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Chapter 1
Principles of Atomic Force Microscopy

Wanxin Sun

Abstract Clearly understanding the working principles of different modes of
atomic force microscopy (AFM) is important for users to choose suitable measure-
ment modes for their research projects, optimize working parameters, identify arti-
facts, and interpret data. In this chapter, conventional imaging modes and force
modes will be discussed first, followed by the introduction of recent developments
in AFM quantitative nano-mechanical properties measurement.

Since it was invented three decades ago (Binnig G, Quate CF, Gerber C, Phys
Rev Lett 56:930-933, 1986), AFM has been becoming a more and more important
instrument in nano science and technology. The uniqueness of AFM is its capability
of providing nanometer spatial resolution in three dimensions while no vacuum or
contrast reagent is needed. AFM has been extensively used in virtually every branch
of science and engineering and contributes to many discoveries in nanomaterials,
such as the discovery of graphene. In recent years, AFM has been further developed
in three aspects. 1. conveying more material related information, such as mechani-
cal, electrical, magnetic and thermal properties at nanometer scale; 2. integrating
with different advanced optical techniques, including Raman, fluorescence, infrared
spectroscopy; 3. incorporating with environment control for life science and mate-
rial researches, such as temperature, liquid environment with pH and other ion
strength control, light illumination. With these developments, AFM has been
extending it applications beyond topographic imaging, such as polymer phase tran-
sition under different temperature, I-V characteristics in today’s semiconductor
devices, live cell dynamics under different chemical/mechanical stimuli, molecular
dynamics under different temperature and chemical environments.

On the other hand, the expanded capabilities of AFM make it difficult for users
to choose a proper measurement mode, suitable probes and optimize operation
parameters. Many efforts have been made to develop different smart scan modes,
including peak force tapping developed by Bruker, where software can tune opera-
tion parameters to achieve optimized image quality. However, it is still users’ task
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to choose measurement modes, identify artifacts, interpret data for their research
projects. All these need users to clearly understand the working principles of
different modes. In this chapter, conventional imaging modes and force modes will
be discussed first, followed by the introduction of recent developments in AFM
quantitative nano-mechanical properties measurement.

1 AFM Working Principles

In AFM, a sharp probe runs a raster scan across the sample surface with a position-
ing accuracy in sub-nanometer level. During the scan, the probe is moved up and
down by a feedback close loop to maintain a constant probe-sample interaction. The
vertical movements are recorded against XY position to form a surface topography
of the sample, as shown in Fig. 1.1. The nano positioning in an AFM is achieved by
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Fig. 1.1 Schematic diagram of an atomic force microscope. (The diagram is not in scale.) The
laser emitted from the laser diode is focused onto the end of the cantilever. The reflected laser beam
is redirected to a quadrant photodiode. The vertical and lateral movements of the cantilever is
detected by the photodiode. The feedback close loop is implemented in the controller. The com-
puter is used to setup parameters for the controller and collect data from it to form images
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piezoelectric scanners, where the movements in XYZ are driven by high voltages in
the range of hundreds of volts. Intrinsically, piezoelectric material does not response
linearly to the voltage applied. If linear voltages are applied to the scanner, the
recorded images are distorted by the nonlinear motion of piezo scanner. To correct
this issue, there are two prevailing methods in today’s AFMs. One is to add XYZ
position sensors to monitor actual movements of the scanner and correct the nonlin-
earity through a feedback close loop, where the voltages applied to the scanner are
tuned until the scanner reaches the desired positions. This method is usually called
close loop. Different position sensors have been developed for AFM, including
capacitive sensor, inductive sensor, strain gauge, and optical sensors. All of them
work well as long as they are implemented properly. The other approach is to model
the nonlinearity first, and then use nonlinear voltage to drive the scanner to obtain
linear movement. In this approach, a certified calibration grid is scanned by the
scanner with different scan speed, scan size, scan angle etc. After a series of images
are collected, the parameters in the model of scanner movement against applied
voltage and scan conditions are extracted by fitting all the images. This method is
usually called open loop. Traditionally, open loop is used for high resolution scan as
it does suffer from the added noise from the position sensors. With the advances in
sensor developments, close loop in today’s AFM can achieve similar high resolution
performance to open loop. Therefore, more and more users use close loop for rou-
tine sample measurement and open loop for atomic resolution measurement.

The commonly used AFM probes consist of a sharp tip and a micro cantilever, as
shown in Fig. 1.2. The radius of curve of the today’s AFM tip ranges from a few nm
to 30 nm, depending on fabrication process and their applications. The micro canti-
lever is 30—40 pm in width and 125-450 pm in length. The thickness ranges from a
fraction of pm to a few pm.

Fig. 1.2 Scanning electron
microscopic image of a
typical AFM probe,
consisting of a sharp tip
and a micro cantilever
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The cantilever works as a sensor to detect the probe-sample interaction. The
interaction between the probe and sample surface is complicating and many types
of forces are involved [2]. The detailed discussion about the origins of the interac-
tion forces is beyond the scope of this chapter. Only the aspects directly related to
AFM instrumentation and applications, for example, the magnitude of the overall
interaction forces, cantilever dynamics changes due to force gradient or energy dis-
sipation during probe-sample interaction, will be discussed. The normal force
between the probe and the sample is measured by the cantilever bending, which
simply follows Hook’s law,

F=kAz (1.1

where £ is the spring constant of the cantilever, Az is the cantilever bending in nm.

With a variety of cantilevers available commercially, AFM can measure forces
ranging from a few pN to hundreds of uN.

To measure the tiny bending or twisting of cantilever, an optical lever detection
scheme is well adopted in AFM, as shown in Fig. 1.3. The laser beam from a laser
diode is focused onto the end of the cantilever. The reflected beam from the cantile-
ver surface is redirected to a quadrant photodiode, which is usually called position
sensitive photodiode (PSPD) in AFM. When the cantilever bends vertically, the
direction of the reflected laser beam changes accordingly. Then the laser spot on the
PSPD shifts vertically. In the same way, the twist of the cantilever will cause laser
spot on PSPD move laterally. The position of the laser spot is measured by the out-
put of PSPD, i.e. ((A + B)-(C + D))/(A + B + C + D) is proportional to vertical posi-
tion. (A + C)-(B + D))/(A + B + C + D) is proportional to lateral position. The

Mirror

Fig. 1.3 Schematic diagram of optical lever detection system. The solid line drawing and dashed
line drawing are laser beams for two cantilever deflection states
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normalization to the sum signal of (A + B + C + D) is to eliminate the effect of
cantilever reflectivity. It is noted that the optical lever measures the angle of cantile-
ver deflection, not the displacement. Therefore, short cantilever is more sensitive to
detect deflection changes.

