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Atomic force microscopy (AFM) has been useful to investigate materials performance, processes,
physical and surface properties at the nanometer scale. In addition to the standard AFM, which measures
surface topography, many accessories have been developed to obtain specific additional information. In
this chapter, we shall concentrate on atomic force spectroscopy (AFS), which derived from AFM and is
used to measure surface forces through force curves. The latter curves have become an important tool to
study materials properties, such as elasticity, surface charge densities and wettability. With AFS one
probes interactions at the nanometer scale, especially van der Waals interactions and double-layer forces.
A brief theoretical background is included, and we comment on the large variety of measurements
involving AFS.
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1. Introduction

The learning of atomic and molecular scale concepts in chemistry and physics may be impaired by the
difficulty of many students in visualizing atoms and molecules [1,2]. Such abstract concepts may now be
studied with hands-on experience [3] if students become familiar with state-of-the-art microscopy tech-
niques. Of special relevance are the scanning tunneling microscope (STM) [4], the atomic force
microscope (AFM) [5], and the family now referred to as the scanning probe microscopes (SPM), which
are based on various types of interactions, e.g. ionic repulsion, electrostatic, van der Waals, magnetic,
frictional interacions [6]. This family of SPM microscopes shares certain features: there is a probe and a
surface that are brought into close proximity and then scanned relative to each other by means of
piezoeletric devices. Suitable detection circuity is required to monitor the interaction between the tip and
the surface. The nature of the interaction to be investigated defines the type of SPM.

AFM studies can be divided into topographical applications (imaging modes) [7,8] and force curves or
so-called atomic force spectroscopy (AFS), in which forces are measured as a function of distance
[9,10]. The first group consists in getting an image of the sample surface to observe its structural or
dynamic features. It has been applied to a variety of surfaces including semiconductors [11], biological
systems [6,12,13], nanostructures [14] and polymers [15,16], with resolution reaching the nanometer
range and in some instances the atomic scale. The second approach, AFS [17], allows one to study inter
and intramolecular forces, and manipulate samples following dissection, dragging and cut. AFS has been
used to study biological systems [18,19], polymers [20,21] and interfacial phenomena in various sytems
[9,22-24].

The aim of this review is to provide a glimpse of the potential and limitations of AFS, especially for
applications in materials science to study surface forces.
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2. Atomic Force Microscopy (AFM)

This section briefly introduces the basic elements of an AFM and its principle of operation. In AFM, one
scans the sample surface with a sharp probe or tip, situated at the apex of a flexible cantilever that is
often a diving board or V-shaped, usually made of silicon. The AFM utilizes a piezoelectric scanner that
moves the sample in 3 dimensions by a subnanometer amount when a voltage is applied (Fig. 1a). To
form an image, the tip is brought close to the sample and raster-scanned over the surface, causing the
cantilever to be deflected due to probe-sample interactions. A line-by-line image of the sample is formed
as a result of this deflection, which is itself detected using laser light reflected off the back surface of the
cantilever onto a position-sensitive photodiode detector [25,26]. Forces acting between the sharp probe
(tip) placed in close contact with the sample result in a measurable deformation of the cantilever to
which the probe is attached. The cantilever bends vertically upwards or downwards because of repulsive
or attractive interactions, respectively. The forces acting on the tip vary, depending on the sample nature,
imaging mode and conditions used in the measurements.
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Figure 1. (a) Schematic representation of the main components of an atomic force microscope (AFM) and (b) illus-

trative force vs distance curve between the scanning tip and sample that reflects the main interaction during AFM
measurements. The ranges of AFM regimes are indicated.

In AFM, a number of imaging modes are available [27,28]:
Constant force imaging: during the scanning process, the force between the probe and the surface
is kept constant by maintaining a constant cantilever deflection with a feedback loop controlled
by the computer. The displacements of the probe relative to the surface required to keep the force
constant are amplified to generate an image. This is the most common mode of operation;
Constant height mode: the probe is positioned close to the surface. During scanning, the deflec-
tions of the cantilever are measured and amplified in order to produce an image. Because the
feedback loop is disconnected this mode of operation permits higher scan rates;
Constant force gradient mode: this mode of operation can be used to detect small attractive
forces. The cantilever is excited at its resonant frequency and interactions between tip and the
sample alter the resonant frequency. Such effects are measured and used to generate images of the
sample;
Intermittent contact mode (Tapping mode): In the tapping mode, the cantilever is excited by an
electrical oscillator to amplitudes of up to ca. 100 nm, so that it effectively bounces up and down
(or taps) as it travels over the sample. The oscillation amplitude is measured as a root mean
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square (RMS) value of the deflection detector signal. The feedback system is set to detect the per-
turbation on the oscillation amplitude caused by intermittent contact with the surface.

