shows that forv ! 0 the amplitude goes to zero (Az ! 0). In the other
limit, v ! 1, the amplitude goes to Az¼F0/k. The above behavior is in contrast to
the result found previously (Equation 6.8 that gave A¼ F0/k (v ! 0) and A¼ 0
(v ! 1). At resonance (v¼v0), Equation 6.11 gives

Az ¼ QF0

k
1þ 1

Q2

� �1=2

; ð6:12Þ
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while for the magnetic excitation (Equation 6.8), we obtain the well known result
A ¼ QF0

k :

The resonance curves given by the above expressions are shown in Figure 6.9
(Q¼ 2). Notice that the influence of the drivenmethod decreases for cantilevers with
high force constants; in particular, the difference in the frequency response is very
small for cantilevers with force constants above 10N/m.

Figure 6.9 Acoustic and magnetic resonance curves (simulations) for different cantilevers in
water (a) k 0.2N/m, (b) k 1N/m, and (c) k 10N/m. The curves have been obtained forQ 2.
Adapted from Ref. [2].
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6.5.2
Analytical and Numerical Descriptions in the Presence of Tip Surface Forces

Point massmodel simulations are also helpful in providing insight into the cantilever
dynamics in the presence of tip surface forces. For instance, the asymmetric
character of the tip oscillation observed in the experiments has been simulated by
Legleiter and Kowalewski by introducing a tip surface force given by Equations 6.2
and 6.3 [35]. The asymmetry is due to the generation of higher harmonics (see
Chapter 9).

De Beer and Mugele have proposed an analytical expression to describe the
dependence of the amplitude on the tip surface effective parameters [36, 37]. By
assuming that the tip surface force can be linearized as

Fts ¼ FtsðzcÞ ktsðzcÞðd zcÞ cts _z; ð6:13Þ
we deduce

A ¼
Ad ðmeffv2 ktsÞ2 þv2 ðmeffv0=QÞþ ctsð Þ2

q
ðkþ kts meffv2Þ2 þv2 ðmeffv0=QÞþ ctsð Þ2

q : ð6:14Þ

The above expression could be used when the cantilever has very small amplitudes,
say A� 0.5 nm. For a more general case, different experimental and theoretical
results underline the influence of the cantilever higher modes in liquids [39, 40] and
the existence of several tip surface impacts per cycle. These results place some
limitations on the generality of results based on the use of a point mass model.

6.5.3
Semianalytical Models

Sader andGreen have pioneered the development of analytical and/or semianalytical
models to describe the dynamics of cantilever beams in viscous fluids [5 8]. Broadly
speaking, thesemodels aim to derive the resonant frequency and quality factor of the
cantilever from the knowledge of the chemical composition and geometry of the
beam and the viscosity and density of the fluid. Sader described the case of a
cantilever vibrating very far from the sample surface (unbounded cantilever) [5]. In
later contributions, Green and Sader described the case where the cantilever is in the
proximity of a sample surface [6, 8]. The theory combines Navier Stokes and
Euler Bernoulli equations. The Navier Stokes equation enables to determine the
damping and inertial effects of the cantilever in the fluid, while the Euler Bernoulli
equation provides the dynamics.

Let us consider a rectangular cantilever beam of a uniform cross section that
vibrates in a viscous fluid. The theory has some relevant approximations. It assumes
that thewidthWof the cantilever is uniformandmuchmore smaller than its length L,
W� L. It also considers the fluid as incompressible. Furthermore, internal damping
in the cantilever is negligible with respect to the damping in the fluid. Finally, it
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assumes that fluid flow around the cantilever beam can be replaced by the flow
around a beamof infinite length. Inmathematical terms, the velocityfield in the fluid
varies much faster over the width than it does over its length [6].

Following Sader, the Fourier transform of the Euler Bernoulli equation is

EI
L4

d4Ŵðx_jvÞ
dx_4 rWhv2Ŵðx_jvÞ ¼ F̂hydðx_jvÞþ F̂excðx_jvÞ; ð6:15Þ

where

Ŷ ¼
ð1
�1

yðtÞexpð ivtÞdt ð6:16Þ

for any function of time y(t) and x_ ¼ x=L.
The hydrodynamic load force is determined by solving theNavier Stokes equation

for the fluid surrounding the cantilever,

rf
q~u
qt

¼ rPðxÞþ gr2~u; ð6:17Þ

where P(x) is the pressure exerted by the fluid on the cantilever; rf and g are the fluid
density and viscosity, respectively; and~uðx; tÞ ¼~uðxÞeivt is thefluid velocity. Then, the
Fourier transform of the hydrodynamic load force on the cantilever takes the form of

F̂hydðx_jvÞ ¼ p

4
rfv

2W2CðvÞŴðx_jvÞ; ð6:18Þ

where a dimensionless function known as the hydrodynamic function C(v) has been
introduced. The hydrodynamic function carries the dependence of the damping and
inertial effects on the cantilever surface separation.

CðvÞ ¼ CrðvÞþ iCiðvÞ ð6:19Þ
The asymptotic limits of the hydrodynamic function can be expressed as a function of
the Reynolds number Re¼ rfvW

2/(4g):

CðvÞ ¼ 1i for Re!1; ð6:20Þ

CðvÞ ¼ 4i

Re lnð i iRe
p Þ for Re! 0: ð6:21Þ

For small dissipative effects in the fluid, the above equations with convenient
mathematical transformations enable to deduce the resonant frequency and quality
factor of the different cantilever modes,

vn ¼ v0;n 1þ prfW
2

4m
CrðvnÞ

� ��1=2

ð6:22Þ

and

Qn ¼ ð4rh=prfWÞþCrðvnÞ
CiðvnÞ : ð6:23Þ
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In particular, for the frequency dependence of an inviscid fluid is obtained the known
expression of

vn ¼ v0;n 1þ prfW
4rh

� ��1=2

: ð6:24Þ

Once the hydrodynamic function has been computed, it can be applied to deduce the
dynamic response of the cantilever beam. The most significant result of the theory is
that dissipative effect is enhanced by the proximity of the sample surface. This effect
becomes noticeable for cantilever surface separations smaller than the cantilever
width. Another relevant conclusion is that the shift in the peak frequency is driven by
the increase in dissipative effects as the cantilever approaches the surface, and not by
the variation in inertial loading. This result does not affect the fact that the frequency
andQ changes observed when the cantilever changes themedium, that is, from air to
liquid, have both dissipative and inertial effects.

6.5.4
Finite Element Simulations

Three dimensional finite element simulations of cantilever in fluids provide a way
both to test the above models and to visualize the regions of the cantilever that
dominate the damping. These simulations also are useful to design cantilever
geometries for optimum performance in liquids [4, 12, 44, 45]. Raman and
coworkers have found that in an infinite medium (cantilever far from the sample
surface) themain dissipationmechanism arises from the localized fluid shear close
to the edges of the cantilever [4]. When the cantilever gets closer to the sample
surface, dissipation arises due to a combination of squeeze film effects and
localized shear close to the edges.

In the above simulations, the fluid is modeled as an incompressible, viscous fluid
(Navier Stokes elements) and the cantilever ismodeled using the equations of three
dimensional linear elasticity. The simulations require the use of special fluid
structure interaction codes since themotion of the solid and fluid are tightly coupled.
The velocity of the fluid is made to match that of the cantilever on the cantilever
surface and that of the substrate (zero velocity) on the substrate. These are called no
slip boundary conditions. A large, but finite, hemispherical boundary completely
encloses within it the cantilever, the substrate, and the fluid. At this boundary, the
velocity and the pressure fields of the Navier Stokes elements are matched with the
far field Green�s functions of an inviscid fluid ensuring that normal waves generated
by cantilever motion do not reflect back but rather propagate across this boundary to
infinity. Carefulmeshing and time stepping analysis needs to be performed to ensure
converged results. Once such a model is set up, it can be used to compute the
damping and the resonant frequencies of the different eigenmodes as a function of
cantilever substrate gap as follows. A transient fluid structure calculation is per
formed where the cantilever is given initial velocity conditions in the shape of an
eigenmode, and then the cantilever rings down. From the ring down time series at

6.5 Theoretical Descriptions of Dynamic AFM in Liquid j89



any point on the cantilever, it is easy tomeasure thenatural frequency and damping of
that specific eigenmode by fitting the decaying oscillatory response to that of a point
mass model. By comparing the resonant frequency values in air and in liquid, the
added mass factor of the liquid can be extracted. For example, in Figures 6.2 and 6.3,
the Q factors and added mass factors of the fundamental, second bending, and first
torsionalmodes are plotted as a function of distance from the substrate. Since this is a
computational model, it is also possible to perform the calculation for a slightly tilted
cantilever as it approaches the substrate. From Figures 6.2 and 6.3, it is clear that (a)
eigenmodes aremore damped and their resonant frequencies shift to lower values as
the cantilever approaches the surface; (b) the tilt of the cantilever with respect to the
substrate strongly influences the damping, the greater the tilt the less the damping
effect of the substrate; and (c) the gap at which the substrate first influences the
cantilever damping depends on the resonant frequency and mode shape. For
example, the second and torsion eigenmode �feels� the presence of the substrate
only when brought quite close to the substrate. This is in part due the shape of the
eigenmode and the shape of the accompanying fluid fields, and also due to their
higher resonant frequencies that leads to smaller boundary layer thickness.
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7
Phase Imaging Atomic Force Microscopy

7.1
Introduction

Back in 1995, Virgil Elings gave an informal presentation at an international
conference. He talked enthusiastically about a novel imaging method that provided
images with a striking contrast. He explained that the images were obtained by
plotting the phase shift variations of the cantilever oscillationwhile taking the tapping
mode AFM image (topography). He mentioned that the process or processes
responsible for the contrast were not known. Since then, phase imaging AFM has
become a powerful and widely used tool to map compositional variations on
heterogeneous surfaces. The physical basis of phase imaging in air is nowadays
established. A similar understanding of phase imaging in liquids is yet to be reached.

7.2
Phase Imaging Atomic Force Microscopy

Phase imagingAFM is an addition to amplitudemodulationAFM that providesmaps
of compositional and/or energy dissipation variations of heterogeneous materials
with nanoscale spatial resolution. A phase contrast image is obtained by plotting the
phase shift of the oscillation while tracking the surface topography at a fixed
amplitude [1 4]. Phase images are simultaneously acquired with topography.

The phase shift w is measured with respect to the mechanical excitation of the
cantilever. Phase shifts are relative measurements; thus, they require a reference
system. This is provided by the harmonic oscillator model (Chapter 4). Figure 7.1
shows the dependence of the amplitude and the phase shift of a forced harmonic
oscillator with dampingwith respect to the excitation frequency. Atv¼v0, the phase
lag of a forced harmonic oscillator with respect to the driving force is 90�.