2 Contact Mode

In contact mode, the normal force, i.e. the vertical deflection of cantilever, is main-
tained at a constant during scan. When the probe scans across a protruding feature,
the cantilever is pushed up, generating an error in vertical deflection. To eliminate
this error, the controller will lift the probe until the error becomes zero. For a
recessed feature, the probe is lowered to eliminate the deflection error. With an opti-
mized feedback loop, the probe tracks the surface with a constant force to form the
topography of the sample. During the scan, lateral/frictional force always exists
between the probe and sample. Lateral force can form an image mapping the lateral/
friction force distribution across the sample surface, which is called lateral force
microscopy (LFM). This has been used to study self-assembled monolayer [3],
where different function groups show different frictional forces while their heights
are almost the same. While providing rich information about local friction, lateral
force also causes problems, for example, lateral force, if not controlled properly, can
cause damage to delicate samples and wear out the sharp tip. Take live cells as an
example, the measured Young’s modulus is in the magnitude of kPa. Force higher
than a few nN will cause significant deformation, which leads to low resolution,
damage of features and molecules on the cell membrane, and inaccurate morphol-
ogy. In addition, the force exerted by probe can also work as mechanical stimuli,
which may induce a series of responses of cells, including cytoskeleton, focal adhe-
sion complex etc. For biomolecules, large force may induce conformation changes.
For live cells, the force should be control from sub nN to several nN. For biomole-
cules, the force should be ideally controlled to lower than 100pN.

To achieve sub nN force control, cantilever spring constant is a critical parame-
ter. Softer cantilever deflects more under the same load, which is favorable for force
detection sensitivity. However, the thermal noise of cantilever and environmental
interference prevent users from using cantilevers with ultralow spring constant. For
example, cantilevers with a lower spring constant suffer more thermal drift with the
temperature variation. The heat generated by the AFM laser or microscope illumi-
nation often causes significant drift in deflection for cantilevers with spring constant
lower than 0.01 N/m, in the range of a few volts in the PSPD output. Besides tem-
perature, protein adsorption on the cantilever generates stress on one side, resulting
in observable deflection change, which has been used as a sensor for protein detec-
tion [4]. The drift in cantilever deflection causes instability in imaging. For example,
if the cantilever deflection increases with time, the probe will be lifted from the
sample surface gradually. This is because the increase in cantilever deflection means
higher repulsive force to the controller although it is caused by cantilever deflection
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drift only. The response of the controller is to lift the cantilever. The probe may not
track the surface anymore if the lift is significant, resulting in part of the image not
bearing any sample information. To overcome this issue, higher force must be set to
compensate the cantilever drift. Then the image is not obtained at a constant force.
Higher force in some part of the image will cause the deleterious effects discussed
above. Therefore, too stiff or too soft cantilever is not advisable for live cell imag-
ing. In practice, cantilevers with a spring constant between 0.01 N/m and 0.1 N/m
are usually good for imaging live cells. This kind of cantilever is made of silicon
nitride in V shape, as shown in Fig. 1.4. Silicon nitride is less reflective than silicon.
To increase its reflectivity, a thin layer of Au or Pt is coated on the backside of the
cantilever. The thermal expansion coefficient of metal is different from that of sili-
con nitride, making cantilever bend with temperature change. To relieve the thermal
drift, Bruker released a probe with Au coating only at the end of cantilever for laser
reflection, the rest of cantilever is uncoated. This probe is insensitive to temperature
change and good for cell imaging and force measurement.

AFM can image cells under pseudo physiological conditions with temperature
and chemical environment control. To image with AFM, cells must be attached to a
support surface. 50-70% confluence is a good trial for most cell types. Too low
concentration will make it difficult to locate a cell for AFM imaging. Too high con-
centration sometimes causes cells overlapping with each other or loosely attached.
A large number of cell types can adhere directly onto glass cover slip and plastic
ware, e.g. petridish, by normal cell culturing. Whenever needed, Bunsen burner
flame treatment [5] and adhesives [6, 7] can be used to enhance cell adhesion. The
commonly used adhesives include polylysine, collagen, laminin, Cell-Tak, and PEG
derivatives. To avoid debris or unattached cells sticking to the cantilever during
imaging, it is advisable to rinse the cell preparation with filtered medium or buffer
to remove the cell debris and unattached cells. To maintain the viability of cells,
today’s biological AFM is equipped with temperature control, CO, atmosphere con-
trol, gas purging, and perfusion apparatus.

Fig. 1.4 Scanning electron
microscopic image of a
typical silicon nitride probe
suitable for liquid imaging.
This kind of probe usually
has several cantilevers with
different spring constants
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As discussed previously, contact force is critically important for live cell imag-
ing. Force adjustment is achieved by changing a parameter called deflection set-
point, at which the cantilever deflection is maintained during scan by the feedback
loop. Larger setpoint means higher force. A force between 200pN and 500pN is a
good starting point to try for contact mode imaging. A scan rate of 0.5—1 Hz is usu-
ally used for cell imaging. In AFM software, the line profiles in both directions
(trace and retrace) are displayed. By adjusting the feedback loop gains and scan
speed, the trace and retrace profiles will overlap with each other. Higher feedback
loop gains make the probe tracking surface faster. On the other hand, oscillation will
happen if the gains are set too high. In real operation, increase the gains until slight
oscillation is observed. Then decrease the gains slightly to eliminate the oscillation.
The highest gains without oscillation are the gains desired. With light force, AFM
can produce the fine details on cell surface and accurate height of the cell. Accurate
cell height is important to measure cell volume change of neurons during apoptosis.
With large force, large deformation on the cell membrane is induced by the probe.
The probe can “feel” the hard cytoskeleton filaments, the deflection error image
provides rich information on cytoskeleton, as shown in Fig. 1.5. Researchers some-
times increase the force intentionally to get better contrast in cytoskeleton images.