A three-dimensional image of a surface is obtained with AFM under the assumption that the interac-
tion between tip and sample as function of separation is the same at all points on the surface; thus any
given force corresponds to a particular separation. Fig. 1b represents the tip-sample interaction force
(F(D)) with the ranges of AFM operation modes. At short distances, the cantilever mainly senses intera-
tomic forces: the very short range (= 0.1 nm), repulsive forces, and the longer-range (up to 10 nm), van
der Waals forces. At very small tip-sample distances, a strong repulsive force appears between the atoms
of the tip and those of the sample. This repulsive force occurs between any two atoms or molecules that
approach so closely that their electron orbitals begin to overlap. It is thus a result of the Pauli Exclusion
Principle [29]. When this repulsive force is predominant in an AFM set-up, tip and sample are consid-
ered to be in “contact” (regime of contact mode).

The total intermolecular pair potential is obtained by assuming an attractive potential, (C1 / D"), and a

repulsive potential, (C2 / D”). Superimposing the two gives an expression for the well-known Lennard-
Jones potential: {7 = c,/p?-c,/D*, where C; and C, are the corresponding coefficients for the attrac-

tive and repulsive interactions.
This force sensing ability means that AFM can be also used for measuring surface forces, as will be
described in Section 3.

3. Atomic Force Spectroscopy (AFS)

Atomic force microscopy can be used to determine - at every location of the sample - the dependence of
the interaction on the probe-sample distance [30]. To determine the spatial variation of the tip-sample
interaction, force curves may be recorded at a large number of locations with atomic force spectroscopy
(AFS). Using AFS it is possible to obtain the following pieces of information: (i) magnitude of the force
which depends on long-range attractive and adhesive forces, (i7) point of tip-sample contact, (iif) tip-
sample contact area, and (iv) elastic modulus and viscoelasticity of thin and thick films. For more details
see reference [27,31,32].

3.1 Local Force Spectroscopy (LFS)

With commercially available cantilevers, AFM may be used to measure forces accurately down to ~ 10
pN [33]. Hence, it is possible to investigate complex inter — and intra-molecular interactions, and the
ranges, magnitudes and time-dependence of rupture forces, as well as the mechanical properties of mole-
cules and the strength of individual bonds [34,35]. There are several features of AFM that make it ideal
for force sensing, including: sensitivity of the displacement of ca. 0.01 nm; small tip-sample contact

area Of about 10 nm’, and the ability to operate under physiological conditions [36]. In order to analyze
force-mapping experiments, one has to understand how single-point force-distance curves are obtained
and the information provided regarding tip-sample interaction.

In local force spectroscopy (LFS), the force curve is determined at a particular location on the sample
surface. This method is shown schematically in Fig. 2. At the first stage of cycle (A), a large distance

separates the tip and the sample, there is no interaction between them and the cantilever remains in a
noninteracting equilibrium state. As separation decreases, the tip is brought into contact with the sample
at a constant speed until it reaches a point close to the sample surface. As the sample moves towards the
tip various attractive forces pull on the tip (long and short range forces). Once the total force acting on
the tip exceeds the stiffness of the cantilever it jumps into contact with the sample surface (jump-to-
contact) (B-C). At point (D), the tip and sample are in contact and deflections are dominated by mutual
electronic repulsions between overlapping molecular orbitals of the tip and sample atoms (A - D is the
approach curve). In this region, which is typically linear, the elastic properties of the sample can be
measured. The subsequent sample deformation is consistent with elastic asperity deformation and/or the
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presence of a thin contamination layer. The slope of the curve in the contact region is a function of the
elastic modulus and geometries of the tip and sample, and will only approach unity for rigid systems [37-
39].
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Figure 2. (a) Force-displacement curve on a conducting polymer (poly-o-ethoxyaniline) illustrating the points where
jump-to-contact (approach) and jump-off-contact (withdrawal) occur and the maximum values of the attractive
forces (pull-on force and pull-off force) (adapted from the [40]).

Given a calibrated sensor response, the shape of segment (C-D) indicates whether the sample is

deforming in response to the force from the cantilever. This slope can be used to infer the sSample hard-
ness or indicate a differing sample response at different loading charges, which result from a transition
from elastic to plastic deformation. The segment (D-E) represents the reverse of segment (C-D). If both
segments are straight and parallel to each other, there is no additional information content. If they are not
parallel, the hysteresis gives information about the plastic deformation of the sample [41].