The amplitude of the cantilever oscillation depends on the topography and the
composition of the sample surface [5 8]. On the other hand, the phase shift signal
depends on the energy transferred from the tip to the sample surface and on the
strength of conservative interactions.

Amplitude Modulation Atomic Force Microscopy. Ricardo García
Copyright � 2010 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim
ISBN: 978-3-527-40834-4

j91



Figure 7.2 shows a scheme of phase imaging AFM operation. The surface is made
of three different materials: a main flat substrate and two embedded regions B and Y.
The dot B protrudes from the substrate baseline while the Y region is flat and shows
changes only in material properties. The B region appears as a protrusion in the
topography (height), while the Y region does not provide a height difference with
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Figure 7.1 Amplitude (continuous line) and phase shift (dash line) dependencies of a forced
harmonic oscillator with damping as a function of the excitation frequency (Q 100).

Figure 7.2 Scheme of phase imaging AFM
operation. The cantilever oscillation depends on
the topography and its composition. The image
shows two different local regions on the flat
substrate. The dot B is made of a different
material and protrudes from the substrate
baseline. The region Y is flat and shows only

changes in material properties. The region B
gives a signal in the topography, while the region
Y does not give a height trace. However, both
regions are distinguished from the substrate by
recording and plotting the phase signal.
Adapted from Ref. [1].
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respect to the substrate. However, both regions are clearly distinguished from the
substrate by recording and plotting the phase signal.

The above considerations are experimentally illustrated by comparing the topog
raphy and the phase shift contrast images of several materials. Figure 7.3 shows the
topography of an aggregate of three Salmonella typhimurium cells covered by an
extracellular polymeric capsule (left panel). The topography image does not provide
any hint of the subsurface structure; however, the phase image (right panel) reveals
both the inner structure of the cell and the continuity of the flagella [9]. Figure 7.4
shows the topography and phase image of a thin film of a hydrogenated diblock
copolymer mesophase (poly ethyleneoxide (PEO) polybutadiene (PB)). The phase
image (right panel) allows to resolve the individual spheres (12 nm in diameter). It
also allows to distinguish between the crystalline (light) and the molten (dark) PEO
micelles [10]. Figure 7.5 shows the topography (left panel) and phase image (right
panel) of the extracellular surface purple membrane in liquid (Herruzo, E.T. and
García, R. (unpublised results).). The purple membrane consists of 75% of proteins

Figure 7.3 Topography (left) and phase image (right) of an aggregate of three S. typhimurium cells
covered by an extracellular polymeric capsule. The phase image reveals both the inner structure of
the cell and the continuity of the flagella. Adapted from Ref. [9].

Figure 7.4 Topography (left) and phase image of a block copolymermesophase. The phase image
resolves the individual spheres (12 nm in diameter). It also distinguishes between the crystalline
(light) and the molten (dark) poly ethyleneoxide micelles. Adapted from Ref. [10].
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and 25% lipids. The bacteriorhodopsin ologomerizes into trimers that assemble into
a bidimensional lattice (6.2 nm). The phase image of the trimer unit is shown in
the inset.

Topography and phase images can be combined to produce a three dimensional
characterization of the sample surface by providing simultaneous information on
structure, composition, and height variations that enables us to describe the phase
behavior of thin films in terms of surface reconstructions [11]. Figure 7.6 shows the
complex phase structure of a triblock copolymer film made of polystyrene block

Figure 7.5 Topography (left) of several purple
membranes. The image reveals the extracellular
surface. The phase image (right) of the region
marked in the topography shows the 2D
peridiocity (raw data). The images have been

obtained in buffer solution (10mM Tris HCl,
pH 8.1, 300mM KCl). The inset shows the
protein trimer unit after image processing.
Adapted from Ref. (Herruzo, E.T. and García, R.
(unpublised results).).

Figure 7.6 Three dimensional rendered AFM
images using the height image as height field
and the phase image as contrast. The images
show the formation of terraces in a thin film of
SBS block copolymer and the systematic change

inmicrodomain structures along the changes in
film thickness from32 nmat the lower terrace to
57 nm at the higher terrace. Adapted from
Ref. [11].
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polybutadiene block polystyrene (SBS). The image shows how the microdomain
structure depends on the film thickness. The upper terrace shows the polystyrene
(PS) cylinders oriented parallel to the surface. In the thinner regions of the film
(bottom terraces), two patterns are found. One is characterized by hexagonally
ordered dark spots, indicative of a hexagonal PS lamella. In the other region, which
is the thinnest, the polystyrene cylinders are oriented parallel to the surface as in the
top terrace. The slope between terraces display a hexagonal pattern of bright dots,
indicative of PS cylinders oriented perpendicular to the surface. In the above image,
the contrast (bright versus dark regions) comes from the phase signal while the
amplitude provides the height difference between terraces.

High compositional contrast together with the absence of major preparation
protocols such as staining or fixation, and the ability, in a first approximation, to
separate topography from composition information, explains the wide range of
applications of phase imaging AFM. A large variety of materials with micrometer,
submicrometer, nanoscale, or molecular features have been imaged by phase
imaging AFM in different environments, and in their native state. The materials
range from wood pulp fibers [12], polymeric materials [13 35], cells [9, 36, 37],
proteins and protein membranes [38 43], DNA [44], liquid droplets and films [45
48], self assembledmonolayers [49], molecular magnets [50] to sub 10 nm nanoscale
patterns [51]. Phase measurements obtained during amplitude modulation AFM
have been used to determine the energy involved in nanoscale processes [8, 52, 53].
The phase signal can also be used as a feedback parameter in an alternative imag
ing mode called phase modulation AFM [54 56], which is different from phase
imaging AFM.

7.3
Theory of Phase Imaging AFM

The interpretation of phase images in terms of material properties and tip surface
interactions is the focus of a strong scientific activity [57 87]. Several of its aspects are
under debate. In what follows, the most accepted aspects of phase imaging AFM are
described.

7.3.1
Phase Imaging Atomic AFM: High Q

Phase imaging contrast was initially explained in terms of local variations of the
elastic properties of the material under examination [57, 58]. However, numerical
simulations showed that the phase shift differences observed in heterogeneous
surfaces could be explained only in terms of variations of the dissipated energy [2].
In fact, phase shifts depend on both conservative and nonconservative forces
[66, 67].

Cleveland, Anczykowski, and collaborators [3, 61] and Tamayo and Garcia [62, 63]
applied the point mass model introduced in Chapter 4 to deduce an analytical
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expression that relates the observables to the energy transferred from the tip to the
surface (dissipation). InChapter 4, it was shown that the steady state oscillation of the
AFM tip can be approximated by

z ¼ z0 þAcosðvt wÞ: ð7:1Þ

To keep the cantilever oscillating in the presence of hydrodynamic damping and
tip surface dissipative processes, the energy per cycle supplied by the external
excitation F0 cosvt (Eexc) must be equal to the energy per cycle dissipated by the
tip surface forces (Edis) and the hydrodynamic damping in the medium (Emed),
that is,

Eexc ¼ Emed þ Edis; ð7:2Þ

where the above quantities are defined as

Eexc ¼
þ
F0 cosðvtÞ dzdt dt ¼

pkA0AðvÞsin w

Q
; ð7:3Þ

Emed ¼
þ

mv0

Q
dz
dt

� �
dz
dt

dt ¼ pkA2

Q
v

v0
; ð7:4Þ

Edis ¼
þ
ðFtsÞ dzdt dt: ð7:5Þ

By substituting the above equations into Equation 7.2, we deduce

sin w ¼ Av
A0v0

1þ Edis

Emed

� �
: ð7:6Þ

The sine of the phase shift lag w is related to the set point amplitude A and to the
energy per cycle dissipated in the sample by the nonconservative tip surface forces.
Because the microscope operates under the condition of A¼Asp¼ constant, the
prefactor in Equation 7.6 remains unchanged while imaging. Consequently, any of
the recorded phase shift variations reflects local changes in the mechanical energy
irreversibly transferred from the cantilever tip system to the surface. Numerical
simulations and experiments performed on different surfaces such as polydimethyl
siloxane samples of different cross link density [59], graphite, and purple mem
branes [62] have confirmed the validity of Equation 7.6.

This remarkable and counterintuitive result is imposed by restriction themapping
of the surface to a constant amplitude. For example, let us suppose an ideal surface
composed of two flat regions of vastly different stiffness. Let us also assume that
tip surface forces are exclusively conservative. Phase imaging AFMwould not reveal
any contrast between these regions. The feedback system would compensate for the
differences in the elastic properties by changing the mean tip surface distance zc.
Larger zc values would be obtained in the stiffer regions, in this way, sin w¼A/A0

remains constant.

96j 7 Phase Imaging Atomic Force Microscopy



Paulo and Garcia applied the virial theorem to derive a complementary expression
to Equation 7.6 [65, 66],

cos w ¼ 2Q
kAA0

hFtsi2
k

hFtsziþ 1
2
kA2 1

v2

v2
0

� �" #
: ð7:7Þ

Equation 7.7 can be simplified by driving the tip at resonance v¼v0 and by
observing that, inmany experimental situations, themeandeflection of the cantilever
is negligible with respect to the oscillation amplitude (z0�A), thus

cos w � 2QhFtszi
kAA0

: ð7:8Þ

The virial theorem applies to systems that perform periodic trajectories. It
establishes a relationship between the average value of kinetic energy and the
virial, is equal to 2hTi ¼ hFtszi. It must be noted that the virial of a system that
follows a sinusoidal trajectory in the presence of nonconservative forces that are
proportional to _z is zero. Thus, Equation 7.8 shows that phase shift variations in
AM AFM could be associated with local changes in the virial of conservative forces.
The fact that Equations 7.6 and 7.8 are complementary and must be satisfied
simultaneously seems paradoxical because Equation 7.6 emphasizes dissipation
while Equation 7.8 emphasizes elastic properties. The paradox is solved by
observing that the virial depends on both forces and displacements. For the ideal
case discussed above, local changes in the stiffness of the sample surface are
compensated by changes in the average tip surface separation in such a way that
the virial remains unchanged.