In most time, the cantilever deflection baseline (deflection before the probe
touches sample surface) is not zero due to thermal drift or laser adjustment. We need
to consider the baseline when we set the setpoint. For example, if the deflection
baseline is 200pN, and we want to use 300pN force to image, then setpoint will be
500pN. Therefore, deflection baseline must be measured before imaging. Force-
distance curve is well accepted to determine the baseline. It will be discussed in
details in the force measurement section. Here we just briefly introduce how to use
force-distance curve to determine deflection baseline. After the cantilever is engaged
onto the sample surface, the XY scan is stopped and the cantilever is ramped up and
down at a specific point by the Z scanner. The cantilever deflection, which is propor-
tional to the force, is recorded against the Z position of the cantilever. The typical

Fig. 1.5 Cytoskeleton
revealed by deflection error
in contact mode

Deflection Error 20.0 ym
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Fig. 1.6 Force-distance curve measured on a live cell. The solid line records the cantilever bend-
ing with the probe approaching the cell. The dashed line records the cantilever bending with the
probe retracting from the cell. The retraction curve shows an adhesion force of about 150pN

force-distance curve on live cell is shown in Fig. 1.6. The flat region on the left is
the cantilever deflection when the probe is not in touch with sample. The average of
the flat region will be used as deflection baseline. After the force-distance curve is
measured and a proper setpoint is set, the AFM is switched back to imaging mode.

3 Tapping Mode

Tapping mode is also known as intermittent contact mode or AC mode, where the
cantilever is oscillated at its resonance frequency or slightly lower frequency. The
oscillation is usually driven by a small piece of piezoelectric material embedded in
the probe holder. The cantilever oscillation is measured by the changes in laser posi-
tion on PSPD. The resonance frequency is found by sweeping drive frequency and
finding the maximum oscillation amplitude. When the probe is brought to the sample
surface by the engaging mechanism, the interaction between tip and sample causes
decrease in oscillation amplitude and time lag between the drive signal and cantilever
oscillation. At the bottom-most point of each oscillation cycle, the tip contacts the
surface instantaneously. That is why tapping mode is also called intermittent contact
mode. The amplitude decreases further when the probe is brought closer to the sur-
face, and vice-versa. Thus, the amplitude is a direct measure of tip-sample interac-
tion and the probe is moved up/down during XY raster scan to maintain constant
amplitude. The up/down movements against XY position are recorded to form
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topography. The time lag is measured by the phase difference between drive signal
and cantilever oscillation. Both the amplitude and the phase lag are measured by a
lock-in amplifier in AFM. Phase lag is caused by the energy dissipation during each
oscillation cycle of the cantilever. When the probe contacts the sample surface, the
sample surface undergoes both elastic and plastic deformation, causing energy lost.
When it retracts from the sample surface, it often needs to overcome the attractive
force and adhesive force. The adhesive force is also a cause for energy lost. Phase lag
is related to viscoelastic properties of the sample. Phase lag mapping, also called
phase imaging, has been extensively used to differentiate different materials [8].

In practical AFM operation, the operation amplitude (amplitude setpoint) is cho-
sen at about 80% of the free cantilever amplitude. The origin of the phase shift is the
resonance frequency shift under tip-sample interaction. How much the phase shifts
depends on the material viscoelasticity and the operation parameters. Although
phase image has been used extensively in differentiating different materials, such as
phase separation in copolymer [9], there is ambiguity in material identification due
to its intrinsic nature that phase shift is affected by operation parameters as well as
material viscoelasticity. The contrast in phase image can be reversed under different
operation conditions. Under light tapping, phase contrast is caused by the adhesive
force sensed by the probe. With the increase in tapping force, the material deforma-
tion contributes more in the phase contrast. Therefore, the phase contrast under light
tapping originates from the adhesiveness, which is often affected by relative humid-
ity in ambient environment. In liquid environment, phase contrast under light tap-
ping has been used to recognize molecules [10]. Under hard tapping, the phase
contrast is the combination of adhesive force and material deformation.

Compared with contact mode, the probe contacts sample surface instantaneously
in tapping mode. The lateral force is negligible. Tapping mode is good for loosely
bound samples, which are easily pushed away by the probe in contact mode. In
general, biomolecules and nanoparticles are bound to a substrate loosely. For exam-
ple, proteins and DNAs are usually bound to mica by charges. In contact mode, the
image is not stable as the molecules move with probe during scan. Tapping mode is
well adopted for general imaging because it in general induces less sample damage
and tip wear, and generates sharper images than contact mode. However, tapping
mode is slower than contact mode if the same scanner is used. In principle, it is the
cantilever oscillation amplitude used to control the movement in Z direction in tap-
ping mode. Scanning across a recessed feature, such as a hole, it takes time in the
scale of milliseconds for the cantilever oscillation amplitude to increase. Therefore,
the cantilever dynamics is the bottleneck in tapping mode. No matter how fast the
scanner is, 1-2 Hz is usually used in tapping mode for rough samples. In contrast,
the deflection in contact mode changes about 1000 times faster than amplitude in
tapping mode. The bottleneck is the scanning mechanism rather than the cantilever
itself. For samples with large feature heights, such as cells, contact mode is pre-
ferred as it can scan faster over a large area.