During withdrawal, adhesion or bonds formed during contact with the surface cause the tip to
adhere to the sample up to some distance beyond the initial contact point on the approach curve (E-F).
As the piezotube continues retracting, the spring force of the bent cantilever overcomes the adhesion
forces, and the cantilever pulls off sharply, springing upwards to its non-deflected or noncontact position
(G). Finally, the tip completely loses contact with the surface and returns to its starting equilibrium posi-
tion (H) (D-H is the withdrawal curve).

Approach and withdrawal curves can be divided roughly into three regions: the contact line, the
non-contact region and the zero line. The zero line is obtained when the tip is far from the sample and the
cantilever deflection is close to zero (when working in liquids, this line gives information on the viscos-
ity of the liquid [32]). When the sample is pressed against the tip, this line may provide information on
sample stiffness. The most interesting regions of the force curve are the two non-contact regions, con-
taining the jump-to-contact and the jump-off-contact. The non-contact region in the approach curve gives
information about attractive (van der Waals or Coulomb force) or repulsive forces (van der Waals in
some liquids, double-layer, hydration, and steric force) before contact. This discontinuity (jump-to con-
tact) occurs when the gradient of the tip-sample force exceeds the elastic constant of the cantilever (pull-
on force). The non-contact region in the withdrawal curve contains the jump-off-contact, a discontinuity
that occurs upon withdrawing the sample and the cantilever elastic constant is greater than the gradient of
the tip-sample adhesive forces (pull-off force).
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A convenient way to measure forces accurately is to convert them into deflections of a spring, accord-
ing to Hooke’s law:
F=-k Az (1

where the deflection Az is determined by the acting force F and the spring constant of the cantilever, £,.
Although cantilevers have spring constants defined by the manufacturer, the actual spring constant may
deviate from this value by an order of magnitude. It is therefore necessary to determine the spring con-
stant experimentally. This may involve determining the resonant frequency of the cantilever before and
after adding a small mass to the tip [42] and measuring ascertaining the unloaded resonant frequency
considering the cantilever’s density and dimensions [43], or thermal fluctuation of the cantilever [44,45].

In Eq. (1) the acting force leads to a total bending Az of the cantilever and surface. The real probe-
sample distance is then given by:
d=z-Az 2

where z is the distance between the sample surface and rest position of the cantilever and Az is the sum
of the cantilever deflection, 5C , and sample deformation, 55 [32]. Since one does not know, in advance,

the cantilever deflection and the sample deformation, the distance that can be controlled is the displace-
ment of the piezotube. Therefore, the raw curve obtained with an AFM should be named “force-
displacement curve” rather than “force-distance curve” [32]. This latter term should be employed only
for curves in which the force is plotted vs the true tip-sample distance. Fig. 3a shows a force-distance
curve obtained in aqueous solution to detect hydration forces on thin films of conducting polymers, e.g.
polyanilines (PANI). The force-distance curve or deflection-distance curve of Fig. 3a features a repulsive
force at a distance ~ 9 nm of the sample, which is attributed to hydration forces. This type of interaction
was also detected by force-displacement curves on PANI derivatives, i.e., poly(o-ethoxyaniline) (POEA)
films [46]. Once the optimum conditions were established, the interactions were monitored in situ using
the setup illustrated in Fig. 3b, with force curve measurements being obtained immediately after the
injection of contaminants.
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Figure 3. Typical force-distance curve (approach curve) for POEA film in aqueous solution with concentration of
CuSoy of 2.5 mol L'; (b) Schematic diagram of the experimental setup used for in situ AFS. Using this setup, the
liquid can be injected into or removed from the liquid cell without perturbing the system.

The evolution of curve forces with time is also important for the analysis of environmental sensors
[47]. AFS experiments in solution showed that water ages upon exposure to air. Fig. 4a is a typical force
curve obtained for a mica surface (pH = 7.0) in a cell filled with pure water, which result in van der
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Waals interactions for short times (<1h). The presence of impurities in the cell affected the force curves.
For longer times, repulsive double-layer forces dominate (Fig. 4b) until the force curve is practically
purely repulsive (t”). Ageing of the water is accompanied by a decrease in pH, which then increases the
charge of the silicon nitride tip (whose isoelectric point is pH 6.3), whereas mica is negatively charged.
The net result is an increase in the repulsive, double-layer force.
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Figure 4. Typical force curve for an AFM tip and mica sample immersed in water and (b) schema (approach curves)
showing water ageing for various periods of time (increasing in the direction t<t’<t”). The difference between each
of two times, t - t’or t’- t” is 2h. ([47] Reprinted from Sensor Letters, Borato et al., 2006, with permission from the
American Scientific Publishers (ASP). All rights reserved).