7.3.2
Phase Imaging AFM: Low Q

The conclusions presented in the above section remain valid as long asEquation 7.1 is
a good description of the tip motion. For lowQ values (<5), the Fourier transform of
the oscillation shows a significant contribution from frequencies of the higher
harmonics and modes. Then, Equation 7.1 is no longer a valid description of the
tip motion. However, an analytical expression for the sine of phase shift can still be
derived by neglecting the contribution from the highermodes of the cantilever. Then,
the solution that takes into account the contribution from thehigher harmonics of the
excitation frequency is [1, 70]

z ¼ z0 þ
X1
n 1

An cosðnvt wnÞ: ð7:9Þ

By inserting the above solution into Equation 7.2, we deduce

sin w1 ¼
X1
n 1

n2A2
nv

A0A1v0
1þ Edis

Emed

� �
: ð7:10Þ
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Equation 7.10 establishes a relationship between the phase shift of the excitation
frequency with the amplitude of the higher harmonics and the energy dissipated per
cycle. It separates terms dominated by elastic contributions (An/A1) from those
dominated by dissipation. Consequently, phase shift variations will depend on both
conservative and nonconservative interactions whenever the An components are not
negligible with respect to A1.

7.4
Energy Dissipation Measurements at the Nanoscale

The existence of micro and nanoelectromechanical devices where the separation
between the relevant surfaces is in the nanometer range, scanning probe micro
scopes among them, emphasizes the importance of energy dissipation processes at
the nanoscale [89 91]. Thus, the need for methods providing quantitative mea
surements of the energy transferred betweenmoving objects. In this respect, phase
shift measurements performed with an AM AFM can be a valuable source of
information.

7.4.1
Energy Dissipation and Observables

Equation 7.6 can be easily transformed to determine either the power or the energy
transferred (irreversibly) from the tip to the sample surface. Thus, we deduce

Edis ¼ pkA2

Q
A0

A
sinw

v

v0

� �
; ð7:11Þ

or in terms of the average power transferred to the sample surface

hPdisi ¼ kA2v

2Q
A0

A
sinw

v

v0

� �
: ð7:12Þ

The above equations provide a direct and powerful method tomeasure dissipation
at the nanoscale [3, 4, 8]. The value of the dissipated energy depends on both
experimental parameters (free and set point amplitudes, cantilever force constant, or
tip�s radius) and tip sample inelastic processes. Typical high resolution experiments
involve energy dissipation values per cycle in the 0.5 50 eVrange or in termsof power
about 0.008 0.8 pW. For a spatial resolution of 2 nm, these values imply a dissipated
energy per bond that ranges from 0.001 to 0.1 eV, that is, far less than the bonding
energies of most materials. The above numbers underline that phase imaging
experiments can be performed in a noninvasive manner. Furthermore, the method
is very sensitive to spatially resolved regions with different properties [92]. Figure 7.7
shows an energy dissipation map of a sample made of several sexithiophene islands
deposited on a silicon surface (Figure 7.7a). The energy dissipation histogram shows
two peaks separated by 0.4 eV (Figure 7.7b).
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The analysis of AM AFM operation in air is completed by comparing the values
of the mechanical energy of the tip, the energy dissipated in the environment, and
the energy dissipated in the sample. These values depend on the experimental
conditions, cantilever, and sample properties. However, as a guiding rule the
mechanical energy of the tip is a factor of 10 higher than the energy dissipated in
the air that, in turn, is at least a factor of 10 higher than the energy dissipated in the
sample.

7.4.2
Identification of Energy Dissipation Processes

Equation 7.11 provides the basis to develop a method to identify energy dissipation
processes at the nanoscale [4, 8, 92]. This requires us to determine the amount of
energy dissipated by the tip on the sample surface for several values of the
tip surface distance. This is accomplished by first measuring the dependencies
of the amplitude and phase shift as a function of the amplitude while the tip
approaches the surface. Then, Equation 7.11 enables to transform amplitudes and
phase shifts into energy dissipation values. The representation of the dissipated
energy and/or its derivative with respect to the amplitude is known as dynamic
dissipation curve [4, 49]. Figure 7.8 illustrates the experimental steps to determine
dynamic dissipation curves from the amplitude and phase shift dependencies on
the tip surface distance.

Figure 7.9 provides an example of the use of dynamic dissipation curves to identify
different dissipation processes [8]. The figure shows a comparison between the
theory and the experiments performed on silicon and on a polystyrene region of a
polymer blend. For all the cases studied, the experimental dynamic dissipation curves
reproduce the behavior predicted by the theory. Energy dissipation curves for long
range interactions and viscoelasticity may look similar (Figure 7.9a and c), but the
derivative unambiguously singles out each dissipative process (Figure 7.9d f).

Figure 7.7 Phase imaging AFMmap of several sexithiophene islands deposited on silicon (a) and
energy dissipation histograms extracted from the phase image (b). Adapted from Ref. [92].
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7.4.3
Atomic and Nanoscale Dissipation Processes

Dissipation in atomic force microscopy can be described at the molecular or
nanoscale level. In the first case, the emphasis is placed on the specific atomic
processes that enable the transformation of mechanical energy in atomic and
molecular motions in the sample [93 95]. The atomistic andmolecular mechanisms
responsible of dissipation depend on material properties. They may involve force
induced new stable atomic bonding configurations or molecular reorientations,
interdigitation, exchange of atoms and molecules, or charge induced dissipation
effects. At the nanoscale, the emphasis is placed on the quantitative relationship
between dissipation processes such as surface adhesion hysteresis, viscoelasticity,
friction, or long range dissipative interfacial interactions andmacroscopic quantities
such as surface adhesion energy, elastic modulus, stiffness, plasticity index, or
viscous coefficient [8, 28, 77, 96].

A combined experimental and theoretical study on the energy transferred by a
silicon dioxide tip into a region of sexithiophene molecules has enabled to link
atomistic and nanoscale dissipation processes [92]. Phase imaging AFMwas used to
measure the energy transferred by a silicon dioxide tip into a region of sexithiophene

Figure 7.8 Method to obtain dynamic
dissipation curves. Amplitude and phase shift
curves are measured (top left panel). These
curves make it possible to represent the phase
shift and its sine as a function of the amplitude
ratio (top right and bottom left panels,

respectively). From these curves and
Equation 7.11, the energy dissipated on the
sample surface as a function of the amplitude
ratio can be measured (bottom right panel).
Experiments performedon a silicon surfacewith
a silicon tip. Adapted from Ref. [4].
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molecules (1.4 eV per cycle). Contact mechanics modeling established an effective
interaction diameter of 2 nm that implied a dissipation of 0.18 eV per molecular
chain. This value is comparable to the average value (0.15 eV) determined from first
principles calculations for an indentation of 0.20 nm. First principles calculations
show that the adhesionhysteresis observed experimentally has itsmolecular origin in
the rich configuration space of the system.During the approach (loading), the system
is trapped, due to the presence of energy barriers, in several bonding configurations
that differ from those sampled in the retraction stage of the tip (uploading). These
configurations correspond to local energy minima.
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Figure 7.9 Measured and simulated dynamic
dissipation curves on different surfaces. (a) On
a Si surfacewhen there is nomechanical contact
between tip and surface; A0 6.6 nm, k
2N/m. (b) On silicon when there are surface
energy hysteresis and long range interfacial
interactions; A0 32.5 nm, k 2N/m. (c) On a
polystyrene region (cross in the inset) of

polystyrene/polybutadiene blend, A0 15 nm.
(d) (f) are the derivatives of the normalized
energy dissipation curves shown in (a), (b), and
(c), respectively. The step like discontinuities
observed in Figure 7.9b mark the transition
between attractive and repulsive interaction
regimes. Adapted from Ref. [8].
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8
Resolution, Noise, and Sensitivity

8.1
Introduction

Spatial resolution, noise, and sensitivity are concepts closely related in amplitude
modulation AFM. The relationship that exists between noise and resolution is rather
straightforward. The noise in the cantilever deflection establishes the upper reso
lution limits of themicroscope.MostAFMusers have an intuitive definition of spatial
resolution that might work well for flat surfaces. However, the imaging process is
fundamentally nonlinear; as a consequence, it is hard to establish a more technical
definition. In a heterogeneous surface, features of equal size but different properties
might give rise to different values of the tip surface force. The sensitivity of the
instrument to detect force variations might also control the achievable spatial
resolution. This underlines the role of the sample�s mechanical properties to reach
a given spatial resolution.

8.2
Spatial Resolution

A topographic image is mathematically expressed as a function of the height
variation h(x, y) on the spatial coordinates x and y. Thus, AFM images require it to
distinguish between vertical and lateral resolutions. Several factors contribute to
determination of the resolution such as the electronic and mechanical noise, the
tip�s apex size, the decay length of the tip surface forces, and the sample
compliance. The nonlinear character of the imaging process is another factor
that controls the spatial resolution. By nonlinear imaging it is understood that the
image of a surface is not the sum of the individual images of the features of the
surface. This is also a difference from lens based microscopes where the imaging
process is linear.

Amplitude Modulation Atomic Force Microscopy. Ricardo García
Copyright � 2010 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim
ISBN: 978-3-527-40834-4
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8.2.1
Vertical Resolution and Noise

The vertical resolution is defined as theminimum step height variationmeasured on
the surface. Thus, to detect atomic corrugations, the vertical noise should be below
0.1 nm. The vertical resolution is limited by the noise in the imaging signal dA
(amplitude) (Figure 8.1). The vertical noise can be defined as the ratio between the
noise in the amplitude signal and the slope of the amplitude with respect to the
average tip surface distance,

dhn ¼ dA
dA=dzcj j : ð8:1Þ

For stiffmaterials andmeasurements performed at the fundamental frequency, the
slope of the imaging signal with respect to the tip surface distance is close to 1 [1, 2],
then dhn�dA. Under these conditions, the vertical noise coincides with the ampli
tude noise (or deflection noise dz). On the other hand, the slope of the amplitude
distance curves for soft materials is in the 0.2 0.5 range, and dhn lies between 2dA
and 5dA [3]. The above definition of vertical noise is similar to the definition proposed
for scanning tunneling microscopy and frequency modulation AFM [4].

The deflection noise has two major components, the thermal noise of the
cantilever and the detector noise. These sources of noise are statistically independent,

dA � dz ¼ dz2th þ dz2det

q
: ð8:2Þ

Figure 8.1 Amplitude distance curves. The
vertical noise is given by the noise in the
amplitude dA divided by slope of the amplitude
curve dA/dzc. In this case, a change in the

z displacement is identified with a change in
the average tip surface distance. This
approximation remains valid as long as the
mean deflection of the cantilever is negligible.
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The detector noise is dominated by the optical detector noise. It is themajor source
of noise in an instrument that is properly shielded from acoustic and electromag
netic noise. Its reduction is the focus of an intense scientific activity [4 9]. The
thermal noise is usually much smaller than the detector noise. Consequently, it
establishes the ultimate resolution limits of the instrument.