Different cantilevers have different resonance frequency. For each cantilever
mounted into the instrument, its resonance frequency is usually determined by
sweeping frequency and searching the maximum oscillation amplitude, which is
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done by a function called “auto tune” in software. The viscoelasticity and density of
the medium surrounding the cantilever affect its resonance significantly. In aqueous
solution, the resonance frequency drops significantly compared with that in air. For
example, the resonance frequency in air of a commonly used silicon nitride cantile-
ver is around 5S0KHz, while it is about 15KHz in water. In air, the response curve in
“auto tune” shows a symmetric Gaussian profile and software can detect its reso-
nance frequency automatically. The same cantilever may show a forest of peaks in
aqueous solution. Traditionally, AFM users follow the guideline in the AFM manual
to choose a suitable frequency. However, with more and more probes are designed
for different applications, it may not be easy to find a recommended frequency in
manuals or references for new probes. In today’s AFM, thermal tune is usually
equipped to determine the cantilever spring constant. The details of thermal tune will
be discussed in the force measurement section. For the sake of easy reading, its prin-
ciple is briefed here. The thermal noise of the cantilever is measured with PSPD after
the tapping piezo is stopped. The power spectra density is calculated for different
frequency. Then the resonance frequency is clearly identified, as shown in Fig. 1.7.
The cantilever oscillation amplitude affects the imaging stability and resolution.
Larger oscillation amplitude is preferred for rough surface, and smaller amplitude is
preferred for high resolution. To make the data consistent and comparable among
different AFM instruments, it is desirable to use the same oscillation amplitude, at
least comparable if not the same. In practical operation, the amplitude measured by
PSPD and lock-in amplifier is a voltage. Different AFM may have different gain in
PSPD amplifier and different optical path in the optical lever detection scheme.
Therefore, the same voltage output from the lock-in amplifier may measure differ-
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Fig. 1.7 Power spectra density of a silicon nitride cantilever measured in water. The resonance
frequency in water is 15 kHz while it is 57 kHz in air
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ent oscillation amplitude. Then the scaling factor between voltage and amplitude in
nm, also called amplitude sensitivity, must be determined for each type of probe.
Here a simple method is described to determine the amplitude sensitivity, the same
method can also tell whether the frequency chosen is suitable for tapping mode
imaging in aqueous solution. Similar to the force-distance curve in contact mode,
the cantilever in tapping mode is ramped by the Z scanner while XY position is
fixed. The oscillation amplitude is recorded against the Z position, as shown in
Fig. 1.8. When the probe is far from the sample surface, the amplitude does not
change significantly with Z position. The slight decrease is caused by the damping
effect from the surrounding medium. The narrower the gap between the cantilever
and sample surface, the stronger the damping. Once the probe touches the surface at
the bottom-most point of each oscillation cycle (shown as mark A in Fig. 1.8), the
amplitude starts to decrease rapidly as it is pushed against the surface further. Mark
B is the position where the probe fully contacts the sample surface. The slope
between A and B is used to measure amplitude sensitivity in nm/V. The steeper the
slope, the better the cantilever for imaging as steeper slope means oscillation ampli-
tude is more sensitive to height changes in sample surface. When there are more
than one peaks in the tuning curve, the one with steepest slope should be chosen for
tapping mode imaging. The amplitude dropping 20% from the corner A is usually a
good setpoint.
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Fig. 1.8 Cantilever oscillation amplitude changes with the Z position in ramp mode. Point A
marks the cantilever starts to touch the sample surface at the bottom-most point in each oscillation
cycle. Before that, the oscillation amplitude does not decrease significantly. After that, the ampli-
tude decreases rapidly with further decrease in probe-sample distance, until the probe fully con-
tacts the surface, marked as B in the figure. The slope from A to B is used to determine the
amplitude sensitivity
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Regarding the optimization of feedback loop gains, the tapping mode is similar
to contact mode. As discussed earlier, cantilever deflection changes much faster
than oscillation amplitude. Contact mode can tolerate higher gains than tapping
mode. For example, the gains high enough to cause oscillation in tapping mode may
not cause any deleterious effect in contact mode. Optimization of gains is more
critical in tapping mode. The oscillation in feedback loop caused by high gains
results in noisy images or artifacts. If the gains are too low, the probe will not track
the surface properly, resulting in artifacts in images, increased tip wear and sample
damage. Therefore, experimental parameters must be tuned more carefully in tap-
ping mode. Among all the parameters, proportional gain, integral gain, setpoint and
scan rate are the top parameters to be taken care in tapping mode.

4 PID Feedback Loop

Due to its simplicity and robustness, proportional-integral-derivative controllers
(PID controllers) are well adopted in AFM feedback loops, including XY lineariza-
tion close loop and feedback loop used for topographic imaging. The principle of
PID controller and tuning procedure can be found in many text books on process
control [11] and articles [12]. Here, we just discuss briefly about its working prin-
ciple and the tuning procedure suitable for AFM. The schematic diagram of a PID
feedback loop is shown in Fig. 1.9.

When the interaction between the tip and sample changes, the output from the
optical lever detection system will deviate from the setpoint. The difference E(t) is
called error signal. It is logical that the adjustment in Z voltage, AV, should be pro-
portional to E(t), i.e. AV, = PE(t). If the proportional gain P is set too low, the
response of the system is slow also, and the tip cannot track the sample surface with
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Fig. 1.9 Schematic diagram of PID feedback loop, E(?) is the error signal
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a constant probe-sample interaction. If P is set too high, the system will oscillate. The
system with a proportional gain only is not sensitive to small error signals. Even the
error is small, its integration over time might be large if the error has the same sign.
For example, small steady error caused by smooth but slightly slant surface has the
same sign. In this case, the integration of error is used to eliminate the steady error.
For some small but sharp features, error signal is small but changes rapidly. The
proportional and integral components are insensitive to this kind of error. This kind
of error can be reduced if the derivative of the error signal is included the feedback
loop. Synthesizing the three components, PID feedback loop can be expressed as

AV, :PE(t)+I?E(t)dt+DdETEt) (12)

In order to obtain good AFM images and extend the tip’s life time, the PID
parameters must be optimized. The universal method for generic PID feedback loop
will not be discussed in this chapter. The tuning procedure described in this chapter
is adapted for AFM imaging.

1. Set the scan size to a few pm, say 1-2 pm, even the final scan size is tens of pm.

2. Increase the integral gain until slight oscillation or noise appears in the trace/
retrace profiles. The oscillation or noise can usually be eliminated by increase
the proportional gains gradually. If it cannot be eliminated, integral gain should
be decreased until oscillation/noise disappears.

3. Check the trace/retrace profile, if the probe cannot track the falling slope while
the rising slope is tracked properly, reduce the setpoint in tapping mode (or
increase the setpoint in contact mode) gradually to improve the tracking.

4. Reduce scan rate if the probe tracking cannot be improved further by reducing
setpoint. It should be noted that reducing scan rate must be taken as the last
choice because drift and environmental interference might be pronounced during
the long imaging time, resulting in distorted images.

5. Increase the scan size to the desired size. If the tracking becomes poor, repeat
step 2 to 4 until the image quality is acceptable.

To improve the resolution, sharper probe and less tapping force are always pre-
ferred. Less tapping force is usually achieved by smaller cantilever oscillation
amplitude. Therefore, 1/3 of normal tapping amplitude is usually used in molecular
imaging, e.g. DNA, protein, polysaccharide and other biomolecules. Fig. 1.10
shows a DNA image obtained in tapping mode.