32 Force Imaging Spectroscopy (FIS)

In the mid 1990s, the idea of collecting data from force-distance curves obtained from many points on
a sample was introduced to produce a map of the tip-surface interactions [48,49]. Layered imaging is an
SPM technique in which several measurements of cantilever deflection are made at each image pixel.
Each measurement is preceded by a deflection being read and the result stored. When all measurements
for the current pixel are completed, the process is repeated at the next pixel and so on through the
scanned area. The resulting spatial maps represent the lateral variation of adhesion force due to material
inhomogeneities and the surface topography [50]. The resulting three-dimensional data set may be dis-
played as in Fig. 5a. Each horizontal layer is an image representing the measurements taken throughout
the scanned area at a specified height z. Since several measurements are conducted at each pixel, the data
set can be also processed vertically to yield the force distance curve at each pixel. This Force Imaging
Spectroscopy (FIS) mode of AFM can thus be used to measure adhesion [51], hardness or deformability
of samples and surface charge heterogeneities [52]. Interestingly, many probe/sample interaction mecha-
nisms can be studied.

Fig. 5a shows an image of a submonolayer of intercellular adhesion molecule-1 (ICAM-1) in the ad-
hesion mode [53]. The authors showed that when the force set point was raised, a substantial increase
(25%) occurred in the number of bright pixels, indicating that the probability of reaching adhesive con-
tact was increased. During imaging of this surface in the adhesion mode, the force set point on maximum
force was changed. The image consists of 100 lines, and on line #50 the force set point was increased
from 60 to 80 pN, while on line #75 it was decreased to 40 pN. Adhesion maps can also be obtained with
AFS by measuring the vertical displacement of the sample—driven by the piezoscanner - and the deflec-
tion of the cantilever, with respect to its position at rest on several points of the surface [54]. Force
curves are digitally acquired at 100 points or more, equally spaced from each other over the scanned area
of the surface. For the map in Fig. 5b, each force curve comprised a row of a maximum of 250 data
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points acquired during the vertical movements of approach and retraction of the cantilever, and software
was used to create the adhesion maps.
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Figure 5. (a) Adhesion image (force range: 0-300 pN) ([53] Reprinted from Biophysical Journal, Willemsen et al.,
1999, with permission from the Biophysical Society). (b) Adhesion map illustrating the variability of adhesion
forces onto a polyaniline surface in contact with a pesticide (atrazine).

Furthermore, AFS allowed one to distinguish between nonspecific adhesion and specific interactions
(pesticide) as shown in Fig. 5b. This adhesion map was acquired with a thin film of POEA in contact
with atrazine for 2 hours. The interaction is not homogenous, as indicated by the adhesion map, and the
regions with higher forces are those that were probably most contaminated by atrazine, since the tip was
functionalized (self-assembled) with the protein bovine serum albumin (BSA) where the interaction is
higher and specific. This technique is known as Chemical Force Microscopy (CFM), which is further
detailed in Section 3.3. Interactions between pesticides and conducting polymers were also analyzed
through morphological changes [55].

AFS may be used to study nanoscale surface chemistry and morphology changes caused by different
chemical treatments. The adhesion maps in Fig. 6 show the distribution of adhesion force (F) magnitude
on sisal fibers [56]. Each adhesion map represents a scan range of 3 um and the adhesion distribution on
the surface is associated with the chemical heterogeneity of the surface. The force curve measurements
provided further information on the changes caused by benzylation of the sisal fibers. For more details,
see ref. [56].

(a) (b)
Figure 6. Adhesion force (F) maps (scan size: 3pum) of (a) sisal surfaces treated with 40% NaOH and (b) benzylated
sisal for 0.5 hour ([56] Reprinted from J. Nanosci. Nanotechnol., Leite et al., 2006, with permission from the Ameri-
can Scientific Publishers (ASP). All rights reserved).
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3.3.  Chemical Force Microscopy (CFM)