In dynamic AFM, the root mean square value of the amplitude spectral density
induced by the thermal energy is calculated by [8, 10]

nzB ¼ 2kBT
pf0kQ

1�
1

�
f =f0

�2�2 þ �
f =
�
f0Q

��2
s

: ð8:3Þ

The spectral density is related to the deflection noise by

dz2th ¼
ð1
0
n2zBð f Þd f : ð8:4Þ

The components of the noise that influence the performance of the instrument are
those includedwithin the frequency bandwidth range, f0 B to f0 þ B, where f0 is the
fundamental frequency. Then, the thermal noise of the deflection is calculated by [8]

dzth ¼ 4kBTQB
p f0k

s
: ð8:5Þ

The total noise induced by the thermal energy is obtained by integrating the spectral
density over the whole frequency range or directly by applying the equipartition
theorem,

dzthðtotalÞ ¼ kBT
k

r
: ð8:6Þ

When the excitation frequency coincides with the fundamental frequency f¼ f0, the
spectral density and the deflection noise in the bandwidth range f0�B are related by

nzB ¼ dzth
2B

p : ð8:7Þ

It is illustrative to compare the thermal noise of several common cantilevers
(Table 8.1).

Table 8.1 Thermal noise for some common cantilevers.

k (N/m) f0 (Hz) Q dzth (nm) (B 1 kHz) nzB (fm/Hz1/2)

0.25 36 944 39 0.14 844 3319
0.25 8313 2 0.07 087 1585
0.74 68 143 108 0.10 572 2364
0.74 19 315 4 0.03 872 855
5.62 111 791 350 0.05 392 1206
28 318 000 400 0.01 531 342
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The thermal noise depends on the cantilever geometry and the environment. By
using cantilevers with a high resonant frequency and a large force constant, the noise
is decreased. Some cantilevers give a deflection noise below 0.05 nm that would
enable subatomic resolution. To a certain extent, the frequency bandwidth can be
changed by the operator. Thus, it seems more representative to present the noise in
terms of spectral density values (Equation 8.7). For the above cantilevers, the spectral
density noise ranges between 300 and 3400 fm/Hz1/2.

8.2.2
Lateral Resolution

Bustamante and Keller [11] proposed a definition of lateral resolution that
accounts for the tip finite size. This definition assumes that the tip and the
surface are undeformable objects (Figure 8.2). The lateral resolution l is the
minimum separation for which the dimple depth Dz arising from the intersection
of the individual images of two sample features is larger than the noise (Fig
ure 8.3). Mathematically, this definition states that the lateral separation l between
two sharp features imaged by a parabolic tip with end radius R depends on the
height difference Dh that exists between the adjacent features and the vertical

tip

sample spikes
l

h
z

Figure 8.3 Scheme of the AFM imaging
process performed by a parabolic tip of radius of
curvature R over two sharp spikes. The
minimum lateral separation between the spikes
depends on the height difference that exists

between the adjacent features. The height
difference and the radius define the value of the
dimple depth Dz. The dimple depth must be
larger than the noise to be resolved. Adapted
from Ref. [11].

sample
spike

tip inverted tip
surface

Figure 8.2 Schematic representation of the distortion introduced by the finite tip size while
imaging a sharp feature. The apparent image is the inverted tip surface.
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resolution dhr (dhr�dhn),

l ¼ 2R
p

dhr
p

þ dhr þDh
p� �

: ð8:8Þ

The equation also reflects the nonlinear nature of the image formation in AFM
because the lateral resolution is a function of the height difference between
adjacent features. Consequently, it must be determined separately for each feature
in the image. The above definition can be considered an analogue of the Rayleigh
criterion for resolution in optical microscopy.

Figure 8.4 shows the lateral resolution (Equation 8.8) as a function of the radius for
different relative height differences. As it could have been expected, atomic reso
lution, say a lateral resolution below 0.5 nm, can be achieved only for very sharp tips,
that is, those that have an apex with an effective radius of 1 nm or below. Atomic and
molecular resolution imaging also requires the height difference between neigh
boring features to be below 0.5 nm.

The lateral resolution could also be affected by the data recording process. A key
factor to bear in mind is the relationship that exists between the number of pixels
used to record the image and the scanning speed. Typical AFM software handles files
with 256, 512, 1024, or even higher data points per scan line. For an image of a lateral
size Dx, the spatial resolution cannot be better than Dx/Np, with Np denoting the
number of pixels. The microscopist would be tempted to use the largest number of
pixels provided by the software; however, thismight significantly reduce the scanning
speed. In addition, it will end up filling the memory of the computer. Recorded
images with the highest number of pixels should be kept for the data deemed
relevant. The ratio between the maximum voltage that could be applied to z scanner

Figure 8.4 Lateral resolution as a function of the radius for two adjacent features (Equation 8.8).
The height difference between the features is Dh 0, 0.5, 1, and 5 nm. A vertical resolution of
0.05 nm is assumed.
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and the number of bits of the digital to analogical converter is another factor that
could affect the vertical resolution of the image.

8.3
Image Distortion and Surface Reconstruction

Figures 8.2 and 8.3 illustrate some of the main concerns while imaging nonflat
surfaces. AFM images are highly influenced by the finite size of the tip. Tip induced
distortions are significant whenever the surface has features with aspect ratios
comparable to or sharper than those of the tip apex [11 22]. This phenomenon is
known as dilation. When confronted with this problem, most AFM users will either
use a tip with an aspect ratio sharper than that of the features of the surface or provide
width values in terms of the full width at half maximum (FWHM). Accurate image
reconstruction methods have also been proposed [13, 14, 16 18]. Some of the
proposed algorithms rely upon the principle that at the point of the closest distance,
both the tip and the surface have the same tangent line. In particular, Keller proposed
a method where the reconstructed image is synthesized from the original, distorted
image as the envelope of a set of tip surface functions [13]. Villarrubia has proposed
reconstruction algorithms based on mathematical morphology [17]. Once the tip�s
geometry has been determined, the above methods can be applied to reconstruct
from the image the surface geometry.

Figure 8.5 illustrates the nature of the dilation process in AFM. The convolution
process arises because there is a difference between the tip�s apparent and true
imaging points. An image is formed by the trace of the tip end. The imaging process
assumes that the tip end is always the closest point to the surface. That assumption
breaks down when the surface has features sharper than the tip�s apex. In addition,

tip surface

sample surface

double contact

actual contact

image surface

tip end

Figure 8.5 An image is formedby the trace of the tip end. In somecases, the actual point of contact
may be different from the tip end. In other cases, there are two contact points. Adapted from
Ref. [14].
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when the curvature of a sample feature exceeds the curvature of the tip, there will be
regions where the tip simultaneously touches the sample at two points. Keller has
shown [13, 14] that the existence of double contact points implies the existence of
unreconstructable regions (Figure 8.5). An ideal tip characteristically has the apex
and the sidewalls sharper and steeper, respectively, than those of the sample
surface.

8.4
Force-Induced Surface Deformations

A factor that has not been included in the above definition of lateral resolution is the
deformation of the sample surface. The force exerted by the tip usually deforms the
sample surface. As a guiding rule, the lateral resolution cannot be better than
the real or effective tip surface contact area. The contact area reflects the interplay
that exists among the tip surface forces and themechanical compliance of both tip
and surface.

Molecular dynamics simulations illustrate the deformation of a sexithiophene
molecule under the force exerted by a silicon dioxide tip that penetrates 0.2 nm into
themonolayer (Figure 8.6) [23]. Under these conditions, themaximum force is about
1 nN. That force produces the bending of the molecules. For small applied forces
(loads), the deformation ismainly elastic and themolecules recover its shape once the

Figure 8.6 Deformation induced on a
sexithiophene chain by the force exerted by a
silica tip. The force produces the bending of the
molecular groups and its transmission through

the whole chain. Color code for atoms: oxygen
(black), sulfur (dark gray), carbon (gray),
hydrogen (white), and silicon (light gray).
Adapted from ref. [23].
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load is removed. In other cases, the applied force could lead to the irreversible
modification of the molecules.

Contact mechanics simulations provide a complementary perspective on
surface deformation and lateral resolution. The force exerted by the tip produces
the deformation of the surface implying the existence of a finite contact area.
Increasing the applied force increases both the contact area and the deformation
(see Chapter 3). The lateral resolution can be calculated as a function of the
applied force by identifying the contact diameter with the lateral resolution
[24 26]. The Hertz model provides the lateral resolution as a function of the
tip�s radius, the applied force F, and the effective Young�s modulus of the
interface Eeff,

l ¼ 2
3RF
4Eeff

� 	1=3

: ð8:9Þ

Equation 8.9 shows that subnanometer resolution requires the use of tips with
small radius and the application of forces below 1 nN (Figure 8.7). It also explainswhy
atomic and subnanometer resolutions are more easily achieved on stiffer materials
than on themore compliant ones. Usually, the deformation of the tip is ignored. Tips
are made of silicon or silicon nitride characterized by having high Young�s modulus
values (above 150GPa). However, whenever the tip and the sample have comparable
Young�s moduli, the tip deformation should also be considered. A description that
considers both the tip and the sample deformations has been performed by
Heuberger et al. [24].

Figure 8.7 Lateral resolution (Hertzmodel) as a function of the applied force for different tip radii
and material properties.
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8.5
Atomic, Molecular, and Subnanometer Lateral Resolution

It is useful to provide a practical definition of atomic and subnanometer resolution.
Following Gan [26], atomic resolution is defined as the capability to resolve single or
multiple atomic scale features separated by an atomic scale distance. Atomic scale
features include atoms, molecules, point defects, and grain boundaries. Similarly,
subnanometer resolution is defined as the ability to resolve single or multiple
subnanometer features. Subnanometer resolution images are of especial relevance
to biology. To achieve a given lateral resolution, the contact diameter (or its equivalent
in noncontact measurements) must be equal to or smaller than the size of the
observed feature.

In spite of a large community of its users, amplitude modulation AFM has been
slow in providing atomic and subnanometer resolution images. This paradoxical
situationmight be explained by two factors. On the one hand, somuch information is
provided by nanoscale resolution images that the need to improve the resolution is
somehow diminished. On the other hand, atomic resolution images can be achieved
only on atomicallyflat surfaces. Because AM AFMoperates in either air or liquid, it is
sometimes assumed that either the tip or the sample surface contamination could
suppress atomic resolution.