5 Force Mode

In force mode, the AFM probe is ramped up/down by retracting/extending the Z
scanner and the cantilever deflection is recorded against Z position, forming a force-
distance curve. A typical force-distance curve measured on mica is shown in
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Fig. 1.10 DNA image
obtained by tapping mode
in buffer solution. The
image size is 2 pm. The
DNA height measured
from the image is more
than 2 nm, showing the
interaction force between
probe and sample is lower
than 300pN, otherwise the
height is in general less
than 2 nm
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Fig. 1.11 Force-distance curve measured on mica in ambient environment with a relative humid-
ity of 80%. The probe used is a silicon nitride probe (DNP, Bruker)

Fig. 1.11. Before the tip contacts the sample surface, the deflection is a constant,
shown as a flat baseline in the force-distance curve, i.e. the segment 1. When the
probe is close enough to the sample surface, the attractive force gradient may be
greater than the spring constant of the cantilever, snap in will happen, denoted as
2 in the graph. After the probe contacts the surface, the cantilever will bend up with
further push against the surface, shown in segment 3. When the preset force is
reached, the cantilever will retract from the surface, and deflection decreases accord-
ingly, shown as segment 4. The adhesion force between the probe and sample will
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pull the cantilever down further till the force generated by the cantilever is equal to
the maximum adhesion force, then the cantilever jumps off from the surface, shown
as segment 5, which is usually used to measure the adhesion force. The adhesion
force is often used to determine the binding force between antigen and antibody,
study surface hydrophobicity by measuring capillary force, and conduct molecular
recognition. In ambient environment, capillary force dominates the overall adhesion
force. The magnitude of capillary force is determined by the relative humidity and
surface hydrophobicity [13]. If the probe and sample are put into controlled envi-
ronment, interaction mechanism, e.g. the types of interaction force and how the
environment changes the interactions, can also be studied. In segment 3, the sample
undergoes deformation as well as the cantilever bends up. By studying the relation-
ship between sample deformation and force, material stiffness and modulus can be
obtained. If sample undergoes significant plastic deformation, segment 3 and 4 will
separate. To obtain modulus under that situation, segment 4 instead 3 will be used
to eliminate the effect of plastic deformation. The area enclosed by the different
segments is the energy dissipated during each ramp cycle. Material mechanical
properties, e.g. Young’s modulus, adhesion force, energy dissipation can be extracted
from the force-distance curve. In force mode, XY scan is stopped and no lateral
force is applied on the sample surface. Scratching on sample surface is rarely
observed, unlike contact mode, where the lateral force exists always. In today’s
AFM, ramps can be programmed at user defined positions or in an array, which are
usually implemented by “point and shoot” or “force volume”. A series of force-
distance curves can be used to construct the topography at a specific force. This
method is usually used to image very soft or sticky samples, which are difficult for
contact mode and tapping mode.

Comparing force distance curves shown in Figs. 1.6 and 1.11, extension curve
and retraction curve are separated in Fig. 1.6. This is because mica is much harder
than live cells and the deformation of mica is negligible while live cell undergoes
significant plastic deformation. Another obvious difference is the adhesion force, as
shown in segment 5 in Fig. 1.11. Mica is hydrophilic and capillary force is strong
when measured in ambient environment. In case of live cells, nonspecific binding
dominates the overall adhesion force with absence of capillary force. The nonspe-
cific binding force is much smaller than the adhesion force caused by capillary in
ambient environment.

Accuracy in force measurement is important for analyzing the interaction mech-
anism. To obtain accurate force, two parameters need to be calibrated, i.e. cantilever
deflection sensitivity and spring constant. Deflection sensitivity measures how
many nm in cantilever deflection correspond to 1 V in the PSPD output. It is mea-
sured by ramping the probe on a hard surface, for example sapphire. The deforma-
tion of such surface is negligible. So the displacement of Z scanner is the same as
the deflection of the cantilever, i.e. the slope of the segment 3 in Fig. 1.11 should be
1. In force-distance curve, deflection sensitivity is determined by fitting the segment
3 to a straight line to obtain the slope. The deflection sensitivity making the slope to
be 1 is the calibrated value. This process has been automated in today’s AFM. To get
accurate and repeatable value, the snap-in point and the approach/retract turning
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point are usually excluded from the calculation. Deflection sensitivity is determined
by the cantilever length and the sensitivity of PSPD. Short cantilever produces bet-
ter sensitivity and is preferred in measuring displacement in pm range. For a given
AFM, the cantilevers with the same length should have the same deflection sensitiv-
ity. In real operation, the laser spot may not be aligned to the same position on the
cantilever every time. It is normal that the deflection sensitivity of the same cantile-
ver varies slightly after realigning the laser. This is because the change in laser spot
position affects the effective length of the cantilever. It is a good practice to measure
the deflection sensitivity each time after the laser is re-aligned. With the calibrated
deflection sensitivity, how many nm the cantilever deflects can be calculated from
the deflection in voltage.

For a cantilever with rectangular cross section, its spring constant can be
expressed as

k=—0nr (1.3)

where E is the Young’s modulus of the cantilever material, e.g. silicon or silicon
nitride,

t, w, and L are the thickness, width, and length of the cantilever respectively.

The width and length of a cantilever can be controlled precisely through micro
fabrication technology, while the thickness bears more deviation due to its manufac-
turing process. 10% thickness error will result in about 30% error in spring constant.
The nominal spring constant on probe boxes can only be used as an indicative value.
Each cantilever must be calibrated to get correct force value. Several methods have
been developed to measure cantilever spring constant. The simplest way is to mea-
sure the resonance frequency f and check the probe factor b from reference book.
The spring constant is calculated by

k=bxf’ (1.4)

This method is very easy to use as the resonance frequency can be obtained by “auto
tune” in tapping mode. The major drawback is its poor accuracy because the dimen-
sions may be slightly different from those in the reference. For example, the canti-
lever width affects its spring constant, but not its resonance frequency. If the actual
width of cantilever is different from that in the reference, the calculated spring con-
stant will deviate from the real value.

To improve this situation, top view geometry (length and width) is added into the

equation as [14].
p3
k=2r° Eﬁwf3 (L.5)

where p and E are the density and Young’s modulus of cantilever material,
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L and w are the length and width respectively, usually measured through a well
calibrated micrograph of scanning electron microscopy or optical microscopy.

A more accurate method was developed in reference [14] by adding a known
mass and measuring the resonance frequency shift, i.e.

M
2 2
1 |1
() -0)
where M is the mass added to the cantilever free end, f; and f; are resonance frequen-
cies before and after the mass is added respectively.