Adhesion is governed by short-range intermolecular forces, which can be controlled in many cases by
appropriate surface modification. This provides a specific chemical function on the probe surface, thus
leading to Chemical Force Microscopy (CFM) [57-61]. CFM has been used to evaluate the strengths of
specific forces of attraction directly and add chemical discrimination to a mechanical surface probe [62].
One possible way to functionalize the AFM tip is to cover it with an ordered monolayer of organic mole-
cules (a self-assembled monolayer) (Fig. 7a). The force of interaction can be estimated from the excess
force required to pull the tip free from the surface. Incidentally, the functionalization of the cantilever
surface is another methodology to be exploited in biosensors [63]. The development of CFM has enabled
the investigation of adhesion [64,65] and friction [66,67] between surfaces in close, molecular contact
and the measurement of nanometer-scale tribological phenomena [68]. Fig. 7b shows the schematic dia-
gram of a functionalized surface with an enzyme (shikimate kinase) [69], used to evaluate the competi-
tive binding interactions between an enzyme immobilized on the tip and two ligands, one immobilized
on a surface and the second in free solution. The authors showed that adhesion forces arise predomi-
nantly from specific interactions between the immobilized enzyme and surface-bound adenine derivative.
The binding of three pairs of specific antigen/antibody systems was studied, namely: BSA, tobacco etch
virus capsid protein, and tobacco mosaic virus capsid protein and their respective antibodies [70]. The
authors managed to monitor the antigen/antibody binding process in situ in real time.
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Figure 7. (a) Schematic diagram of the CFM experiment, showing an enzyme bound to the AFM tip ([69] Reprinted
from Biophysical Journal, Fiorini et al., 2001, with permission from the Biophysical Society) (b) Schematic diagram
of protein immobilization and antigen/antibody complex formation ([70] Reprinted from Langmuir, Browning-
Kelley et al., 13, 343, ©1997 with permission from Elsevier).

3.4.  AFM Colloidal Probe Technique

The identification of the factors controlling adhesion and the possible development of adhesion-free
surfaces can potentially benefit from direct measurements of the strength of adhesive interactions. A
number of studies have been carried out using the surface force apparatus technique (SFA) [71]. How-
ever, SFA requires molecularly smooth cylindrical samples with a radius of the order of 1 cm. Thus,
AFM has provided an alternative for measuring surface forces, which does not require a large smooth
cross section. Of special interest is the use of colloid probes, formed by attaching a single particle in the
size range 1-20 um to the cantilever [72-74]. This technique, known as the “colloid probe technique”,
was first devised by Ducker [75]. A recent development is the application of the colloidal probe tech-
nique to study interactions between a colloidal particle and a bubble [76]. The technique allows the
measurement of forces between surfaces of known geometry in a way that facilitates the theoretical
analysis of the results. An example of a cantilever with an attached particle is shown in Figure 8, with a
silica microsphere glued to the end of an AFM tip. The glue must be insoluble in the solvent in which
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interactions are going to be studied, and it should be rigid so that the deformation during the measure-
ment is minimized [77].

10 um
Figure 8. (a) Scanning electron micrograph of silanized silica microsphere glued to the end of a tipless AFM canti-
lever ([77] Reprinted from Particle & Particle Systems Characterization, Kappl et al., 2002, with permission from
the Wiley-VCH Publishers, Inc.)

Bowen et al. [73] used AFM to quantify the adhesive interaction between a silica sphere and a
planar silica surface and found that the adhesion of such surfaces is a complex phenomenon, with non-
DLVO (Derjaguin-Landau-Verwey-Overbeek) interactions probably playing an important role. AFM tips
comprising well-defined silica colloidal particles have been used to measure the adhesion of lactose
carriers [78], and to obtain maps of adhesion between an individual lactose particle and gelatin capsules
[79].

4. Final Remarks

Atomic force spectroscopy (AFS) has become one of the most important techniques of the family of
surface probe microscopes (SPMs), for it allows the investigation of surface forces at the nanometer
scale. Strong binding of some biologically-relevant molecules, for instance, can now be probed at the
molecular level. The possibility of generating adhesion maps has also brought unprecedented informa-
tion about heterogeneities on sample surfaces with nanometer resolution. This also permits investigations
on surface contamination, especially in cases of submonolayer coverage.

In this chapter we mentioned a number of applications for AFS in several fields. Perhaps its largest
impact will be in nanotechnology, since in the nanoscale the relative importance of the different forces is
changed completely. While in the macroscopic world van der Waals forces are not strongly manifested,
they are the prime component for intra- and intermolecular interactions. Moreover, AFS is today the
most important technique to study van der Waals interactions and adhesion forces. The brief results pre-
sented in this chapter demonstrate the range and the complexity of the subject and they bring out the
importance for investigations in the field of nanoscience and nanotechnology, due to the challenges as
well as the wealth of information that, which can be derived from the experiments, as well as from theo-
retical models.
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