Ohnesorge reported the first atomic resolution images obtained with an AM
AFM [27].Monoatomic steps and atomic defects were observed on a calcite surface in
liquid. Also in liquid, Muller and coworkers showed images of a purple membrane
with a lateral resolution of 1.1 nm (Figures 8.8 and 8.9) [28], a result that has been

Figure 8.8 Image of the extracellular purple
membrane surface in buffer solution. The
trimeric structures protrude 0.4 nm from the
lipid bilayer. The trimers are arranged in a
trigonal lattice of 6.2 nm. (a) Raw data. Scale bar

10 nm. (b) Image after performing a threefold
symmetrized correlation average from 35 unit
cells. (c) Threefold symmetrized standard
deviation map of (b). Scale bar 5 nm. Adapted
from Ref. [28].

8.5 Atomic, Molecular, and Subnanometer Lateral Resolution j111



either reproduced or improved by several groups [29 33]. These results prompted a
quest to obtain molecular resolution images on other biological systems that form
packed structures such as chaperonin (GroEL) patches [34, 35] or bacterial mem
branes [36]. A further step in consolidating the technique for subnanometer
resolution imaging was given by Magonov and coworkers [37, 38]. By using tips
with an apex below 1 nm, images of subnanometer resolution (0.36 nm periodi
cities) were reported on a polymer crystal (polydiacetylene) [38]. These experiments
were performed in air. Another example of molecular resolution (�0.7 nm) is
the observation of the different ligand species in mixed self assembled
monolayers [27].

8.5.1
True Resolution

Back in the early days of force microscopy, Ohnesorge and Binnig coined the term
true atomic resolution [40] to distinguish AFM images that showed the presence of
atomic size defects from those that showed a perfect crystalline surface with no
defects. Images that show a perfect crystalline surface are relatively common in
contact AFMexperiments. Then, it is convenient to distinguish between the ability to
resolve atoms from the ability to resolve the lattice parameter. In the first case, the
contact involves a few atomswhile in the latter the contactmight involve hundreds or

Figure 8.9 Atomic resolution image of a calcite (CaCO3) surface in water. The image shows two
terraces separated by biatomic step. Scale bar 5 nm. Adapted from Ref. [39].
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thousands of atoms. The above situation is not common in amplitude modulation
AFM, but the reader should be aware of it. Examples of high resolution ghost images
due to multiple tip and/or high loads are provided by Gan [26].

8.6
High-Resolution Imaging of Isolated Molecules

Atomic resolution images might be obtained on relatively stiff and crystalline
materials that have atomically flat surfaces. Dealing with soft materials and surfaces
that show height changes of 1 nm or above imposes some limits on the lateral
resolution. The expected lateral resolution of a good image of isolated feature
deposited on a flat surface such as a single protein on mica should be in the 1 2 nm
range. For example, features on antibodies separated by 1.4 nm distances have been
resolved in air [41 43] and liquid [31, 44]. Dunlap imaged packedDNA loops in liquid
with a lateral resolution of 4 nm [45].

The imaging of DNA provides an interesting example of the confusion that
sometimes might arise between lateral and vertical resolutions. Double stranded
DNA has amean diameter of 2 nm. In fact, DNA has been imaged a large number of
times by AM AFM; however, in many images the apparent width of the DNA
molecule is several times wider than its nominal value [46 53]. Even images with
apparent widths within the 20 nm range are not uncommon. In these images, the
observation of DNA molecules arises from the vertical resolution of the instrument
and not from its lateral resolution.

8.7
Conditions for High-Resolution Imaging

High resolution imaging is a difficult experimental task that is simplified by
following some guiding rules, namely,

1) The instrumental noise should be smaller than the aimed resolution.
2) The lateral resolution cannot be smaller than the size of the tip apex.
3) Thedecay lengthof the tip surface interaction shouldbe smaller than the tip apex.
4) Imaging isolated three dimensional objects imposes limits on the lateral

resolution.
5) The adhesion energy should be minimized. This is usually achieved by using

sharp tips.
6) The applied force should be as small as possible.
7) Under identical conditions (tip radius and applied force), the stiffer the sample

the better the lateral resolution.

These rules share several points with the conditions summarized by Gan [26],
Weihs et al. [25], and Schwarz et al. [54].
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8.8
Image Artifacts

Image artifacts could come from different sources. The dilation of image features
produced by the tip�s finite size is one of them. Belikov and Magonov have provided
an example of how the subnanometer resolution on a polymer crystal changes with
the tip radius [38]. In fact, the presence of several nanotips within the same probe
could give rise to very subtle image artifacts at atomic (see Section 8.5.1) and
nanometer scales (Figure 8.10). Another potential source of artifacts is the tip load.
Hoogenboom et al. [55] observed the different components of the cytoplasmic surface
of purplemembrane by changing the load. At low forces, themost prominent feature
is the bulk peptide connecting the transmembrane helices. At slightly higher loads,
this loop bends and otherwise hidden shorter loops become visible. Of course,
imaging soft materials under high forces can damage the object. Figure 8.11
illustrates the morphological changes observed in a single human serum albumina
antibody by applying different forces [41]. The top image has been obtained by
applying amaximum force of 0.4 nN, while the bottom image is achieved by applying
a force of 3.5 nN. At low forces, the image shows the three fragments and the hinge
regions of the antibody. The image taken at 3.5 nN shows a featureless globular

Figure 8.10 Phase image of a distribution of semiconductor dot structures formed on GaAs after
the growth of two monolayers of InSb. The dots are duplicated. The bottom panel shows an
interpretation of the image artifact.
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structure with the same overall size. In fact, images obtained at high forces can
induce the irreversible deformation of the molecule. In general, high resolution
images of isolated biomolecules require the application of peak forces below 1nN. In
liquid, the salt concentration could also be a source of image artifacts. The salt
concentration controls the strength of the electrostatic and these, in turn, control the
apparent morphology of the biological membrane [56, 57].

Figure 8.11 Top: High resolution image of a
single human serumalbumin antibody obtained
by applying a peak force of 0.4 nN. The image
resolves the three fragments and the hinge

regions of the antibody. Bottom: The image of
the same antibody obtained by applying a peak
force of 4 nN. Adapted from Ref. [41].

8.8 Image Artifacts j115





9
Multifrequency Atomic Force Microscopy

9.1
Introduction

Improving spatial resolution, data acquisition times, and material properties imag
ing are perennial goals in amplitude modulation AFM. At present, the most
promising approaches to reach these goals involve the excitation and the detection
of several frequencies of the tip�s oscillation. These frequencies are usually associated
with either the higher harmonics of the oscillation or the eigenmodes of the
cantilever. The diversity of multifrequency approaches, the use of novel excitation
or detection schemes, and the emphasis placed on mixing several frequencies
configure a new subfield in force microscopy that is called multifrequency AFM.

9.2
Normal Modes and Harmonics

It is pertinent to remember the distinction between normal modes and harmonics
(see Chapters 4 and 5). A normal mode is one of the discrete solutions of the beam
model of the cantilever. Normal modes are also called eigenmodes or resonances. A
harmonic is a component of the oscillation that vibrates with frequency equal to an
integer multiple of the excitation frequency (vn¼ nv). Figures 5.4 and 5.5 illustrate
the geometry and transfer function of the first four flexural modes of a continuous
rectangular cantilever. Figure 9.1 shows the harmonics of a cantilever that is excited
at its fundamental frequency (lowest resonance). The amplitude of the harmonics
is modulated by the resonances of the cantilever (arrows in the horizontal axis).

9.2.1
Generation of Higher Harmonics

It can be deduced that for a forced harmonic oscillator with damping, the presence of
a tip surface force that has a linear dependence on the distance does not generate
higher harmonics of the excitation frequency (Section 4.3.2). Thus, the generation of

Amplitude Modulation Atomic Force Microscopy. Ricardo García
Copyright � 2010 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim
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higher harmonics is related to the presence of a nonlinear force. Several experimental
and theoretical studies describe the generation of higher harmonics in AM AFM
[1 23] (Herruzo, E.T. andGarc�ıa, R., unpublished.). Some contributions illustrate the
influence of the van der Waals forces or the contact stiffness on the harmonics
components [1 13], while others explore the experimental use of higher harmonics to
map surface properties or improve spatial resolution [14 22]. In several contri
butions, the focus is on the coupling between harmonics and eigenmodes
(Section 9.2.2). Although the presence of higher harmonic components is a common
feature, its relevance in experiments performed in air is diminished by the obser
vation that under gentle imaging conditions, the amplitude of the fundamental
component (n¼ 1) is two to three orders of magnitude higher than any of the
amplitudes of the other harmonics [4]. Higher harmonic components are enhanced
by operating the microscope in liquid [21, 23] or by using cantilevers specifically
designed to enhance a given harmonic [16].

The potential of higher harmonics for high resolution imaging is illustrated in
Figure 9.2. A high spatial resolution image of a bacterial S membrane is generated by
plotting the amplitude of the 2nd harmonic of the fundamental frequency. This
image is obtained simultaneously with the topography (feedback on the amplitude
component of the fundamental frequency) [21]. The frequency spectra taken on top of
a protein (position 2) or in the hole within the unit cell (position 1) shows the
differences in the harmonic components.

Several aspects of higher harmonics generation are well accounted for by some of
the theoretical models described in Chapters 4 and 5. However, there are some
issues, such as the interplay between conservative and dissipative forces or the
influence of the environment (liquid or air) on the higher harmonics, that remain

Figure 9.1 Frequency spectrum of a one
dimensional cantilever tip system in AM AFM.
The amplitude components of the higher
harmonics are modulated by the normal modes

or resonances (eigenmodes) of the cantilever.
The arrows in the horizontal axis mark the
positions of the first three flexural eigenmodes.
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poorly understood. An insight into the generation of higher harmonics is gained by
using the point mass model to derive some analytical or semianalytical expressions.
The first hypothesis is to assume that the tip motion in the presence of a force F(d) is
described by

z ¼ z0 þ
X1
n 1

An cosðnvt wnÞ: ð9:1Þ

In a three step process, an expression for An as a function of the physical parameters
is obtained. First, the deflection z is replaced by the above expression and inserted
into the equation ofmotion (Equation 4.2). Then, the resulting equation ismultiplied
by cos(nvt). Finally, by integrating over a period, it is found that

v2
0An

p

v
n2v2An

p

v
¼ v2

0

k

ðT
0
FtsðdÞ cosðnvt wnÞ: ð9:2Þ

Similarly, by repeating the process with sin(nvt) another independent equation is
obtained,

v0

Q
nvAn

p

v
¼ v2

0

k

ðT
0
FtsðdÞ sinðnvt wnÞ: ð9:3Þ

Figure 9.2 Image of a bacterial S layer:
topography (top panel) and second harmonic
image (bottom panel). Substructures within the
unit cell can be observed in the second
harmonic image (spatial resolution �0.5 nm).
The frequency spectra taken at two difference

positions of the membrane show the spatial
dependence of the higher harmonic
components (lateral panel). The spectra are
shiftedwith respect to the normalized frequency
for better visibility. Adapted from Ref. [21].
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From Equations 9.2 and 9.3 is deduced

An ¼ S
v0

k

ðT
0
FtsðdÞ cosðnvtÞdt

� �2

þ
ðT
0
FtsðdÞ sinðnvtÞdt

� �2
s

; ð9:4Þ

where the term S is given by

S ¼ n2

Q2
þ p2v2

0

v2
1

n2v2

v2
0
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s0

@
1
A

�1

: ð9:5Þ

The process used to deduce the above equations is equivalent to applying the
virial dissipation method described in Chapter 4 (Herruzo, E.T. and Garc�ıa, R.,
unpublished.).