This method involves gluing a particle with known mass to the end of cantilever.
It is not trivial even with a detailed protocol available [15, 16]. Furthermore, it is
even more troublesome to remove the particle after the spring constant is calibrated.
Therefore, force measurements are usually done before the calibration. After all
experiments are finished, the calibration is carried out and the measurement results
are rescaled with the correct spring constant. This method is complicating and the
cantilever cannot be used after calibration. This method is rarely used in biological
application despite its accuracy.

All the above discussed methods do not measure cantilever in-sifu. In practice,
the laser may not be aligned to the same position as in spring constant measurement.
The difference in laser alignment results in difference in cantilever effective length.
With the advances in AFM instrumentation, the thermal noise of cantilever has been
used to calculate its spring constant. After the deflection sensitivity is calibrated, the
cantilever is lifted from the sample surface by at least 100pm and the random motion
of cantilever free end is recorded for a period of time. 10 seconds are usually enough
to get accurate results. The power spectral density (PSD) is then calculated by

Fourier Transformation over the noise recorded, as shown in Fig. 1.7. According to
Equipartition Theorem [17],

k=(2n)

(1.6)

1 1
Emwgzz = EkBT (1.7)

where m is the effective mass of the cantilever,

@, and z are the angular frequency and noise amplitude of cantilever free end
respectively,

kg and T are Boltzman constant = 1.3805 x 10-2*joules/Kelvin and absolute tem-
perature in Kelvin,

()means averaging over time, which is obtained by integrating PSD over
frequency.

Considering %kz2 = %kBT , the cantilever spring constant k can be obtained

k=k,T /2 (1.8)
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The mean square of free end amplitude (z) is the area under the peak of power
spectra density profile.

This method is well accepted because it neither relies on the cantilever geometry,
as in method 1 and 2, nor demands the complicating procedure, as in the mass add-
ing method. After further improvement by Butt and Jaschke [18] followed by Hutter
[19], the accuracy achieved by the thermal noise method is reliable [20]. In most of
today’s AFM, this method is automated in software. The frequency range covers
from a few KHz to 2 MHz. Virtually all the commercial available cantilevers can be
calibrated with this method. For some ultra soft cantilevers, the resonance frequency
in liquid is below 2KHz. The Z scanner noise and laser pointing noise in some AFM
may limit the accuracy in spring constant measurement. In such case, the spring
constant measured in air is a good estimation.

Determining Young’s modulus through force-distance curve has been exten-
sively studied [21]. Hertz, DMT, JKR and Maugis models are commonly used to
measure Young’s modulus of materials [22]. In all the models, good understanding
of the probe shape and size is as important as accurate measurement of force. For
sample deformation in a few nm, the AFM tip is usually modeled as a sphere. For
polymer samples, a few nm deformation produces enough force for accurate mea-
surement in AFM. DMT model with spherical probe is usually used [2].

Fng*\/Ed% ‘F, (1.9)

where F is the force measured by the probe,

F, 1s the adhesion force between tip and sample,

R is the radius of the tip,

d is the sample deformation, E

E" is the reduced Young’s modulus = — .,V is the Poisson Ratio of the mate-
rial. Young’s modulus of the probe materddl ¥s usually much higher than that of the
sample. The deformation of probe is negligible.

Tip geometry can be obtained by either high resolution electron microscopy or
tip deconvolution. In the latter method, a reference sample with sharp features is
scanned and the morphological dilation is analyzed to extract the tip geometry [23].
It may cause tip wear to scan over such reference sample as it is rough and very
hard. So the scan parameters must be optimized carefully. As the relationship
between E” and /R is linear, \/E can also be calibrated after sample measurements
and rescale E* with calibrated VR .

For soft materials, such as live cells, the deformation is usually in the range of
tens of nm, a conical shape is a good estimation of tip shape. In liquid, adhesion
force is negligible, Hertz mode with conical tip shape is usually used for live cell
measurement,

F=2E*(tana)d2 (1.10)
T
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where F is the force measured by the probe,

E" is the reduced Young’s modulus of the material,

d is the sample deformation,

a is the half angle of the conical probe.

In practical operation, probes with pyramidal shape are usually used, where the
half angles in the two directions are o and p respectively. Equation (1.10) should be
revised accordingly,

F:LE*\/tana-tanﬁd2 (1.11)
NG

In AFM measurement, the force is recorded against the scanner Z position rather
than the sample deformation. When the cantilever is pushed against the sample, the
cantilever bends up while the sample deforms. The sample deformation can be cal-
culated as follow,

d =(z—z,)—(def - def,) (1.12)

where z, is the scanner position at the contact point,

def, is the baseline of cantilever deflection,

z and def are the scanner position and cantilever deflection in the force-distance
curve.

Baseline deflection def, can be obtained easily from force-distance curve. Contact
point z. for hard materials can be obtained by the intersection of the baseline and
linear slope. For soft materials, such as cells, it is not easy to tell accurately where
the probe starts to contact the sample, as shown in Fig. 1.6. It is a good practice to
keep both E* and z. as two unknown parameters to be extracted through fitting the
force-distance curve to a suitable model. During the fitting procedure, all others
quantities are measured from force-distance curve. The reduced Young’s modulus
extracted from the force curve shown in Fig. 1.6 is 50 KPa. In this fitting, Hertz
model with conical tip shape is adopted. The half angles of pyramidal tip are 20°
and 17.5°, and spring constant is 0.01 N/m.

Soft cantilever is preferred for force measurement [24]. Deformation is mea-
sured by subtracting cantilever deflection from the scanner movement in Z. For soft
cantilever, the cantilever deflection and scanner movement in Z is usually much
larger than sample deformation. Therefore, soft cantilevers usually produce more
error in deformation measurement. On the other hand, force measurement may less
accurate if too stiff cantilever is used. Both situations can lead to less accurate
Young’s modulus. Therefore, it is important to choose a proper cantilever spring
constant for a specific modulus range. As a rule of thumb, the ratio of sample defor-
mation to cantilever deflection between 0.1 and 0.2 is a good start to try. In real
measurement, the error in deflection sensitivity contributes a significant part in total
error as it affects the accuracy in both force and deformation. It must be calibrated
carefully. During the deflection sensitivity calibration, at least 5 measurements are
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needed to calculate the average. In model selection, a rule of thumb is that DMT
model with spherical tip shape is used for the scenario with deformation less than
the radius of the tip and Hertz model with conical tip shape is used for large defor-
mation in tens of nm. The Poisson Ratio is usually unknown for most of materials,
especially biomaterials. 0.5 is usually used in live cell measurement.