Equation 9.4 shows that the presence of a higher harmonic component depends on
the spatial projection of its wave form on the interaction force. In a first approxi
mation, the projection could be parameterized in terms of two parameters, the peak
force and the contact time.

From Equation 9.5, it is also deduced that for Q values above 5 and v�v0 the
amplitude of a given harmonic decays with its order,

S � 1
pn2

and n > 3: ð9:6Þ

9.2.2
Coupling Eigenmodes and Harmonics

The amplitude of the higher harmonics decreases with the increasing order. This
result has been deducedwithin the framework of a point massmodel.However, with
some corrections, it also applies to cantilever beams. For example, whenever a
harmonic frequency (nv) is close to a resonant frequency (vi), the amplitude of the
harmonic is enhanced with respect to the neighboring harmonics. This is because of
the resonant amplification in the vicinity of an eigenmode. This is the case for a
rectangular and uniform cantilever where the frequency of the 2nd eigenmode
v2¼ 6.27v0 is very close to the sixth harmonic of the fundamental mode (6v0)
(Figure 9.1).

Tuning an eigenmode and a harmonic can be accomplished by modifying the
mass distribution along the cantilever. A modification of the cantilever geometry
changes its transfer function; however, it is possible to perform somemodifications
in such a way that the changes are confined to the transfer function of a given
flexural mode. For example, by removing mass from a region where a given mode
has a much higher curvature than the fundamental mode, the frequency of the
higher eigenmode is greatly modified. However, the frequency of the fundamental
mode remains practically unaffected. Following this approach, Sahin et al. [16]
made a square hole 1/3 from the free end of a rectangular cantilever (Figure 9.3).
The process enhanced the amplitude of the 16th harmonic and, at the same time,
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brought the frequency of the 16th harmonic very close to the 3rd eigenmode
frequency.

9.2.3
Imaging Beyond the Fundamental Mode

By far, amplitude modulation AFM experiments are performed by exciting the
cantilever at its fundamental resonance or at a frequency very close to it. At first
glance, the fundamental mode offers several advantages with respect to the higher
resonances. It requires less sophisticated electronics because the frequency range is
smaller. In addition, the optical sensitivity of the fundamental resonance is close to
the static value, so the calibration procedures are easier to perform. On the other
hand, the use of a higher resonance for imagingmight offer some attractive features.
The effective force constant of a higher eigenmode is higher than the fundamental
value, thus the capture of the tip by the attractive surface forcesmight be avoided. For
the same reason, a higher force constant favors the use of smaller amplitudes that
eventuallymay lead to a higher spatial resolution. In addition, the relaxation time for a
cantilever that has internal damping decreases with the mode order implying an
overall faster response (Q iTi<Q i�1Ti�1).

In the 1990s, AFM controllers could not cope with the data acquisition processes
associated with excitation frequencies in theMHz regime.However, this is no longer
an issue, so imaging at the second, third, or higher resonances has been demon
strated [24 31]. Nonetheless, this approach has not been pursued in earnest.
Arguably, the most significant result to date has been the operation of an AM AFM
under ultrahigh vacuum. This was achieved by exciting the 2nd cantilever resonance
and using the amplitude of that resonance to establish the feedbackmechanism [26].

Figure 9.3 Scanning electronmicrograph image of a harmonic cantilever. The hole in the cantilever
is designed tomatch the frequency of the third order flexural mode and that of the 16th harmonic of
the fundamental mode. Adapted from Ref. [16].
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On the other hand, imaging at higher resonances has beenmore thoroughly explored
in frequency modulation AFM [27 31]. Atomic and molecular resolution images of
several surfaces have been obtained [29 31].

The optical sensitivity depends on the mode that is used for imaging. The
calibration of the optical sensitivity is somehowmore complicated for higher modes
than for the fundamentalmode. Calibrationmethods for highermodes are discussed
in detail in Chapters 2 and 5.

9.3
Bimodal AFM

In bimodal AFM, the cantilever is simultaneously excited by two driving forces. The
excitation frequencies of the driving forces are tuned to match two of the flexural
eigenmodes of the cantilever, usually the first and the second eigenmodes [32 35].
The output signal of the amplitude of the first mode is used to image the topography
of the surface, exactly in the same way as in amplitude modulation AFM. An output
signal of the second mode, either the amplitude or the phase shift, is used to map
changes in mechanical, magnetic, or electrical properties of the surface (Figure 9.4).

BimodalAFMoffers a straightforward approach to separate topography fromother
interactions influencing the tip motion. Thus, the different resonances act as signal
channels that allow accessing and separating material properties [36 38]. One
remarkable aspect of bimodal AFM is its ability to achieve topographic and compo
sitional contrast by applying forces below 100 pN. Low forces enable high resolution
and noninvasive imaging of single biomolecules that are weakly absorbed to a mica
surface (Figure 9.5). The straightforward approach to reduce the force exerted on the
sample is to pull back the tip. This in turn reduces the topography and/or dissipation
contrast carried out by the parameters of the AM AFM. However, under these
conditions, bimodal AFM is still able to resolve the structure of the observed object.

The above property is illustrated by imaging the same system under the same
conditions by amplitudemodulation and bimodal AFMand comparing the resulting
images. Figure 9.6 shows three images of an immunoglobulin G (IgG) antibody. All
the images have been obtained by applying a peak force of about 90 pN. TheAM AFM
topography (left) and phase (right) images do not provide information on the
antibody structure; however, the bimodal AFM image (second mode phase) resolves
the three subunits of the protein.

Figure 9.4 Scheme of the signal excitation and detection in bimodal AFM. The signals labeled as
excitation and response correspond to experimental signals during bimodal AFM operation.
Adapted from Ref. [34].
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Bimodal AFM is compatible with air and liquid environments [33 36, 39]. It can be
performed in the attractive [34 36] and repulsive [33, 40] interaction regimes, or can
be used to control the transition between attractive and repulsive interaction
regimes [41]. It is also compatible with the detection of different interactions such
as mechanical, electrostatic [42 44], or magnetic [45]. Bimodal excitation has also
been applied in frequency modulation AFM experiments in ultrahigh vacuum. An
enhancement in atomic resolution images has been reported while imaging an ionic
crystal surface KBr(001) [46].

Some cantilevers have been designed to enhance the response of a higher order
resonance [36, 47]; however, bimodal AFM operation does not require the use of
special cantilevers. In fact, themajority of the experiments have been performedwith
conventional cantilevers. Thus, the versatility and the sensitivity of bimodal excitation
and detection have led to other applications such as the detection and imaging of the

Figure 9.5 Bimodal AFM phase images of
physisorbed immunoglobulin M (IgM)
pentamers on a mica surface. The lateral panels
show two individual pentamers extracted from

the lower resolution panel. The high resolution
images show the five subunits surrounding the
central structure (J chain). Adapted from
Ref. [35].

Figure 9.6 Comparison between amplitude
modulation and bimodal AFM. From left to
right, topography (first mode), phase image
(first mode), and bimodal AFM (second mode
phase) of a physisorbed IgG antibody. The

images have been obtained with the same tip
and the same peak force (�90 pN). In the tree
images, the vertical scale has been optimized to
achieve the best contrast. Adapted from
Ref. [35].
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eigenmodes of high frequency nanoelectromechanical systems. Specifically, it has
been applied to image the waveforms of the resonances of suspended carbon
nanotubes and graphene sheets [48, 49].

Multifrequency excitation and detection has also been used to supply the effective
resonant frequency and the quality factor of the cantilever while an image is
acquired [50]. In this case, the cantilever is excited at its free resonant frequency
and two other frequencies close to the fundamental resonance. The output signal at
the free resonant frequency is used to establish the feedback, while the signals
associated with the other frequencies are combined to determine the quality factor
and actual resonant frequency of the cantilever.

9.3.1
Intermodulation Frequencies

The concept of bimodal excitation has been extended to nonresonant frequencies, for
example, two frequencies that are in the vicinity of a resonance [51, 52]. Under these
conditions, when the tip is approached toward the surface, the nonlinear tip surface
forces generate a new set of frequencies that bear the influence of the excitation
frequencies. The new frequencies are called intermodulation products. These
products form a series of peaks close to the fundamental resonance with spacing
(n(f2 f1)) from the two excitation frequencies (Figure 9.7). The intermodulation
products depend on the tip surface distance; thus, they carry information on the local
properties of the sample. Nonetheless, a significant theoretical effort remains to be
made in order to relate the new set of frequencies to a change in a given property of
the sample surface.

f0

f1 f2

frequency

f0

f1 f2

frequency

Figure 9.7 Intermodulation products. A
cantilever that is driven with two frequencies f1
and f2 responds with an oscillation that is
characterized by the excitation frequencies. The
top panel shows the linear response of the

cantilever away from the surface. The bottom
panel illustrates the response in the presence of
a nonlinear tip surface force. Adapted from
Ref. [51].
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9.4
Mode-Synthesizing Atomic Force Microscopy

Mode synthesizing AFM combines elements derived from ultrasonic [53 60] and
dynamic [48, 61, 62] forcemicroscopies to generate images of structures that lie below
the surface of biological or synthetic materials. The method used by Passian and
coworkers [63] is based on the simultaneous excitation of the sample and the probe
(tip). The mechanical excitation of the sample generates waves that propagate
through the sample. The mechanical waves are scattered by the internal features
or structures of the material. As a consequence, the amplitude and the phase shift of
the waves are modified by the interaction with the inner structures of the material.
The modification depends on the local mechanical properties of the features.
Eventually, the scattered waves emerge on the surface where they can influence the
tip surface coupling.