Adhesion force between AFM tip and sample is obtained directly from force-
distance curves. There might be a few binding events existing between the AFM tip
and substrate. The last force step (jumping off) can be considered as single unbind-
ing [13]. There is a slim chance that two or more unbinding events happen at the last
force step simultaneously. To rule out multi-unbinding event, multiple force-
distance curves are recorded, and the last force steps are extracted and plotted in a
histogram. By reading the peak position in histogram, the most likelihood rupture
force of single binding is obtained. Using functionalized probe, adhesion force has
been used in measuring hydrophobicity, function group/molecule recognition, and
antigen-antibody binding force study.

Another application of force-distance curve is to stretch single molecules, includ-
ing proteins, polysaccharides and DNAs. By stretching, a protein molecule is
unfolded mechanically. This kind of measurements are pursued for a variety of rea-
sons, including fundamental questions about folding, structure and how protein
sequence contributes to that. Protein structures are traditionally determined by
X-ray crystallography. However, it might not be practical to perform this technique
on membrane proteins. Force curve is one of the few ways to gain insight into the
protein structure. Fig. 1.12 is a typical unfolding curve of titin, which is an 8-mer
construct of IG27 domain. The saw teeth in the retraction curve are caused by
unfolding of the domains. When the stretching force reaches the critical value
(marked as A in the figure), one domain is unfolded and force decreases suddenly.
After the domain is unfolded (marked as B), the force increases gradually as the
cantilever stretches the molecule further. The second domain starts to unfold upon
the critical force reached (marked as C).

By the fitting the domain extension curve (e.g. from B to C) to worm like chain
model [25],

-2
F=kL l(l—ij 1= (1.13)

the persistence length p and contour length L. are obtained. In the fitting, the molec-
ular length x is determined by subtracting cantilever deflection from Z scanner trav-
eling distance, similar to the deformation calculation in indentation experiment.

To perform the stretching experiment, one end of the molecule is tethered to a
gold substrate by thiol group. The other end is picked up by a soft probe with spring
constant ranging from 0.01 N/m to 0.1 N/m. The probe may pick up many mole-
cules if the concentration is too high. On the other hand, many trial and errors have
to be performed to pick up a molecule in case that the concentration is too low.
50pg/ml is a good start concentration of titin. Take 25-50 pL of the titin solution
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Fig. 1.12 Typical pulling curve of titin unfolding (8-mer construct of IG27 domain). Each saw
tooth corresponds to an unfolding event. The probe is retracted after staying on the surface for a
fraction of second to catch a protein molecule. During retraction, the adhesion force pulls the can-
tilever down until reaching critical force at A, where one domain starts to unfold. The force is
released because the molecular length increases suddenly. At point B, the domain is fully unfolded.
The force increases as the cantilever stretches the molecule further. With the continuing pulling,
another critical force is reached at point C, where a new domain starts to unfold

and drop onto a fresh gold surface. After incubation at room temperature for 15 min-
utes, rinse it with 1-2 mL PBS buffer. Then the sample is mounted into an AFM to
perform the force measurement. If the chance of picking up is too low, keeping the
probe staying longer on the surface will increase the chance significantly. The stay
can be extended to seconds.

6 Peak Force Tapping

AFM was applied to study biological materials from its very start [26]. However,
the adoption of this technique in biological and biomedical applications is slow
even it is compatible with biological environments. This is mainly because the
information provided by AFM is lack of biological specificity. The recent develop-
ments in AFM are mainly in expanding its functionalities. Force mode can provide
biological specific information by extracting a variety of mechanical properties
from force-distance curve, which is typically measured at 1 curve/second. It is pro-
hibitive to achieve the typical spatial resolution of tapping mode due to the intensive
time consumption in traditional force mode.
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To speed up the force mapping, pulse force mode was introduced in 1997 [27].
In this mode, the probe is modulated by fast sinusoidal ramping rather than the lin-
ear ramping in traditional force mode. Pulse force mode improves the efficiency by
3 orders. However, the poor force control in this mode limits its usage in high reso-
lution applications where the probe-sample interaction force should be in the range
of sub-nN to several nNs. In force measurement, the cantilever deflection may
change with ramping even there is no change in probe-sample interaction because,

1. The ramping motion may not be in parallel with the laser optical axis. Thus, the
laser spot on cantilever moves with ramping, resulting in non-flat baseline. In
addition, the ramping motion may not follow a straight line. This leads to a non-
linear baseline.

2. When it jumps off from the sample surface in pulling, the cantilever often oscil-
lates at its resonance frequency. The oscillation is severe for soft cantilevers. In
ambient environment, the capillary force increases the total adhesion, making
the oscillation more pronounced. The oscillation may not be fully damped at the
start of the next ramp and it will affect the measurement results.

3. The viscosity of media (liquid or air) can cause deflection change during ramp-
ing. This effect becomes severe when the cantilever is close to the sample sur-
face. The damping from the media trapped between the cantilever and sample
surface becomes stronger with the decrease in gap.

With the increase in ramping speed, effects of all these factors become even severe.
These parasitic deflections contaminate force-distance curves, making accurate
force control difficult, especially at high speed. To overcome this issue, Su et al.
implemented a method to characterize and parameterize the parasitic deflections for
each instrument [28]. After parasitic deflections are removed, clean force-distance
curve can be obtained at the speed of KHz by modulating the Z scanner with sinu-
soidal wave. Within a modulation cycle, the repulsive force reaches its maximum at
the bottom-most point, similar to traditional force mode. The peak force (maximum
force) is used to control Z scanner movement to make the probe track the sample
surface. Compared with traditional force mapping, the peak force tapping mode is
more accurate in force measurement (tens of pN can be achieved), and ramping
speed is at least 3 orders faster. It is worth noting that the ramping rate is still far
below the cantilever resonance frequency, which is typically from tens of KHz to
hundreds of KHz. The cantilever works in quasi-static mode. This peak force tap-
ping mode has been implemented in commercial AFM [29], known as ScanAsyst
and PeakForce QNM.