In this method, the probe has a dual role. First, it collects the mechanical waves
coming from beneath the surface to generate an image of the subsurface. Second, it
mixes themwith its own frequency components to generate a new set of frequencies.
From thesemodes, the tip sample interaction synthesizes newmodes, which can be
seen in the plot of signal S versus frequency (Figure 9.8). The signal is Fourier
transformed to obtain the frequency spectrum. The newly created frequency com
ponents reflect the nanomechanical coupling between the probe and the sample. At

Figure 9.8 Schemeofmode synthesizedAFM.
The probe and the sample are mechanically
excited by signals that contain a number of
known frequency components. From these

frequency components, the tip sample
interaction synthesizes new modes (signal S)
that carry information on the subsurface
structures. Adapted from Ref. [62, 63].
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the core of this coupling is the nonlinear character of the tip surface interaction
force. The frequency of a given synthesized mode is a linear combination of the
frequencies used to excite the tip and the sample. An image can be acquired from the
phase or amplitude of the signal S by using a lock in amplifier that is referenced to
one of the synthesized modes. Thus, several images of the subsurface structure can
be generated, one for mode. Each image will reveal a different texture of the
embedded and/or surface features of the sample.

The use of delocalized mechanical waves to generate images of the subsurface
structure leaves several interpretation challenges. For example, it is not straightfor
ward to transform frequency or phase shifts into specific information about the inner
structure of the material.

9.5
Torsional Harmonic AFM

Torsional harmonic AFM enables one to generate a topographic image of the sample
surface at the same time as the time varying forces are recorded [64 67]. The
topographic image is a conventional amplitude modulation AFM image, that is,
the cantilever is excited at its fundamental (flexural) resonance and the feedback acts
on the amplitude of this mode. At the same time, the tip surface force is obtained by
integrating the higher harmonics of the torsional signal (Section 5.8.2). Torsional
harmonicAFMrequires theuse of specially designed cantilevers in order to excite the
torsional oscillation and their higher harmonics [64]. Sahin has called them torsional
harmonic cantilevers. In these cantilevers, the tip is offset from the cantilever axis.
This design favors the existence of a torque around the axis of the cantilever. As a
consequence, the nonlinear forces excite harmonics in both the flexural and the
torsional signal. The presence of a rich harmonic spectrum in the torsional signal
enables a quick calculation of the time varying force (Chapter 5). An appealing
feature of this method is its ability to map the topography simultaneously with the
measurement of a mechanical property, such as the Young�s modulus. Figure 9.9
illustrates this property by showing the topography of a purplemembrane at the same
time as the effective Young�s modulus (flexibility) is measured. Remarkably, Sahin
et al. have measured the flexibility of the proteins within the membrane with sub
5 nm spatial resolution (Figure 9.10).

The ability of torsional harmonic AFM to spatially resolve mechanical properties,
in particular, the effective Young�s modulus of the interface, has been applied to
detect and count hybridized DNA molecules. In this case, the technique measures
the differences in the stiffness between unbounded single stranded DNA and those
boundedwith complementary targetDNAmolecules. In thisway, torsional harmonic
AFM can become an effective sensing approach to measure genetic material. The
method has claimed sensitivity in the attomolar range, which is several orders of
magnitude better than existing methods [68].

Torsional harmonic AFM should not be confused with torsional resonance AFM.
In torsional resonance AFM, the cantilever is oscillated about its long axis and the

126j 9 Multifrequency Atomic Force Microscopy



feedback is established on the amplitude of the driven torsional signal [69 75]. In fact,
torsional resonance AFM is an AM AFM method where the excited and detected
signals correspond to those of a torsional motion.

9.6
Band Excitation

The band excitation approach is a multifrequency excitation and detection method
aimed at improving the ability to acquire different dynamic curves while the
topography of the surface is recorded. The band excitation approach provides an
alternative to standard lock in detection or phase locked loop detection methods and
frequency sweeps by simultaneously exciting and detecting the response at all

Figure 9.9 High resolution mapping of
protein flexibility in purple membrane by
torsional harmonic AFM. Height (top left),
phase image (bottom left), and effective
Young�s modulus map of the cytoplasmic side

(middle panel). The far right panel shows the
numerical values of height, phase, and flexibility
obtained, respectively, from the dashed lines
shown in the image panels. Adapted from
Ref. [67].

Figure 9.10 High resolution map of the flexibility of the proteins in the purple membrane. The
image of the extracellular side is shownon the left and the image of the cytoplasmic side is shown on
the right panel. Adapted from Ref. [67].
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frequencies within a band. Band excitation introduces a synthesized digital signal
that spans a continuous band of frequencies, and monitors the response within the
same or even larger frequency band [76 79]. The cantilever response is detected
using high speed data acquisition methods and then Fourier transformed. The
resulting amplitude frequency and phase frequency curves are collected at each
point of the surface and stored in three dimensional data arrays. This data is analyzed
to extract some of the relevant parameters that characterize the cantilever behavior
(Figure 9.11). For example, in the single harmonic oscillator approximation, the
resonant frequencies, the amplitude, and theQ factor are deconvoluted and stored as
images and, in the case of adaptive control, can be used as a feedback signal in
microscope operation.

Band excitation can be used in combination with other AFM techniques such as
magnetic force microscopy or Kelvin probe AFM. It has been applied to the piezo
response force microscopy and spectroscopy, in particular to probe the electromech
nical coupling in soft biological systems in liquids by distinguishing among
damping, Young�s modulus, and electromechanical contributions [80, 81].

Figure 9.11 Scheme of band excitation AFM.
The excitation signal is digitally synthesized to
have a predefined amplitude and phase in a
given frequency window. The cantilever
response is detected and Fourier transformed at
each pixel in an image. The ratio of the fast
Fourier transforms of response and excitation

signals yields the transfer function. The
amplitude, the resonant frequency, and the
Q factor can be determined at each point of
the surface by fitting the response to the simple
harmonic oscillator model. Adapted from
Ref. [76].
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10
Beyond Topographic Imaging

10.1
Introduction

Any major microscopy aspires to be a technique that supplies more than topo
graphic images. Phase imaging and some multifrequency AFM approaches are
examples of the capability of amplitude modulation AFM to convey material
properties that go beyond topography. In this chapter, scattering near field optical
microscopy, topography and recognition imaging, and AFM oxidation nanolitho
graphy illustrate the versatility and some future applications of amplitude modu
lation AFM.

10.2
Scattering Near-Field Optical Microscopy

The invention of the STM stimulated a strong research activity toward developing an
optical microscope that could break the Abbe�s diffraction based resolution limit of
about l/2 [1 7]. From this activity emerged the scanning near field optical micro
scope (SNOM). Near field optical microscopy can be performed with a metallic
aperture that confines and transmits the near field emitted light [4, 5] or with an
apertureless probe where the probe acts as a scatter center [6 8]. For a number of
years, progress on near field microscopy was slow because of a combination of
practical and fundamental factors. It was hard to fabricate reliable probes and the
signal to noise ratio was far from optimum. The use of amplitude modulation AFM
in scattering SNOM (s SNOM) has been a key factor in improving the signal to noise
ratio, the spatial resolution, and the sensitivity [9 12]. Figure 10.1 shows the main
elements of an s SNOM.

In scattering near field optical microscopy, the probe (tip) is polarized by an
incoming electric field Ei perpendicular to the surface. The polarization of the tip
induces an image dipole on the sample, which in turn induces an electrical field on

Amplitude Modulation Atomic Force Microscopy. Ricardo García
Copyright � 2010 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim
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the tip (Figure 10.2). Keilman and Hillenbrand have found that the effective result is
the presence of a scattered field given by [10]

Es ¼ aeffEi ð10:1Þ

with the effective polarizability defined as

aeff ¼ atð1þ bÞ
1 atb

16pðdþRÞ3
ð10:2Þ

A0cosωt

mirro
r

detecto
r

laser

Figure 10.1 Scheme of s SNOM. A focused
light beam illuminates the tip surface interface
of an amplitude modulation AFM. By recording
the scattered light in the backward direction, an
optical image is generated. The tip oscillates at a

frequency v. As a consequence, the near field
optical signal becomes modulated at the
harmonics of tip�s excitation frequency. Adapted
from Ref. [9].

t

s

d

Figure 10.2 Scheme of the electromagnetic interaction in scattering near field optical microscopy.
The tip is replaced by a point dipole that induces an image dipole on the sample.
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and

at ¼ 4pR3 et 1
et þ 2

; ð10:3Þ

b ¼ es 1
es þ 2

: ð10:4Þ

The scattering light depends on the tip and surface dielectric constants at the
wavelength of the incident light, the tip�s radius, and the tip sample distance d.
The dielectric properties of the tip and its geometry remain unchanged during the
experiment. Thus, the scattered light reflects changes in the dielectric properties of
the surface and the tip surface distance. The probing region is the gap between the
tip apex and the sample. A critical issue in scattering near field optical microscopy is
the presence of a strong background scattering. The intensity of the background
scattered light is significantly larger than the scattered light coming from the regions
of the tip closer to the sample surface because the laser spot is much larger than the
probing region. As a consequence, the scattering light that carries information on the
sample properties is buried in the background scattering.

The use of amplitude modulation AFM as a probe for SNOM has provided a
solution to the above problem. Amplitude modulation AFM generates a sinusoidal
variation of the gap distance with time; this in turn produces a strong modulation of
the near field scattering. This is in contrast with the scattered light that emanates
from the shaft of the tip that is barely modulated and therefore can be electronically
eliminated from the detector signal. By taking the Fourier transform, the demodu
lated components of the harmonic components nv can be obtained.

The capability for material recognition and conductivity mapping of scattering
SNOM is exemplified by imaging the cross section of a metal oxide semiconductor
contact [11]. The infrared s SNOMimages show a rich and distinctive contrast among
all the components of the device. On the other hand, the AFM topographic image
shows no hint of the device structure (Figure 10.3). The s SNOM image reveals theW
contact, the interface between Si and SiO2, and the presence of a very thin layer of
Si3N4 (�10 nm). From its FWHM (�30 nm), a spatial resolution of l/333 with
l¼ 10.8mm can be estimated. It is interesting to note that the near field amplitude

W

I2

SiO2

Si

ϕ2 image

doped SiSi3N4

topography

Figure 10.3 Topography and infrared s SNOM
image of a cross section of a metal oxide
semiconductor contact. The topographic image
of the polished cross section shows no hint of

the device structure (left). The infrared
amplitude (middle) and phase (right) images
show both distinct material and doping
contrasts. Adapted from Refs [11,12].
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and phase shift images carry complementary information. The highest infrared
amplitudes occur at themetallic parts (W), while the phase contrast is more sensitive
to changes in the doping concentration of the semiconductor.

10.3
Topography and Recognition Imaging

The force sensitivity together with the straightforward approach to capture force
distance curves has been exploited to develop a method to measure inter and
intramolecular interactions [13 21]. The method requires it to attach on the tip�s
surface a molecule (ligand) that has specific interactions with some molecules
deposited on or belonging to the sample surface (receptor molecules). Molecule
force spectroscopy is performed with a force microscope operated in the contact
mode.Usually, single molecule force spectroscopy experiments are not accompanied
by high spatial resolution images.

The use of functionalized tips in amplitude modulation AFM has led to the
development of an imaging method that combines the sensitivity of force spectros
copy to detect specific interactions with the high resolution imaging of AM AFM in
liquid. The method developed by Hinterdorfer and coworkers is known as topog
raphy and recognition imaging (TREC) [22 25]. This method requires it to split the
oscillation into its top and the bottom parts. The bottom part is used to run feedback
that generates the topography, while the top part is used to detect the presence of
molecular recognition events (Figure 10.4).

Figure 10.5 shows an image of the specific binding events between the antibiotin
antibodies and a biotin molecule attached via a distensible linker to a magnetically
coated silicon nitride tip [26]. The topographic image (Figure 10.5a) reveals several
antibodies deposited on top of pentacene islands. In the recognition image
(Figure 10.5b), the binding events appear as black dots. The cross section along
the white lines marked in the topography and recognition images shows that the
recognition event is associated with a sudden decrease in the upper part of the
oscillation. A comparison between the topography and the recognition cross sections
indicates that some changes in the topography are not associatedwith binding events.

TREC relies on a subtle property of the cantilever dynamics in liquid. The tip�s
oscillation is asymmetric in the absence of specific interactions (Chapter 6). The

Figure 10.4 Scheme of the signal processing in topography and recognition imaging. The
oscillation signal is split in its top andbottomparts. The top is used for recognition, while the bottom
enters the feedback loop to generate the topography. Adapted from Ref. [23].
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repulsive tip surface forces modify more strongly the shape of the lower part of the
oscillation than its toppart. In contrast, when a tip tethered ligandbinds to amolecule
on the sample surface, the molecules and the tether are stretched during the upward
movement of the tip. The stretching involves the transfer of mechanical energy from
the cantilever to the molecule. This loss in the mechanical energy of the cantilever
produces a decrease in the top peaks of the oscillation. A successful TRECexperiment
requires using a peak to peak amplitude value smaller than the combined length of
the molecules and the linker.

10.3.1
Tip Functionalization

The biological ligands are not directly attached to the tip. They are tethered to a linker
that is, in turn, attached to the tip [27]. The use of a linker is advantageous because it
reduces the occurrence of multiple binding events. It is also useful in exploring
several orientations of the ligand with respect to the receptor to enhance the
probability of a binding event. The main steps of the tip�s functionalization process
are shown in Figure 10.6. First, the tip�s apex is amine functionalized with amino
propyltriethoxysilane (APTES)molecules by a vapor phase depositionmethod. In the
second step, a linker is attached to the tip. Polyethylene glycol is a common linker in
force spectroscopy. The linker is functionalized at both ends in order to be attached to
the tip and to attach a ligand to it. AnN hydroxysuccinimide ester on one endprovides
a way to form a stable bond with the amine terminated tip. The other functional
group depends on the ligand. For example, an aldehyde group is suitable to form an
amide bond with the amino groups present in many proteins.

Figure 10.5 Topography (a) and recognition
(b) imagesof antibiotin antibodies depositedon
pentacene monolayer islands. The respective
cross sections are taken along the white lines

marked in the top images. A recognition event
produces a sharp depression in the top part of
the tip�s oscillation. Adapted from Ref. [26].
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10.4
Nanofabrication by AFM

There is an astounding variety of tip based nanofabrication methods to pattern
surfaces [28 42] or to make nanoscale devices [43 51]. In many of them such as
nanomaching, thermomechanical writing, or dip pen nanolithography, the AFM is
used in the contact mode. However, AM AFMmakes a difference in AFM oxidation
nanolithography by improving the reproducibility of the patterning process and
reducing the minimum feature size [52, 53].

10.4.1
AFM Oxidation Nanolithography

Versatility and reproducibility are some of the features that characterize AFM
oxidation. These features, together with an astonishing variety of materials ame

Figure 10.6 Scheme of tip�s functionalization
for a topography and recognition experiment.
The first step involves the preparation of an
amine terminated tip. In the second step, a

linker is attached at the end of the tip. In the last
step, a ligand is attached to the linker. Adapted
from Ref. [27].
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nable to anodic oxidation, explain the prominence of this method. Local oxidation
patterns can be fabricated with either an STM or an AFM; however, it has been in
combination with amplitude modulation AFM where oxidation nanolithography
hasreachedits resolutionandpatterninglimits.AFMoxidationnanolithographyhas
severalnames.Sometimes, it is calledAFMnanooxidationorAFManodicoxidation.
In some cases, more generic names such as local oxidation or scanning probe
oxidation are used.

In AFM oxidation, the tip is used as a cathode and the water meniscus formed
between the tip and the surface provides the electrolyte. The condensation of a
watermeniscus in the tip surface interface is usually driven by the application of an
electrical field [53, 54]. The result is the formation of a nanometer size electro
chemical cell (Figure 10.7). In AM AFM, it is possible to control the meniscus

Figure 10.7 Scheme of AFM oxidation
nanolithography (top panel). The bottom panel
shows the tip�s oscillation during AFM
oxidation. Each point indicates the
instantaneous value of the deflection. The
oscillation appears as a forest of points because
the period of the oscillation is shorter than
the pulse duration. (I) Before the application

of the voltage pulse. (II) The application of the
pulse deflects the tip toward the sample and the
amplitude is reduced. (III) The amplitude
remains damped once the pulse is off. This is
indicative of the formation of a water meniscus.
The voltage pulse is plotted in thick black.
Adapted from Ref. [55].
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diameter down to 10 20 nm by changing the tip surface gap distance [55]. This has
led to the reproducible fabrication of sub 10 nm structures in Si and even smaller
structures in titanium films. In contact AFM oxidation, the water meniscus size is
defined by the tip�s radius, the relative humidity, the temperature, and the surface
energies.

A large number of materials have been oxidized with the force microscope,
including silicon, compound III V semiconductors, and silicon carbide; several
metals such as titanium, tantalum, aluminum,molybdenum, nickel, and niobium;
perovskite manganite thin films; dielectrics such as silicon nitride films; and
organosilane self assembled monolayers, dendritic objects, and carbonaceous
films.

The kinetics of the oxidation process is dominated by the electrical field and the
diffusion of the oxyanions [56, 57]. Very high fields of 1 5V/nm are present during
the oxidation process. As a consequence, the local oxide retains some trapped
charges. The dot size depends linearly on the voltage strength, but the dot height
shows a power law dependence of the type

h � ðt=t0Þc; ð10:5Þ

where c is in the 0.1 0.3 range. Voltage pulses usually change from experiment
to experiment, but they are in 10 30 V and 0.005 1 s range, respectively. The local
oxidation process is accompanied by an extremely small current. The value
depends on the final dot size. Common values are in the subpicoampere
regime [56].

The use of the noncontact regime in AFM oxidation has resulted in enhancing
the tip�s lifetime, which in turn has improved the repeatability of the process
(Figure 10.7). AFM nanolithography requires switching between imaging and
patterning modes.

The dynamics of the tip oscillation can be followed in real time (bottom panel in
Figure 10.7). Stage (I) shows the tip�s oscillation in the imaging mode. The
application of a voltage pulse has two effects (II). It modifies the average value of
the deflection by approaching the tip toward the sample. It also reduces the value of
the amplitude. It is interesting to observe that once the pulse is off, the capillary force
prevents the amplitude to reach its imaging value (III). It is only when microscope
returns to the imagingmode that themeniscus is broken and the amplitude recovers
its initial value.

10.4.2
Patterning and Devices

AFM oxidation enables the direct fabrication of three elements, dielectric barriers,
masks for selective etching, and templates. A combination of these elements allows
the fabrication of a wide range of patterns, molecular architectures, and devices. In
some cases, the AFM is used in combination with other techniques such as
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photolithography, electron beam lithography, or plasma etching. The smallest
features of the device are fabricated by AFM oxidation.

A remarkable application of AFM oxidation nanolithography is the fabrication of
templates for the growth of molecular architectures [30, 34, 58]. Template growth is
achieved by controlling and directing electrostatic interactions. Figure 10.8 shows the
formation of an array of parallel strings of ferritin molecules [58]. The nanoscale
organization of ferritin molecules involves four steps. First, the silicon surface is
functionalized with an octadecyltrichlorosilane (OTS) monolayer. This replaces the
OH groups that dominate the native silicon surfaces in air with a methyl terminated
( CH3) surface. Second, a region of the functionalized surface is locally oxidized.
This process removes the OTS monolayer. Third, the sample is immersed in an
APTES solution. Thus,we have generated a heterogeneous region that, at neutral pH,
has positively charged stripes (APTES) and neutral regions (OTS). The last step
involves the deposition of the proteins. The comparison between the nanopattern
before and after the deposition of the proteins illustrates both the preferentiality and
the selectivity of the deposition process. The attractive interaction between the
positively charged stripes and thenegatively chargedproteins gives thepreferentiality
in the deposition process.

The fabrication of silicon nanowire field effect transistors illustrates the ability
of AFM oxidation nanolithography to fabricate nanoelectronic devices. Local
oxidation defines a narrow silicon dioxide mask on top of a silicon on insulator
substrate. The mask, a long and narrow stripe of silicon dioxide, is fabricated by
applying a sequence of voltage pulses between the AFM tip and the silicon surface.
The next step involves the etching of the unmasked silicon by plasma etching.
After etching, the nanowire is contacted to micrometer size platinum source and
drain contacts.

Figure 10.9 shows a nanowire that in its narrowest section is about 14 nm in width
and 36 nm inheight [52]. In thisfigure, the Si nanowire has a sectionwith the shape of

Figure 10.8 Nanoscale organization of ferritin
molecules. AFM image of a parallel array of
silicon oxide lines fabricated by AFM oxidation
(left). Image of the distribution of the proteins

on the nanopattern. The AFM image shows the
ferritin aligned along the oxide lines. The width
of the line matches the size of a single ferritin
molecule (�12 nm). Adapted from Ref. [58].
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the term �NANO,� that is, it includes linear and circular elements. The presence of a
gate electrode transforms the nanowire into a nanoscale field effect transistor. The
output characteristics of the transistor are shown in the bottompanel. At low voltages,
the nanowire shows an ohmic response.

Figure 10.9 Image of a Si nanowire transistor
fabricated by AFM oxidation nanolithography.
The nanowire combines linear and circular
regions (top panel). The output characteristics

of the Si nanowire field effect transistor are
shown in the bottom panel. Adapted from
Ref. [52].
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