Peak force tapping mode does not rely on cantilever dynamics, making it not
necessary to search the cantilever resonance frequency. Its operation is also inde-
pendent of environment. In tapping mode, the cantilever resonance frequency
depends on its surrounding media (liquid or air), temperature and as well as cantile-
ver itself. Therefore, the cantilever must be tuned under the same environment as the
real experiments. On contrast, no matter which cantilever, no matter in liquid or air,
the operation is the same for peak force tapping mode. As discussed early in this
chapter, the cantilever deflection drift due to environmental influence, especially
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temperature, prohibits the deflection setpoint being set very close to that of free
cantilever, making imaging at pN a challenging job. In peak force tapping mode,
cantilever deflection drift is corrected at each ramping cycle, so cantilever deflection
drift is not an issue anymore. Beside superior force control, another achievement in
peak force tapping is that operation parameters are automatically optimized by soft-
ware. In peak force tapping mode, the Z scanner is moved up/down to maintain a
constant peak force. As the error in peak force is linear to topographic error and PID
controller is also a linear controller, it is easy to implement automatic parameter
optimization. While in tapping mode, the relationship between amplitude and
probe-sample distance has hysteresis, i.e. the extension curve and retraction curve
do not overlap. This makes it difficult to implement automatic parameter optimiza-
tion even the amplitude linearly responds to the distance during approach curve, as
shown in Fig. 1.8. With superior force control in the range of tens pN, the integrity
of biomolecules and probe sharpness are well maintained during the scan. Sub
molecular resolution can be readily achieved. DNA double helix structure has been
measured with peak force tapping [30].

With a calibrated deflection sensitivity, force-deformation curve is reconstructed
by subtracting deflection from the scanner Z movement, as done in traditional
force mode. From each curve, Young’s modulus, adhesion force, deformation,
energy dissipation, and peak force in each tapping cycle are extracted. These mate-
rial mechanical properties are mapped into different channels and form images for
spatial distribution analysis. With the knowledge of tip geometry, the deformation
data can be easily converted to indentation hardness [31]. Compared with tradi-
tional force mode, the peak force tapping is thousands of times faster as well as
providing better force control, making it an ideal mode for high resolution topo-
graphic and mechanical imaging. It has been used to image sub-molecular struc-
ture of protein molecules [32].

7 Molecular Recognition

Recognizing molecules on substrates or cell membrane based on specific binding
has attracted interest from many researchers since more than a decade ago. Force
mapping is a commonly used approach to identify molecules and study the ligand-
receptor interaction under different environments [33-35]. As discussed previously,
force mapping is in general slow and lack of spatial resolution. To improve the
speed, a dynamic recognition microscopy was developed [36], where a functional-
ized probe is oscillated with an amplitude smaller than the length of linker molecule
(the typical length is about 6 nm). When recognition happens, the oscillation ampli-
tude of cantilever is decreased due to the interaction force. During the operation,
the binding is not disassociated by the cantilever oscillation. The binding pair is
ruptured by the lateral pulling force during scan when the distance between the
molecule and tip reaches the linker length. Therefore, the size of recognized mole-
cules is dilated by two times of the linker length. With this progress, molecular
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recognition can be done at the speed of normal AFM imaging. However, this method
cannot provide quantitative binding force.

Another technical challenge is the surface chemistry to functionalize the probe
and the substrate. The procedure for probe functionalization includes linkage design
and covalently coupling the ligand to the tip surface. The bonding between the
ligand and tip surface should be significantly stronger than the ligand - receptor
bonds. Otherwise, the functionalized probe may lose its ligand to the substrate, and
lose the recognition capability. Poly(ethylene glycol) (PEG) is a well adopted linker
because it is water soluble and non-toxic [37]. PEG has been used in a wide range
of applications in surface modification and clinical research. The detailed protocols
are described in many articles on force measurement, e.g. references [33-37]. To
illustrate the concept, the procedure is described here briefly. The first step is to
clean the probe thoroughly. This is typically implemented by incubating AFM probe
in piranha solution (H,SO,/H,0,, 90/10 (v/v)) for 30 mins and then rinsing with
deionized water. After dried by N, blow, the probe is subjected to water plasma to
generate SIOH groups on the probe surface [38]. The second step is to bind amines
to the tip surface by an esterification protocol described in reference [33]. The third
step is to conjugate the linker to the amines on the tip surface. The engineered PEG
linker has N-hydroxysuccinimidyl (NHS) residue on one end and a function group
to connect the ligand on the other end. The NHS group is used to bind the linker to
the amines. The fourth step is to link the ligand to the function group on the end of
the engineered linker. PDP (2-pyridyldithiopropionyl residue) and NTA
(Ni-Nitriloacetate) [39] are commonly used function groups.

On the substrate side, different surface-binding strategies should be adopted for
the different properties of biological samples. Some receptor proteins strongly
adhere to mica surface through hydrophobic or electrostatic forces. In this case,
direct adsorption provides sufficiently strong anchoring for recognition experi-
ments. Another option is to use sulfur-gold chemistry. Atomically flat gold surface
is prepared as a substrate, as in titin pulling experiment discussed previously. If
silicon or mica is used as substrate for water-soluble receptors, the same surface
chemistry as in probe functionalization can be used. For receptors on cells, directly
growing the cells on substrate is typically used. To enhance the cell adhesion to the
substrate, the methods discussed in live cell imaging section can also be used in
molecular recognition.

Since peak force tapping measures adhesion force directly. With properly func-
tionalized probes, it can be used to recognize molecules or function groups [40]. In
addition to molecules on substrate, Fig. 1.13 shows molecular recognition on cell
membrane. In this example, red blood cells develop knobs on their surface after
infected with malaria parasites. The probe is functionalized with PEG linker and
CD36, which is used to recognize Plasmodium falciparum erythrocyte membrane
protein 1 (PfEMP1) [41]. It is worth noting that the CD-36 binding sites locate
solely on the knobs. Another interesting finding is that the adhesion is free of any
topographic artifact, as the debris (marked by white arrow) does not show adhesion
force while it is clearly shown in topography. This makes the binding force mapping
clean and quantitative.
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Fig. 1.13 CD-36 binding site recognition on malaria infected red blood cells by peak force tap-
ping mode. (a) and (b) are adhesion force and peak force error images respectively. Peak force
error image reveals the detailed topographic information. (¢) is the overlay of adhesion force over
peak force error. CD-36 binding sites have one-to- one correspondence with knobs, as shown by
the circled area in (a) and (b). The debris marked by arrow in (b) does not show adhesion force in
A, proving that there is no cross talk between topography and adhesion force. The adhesion force
image is topographic artifacts free. (Image courtesy of A. Li, National University of Singapore)

8 Frequency Modulation Mode

Unlike tapping mode where amplitude is used as feedback signal, frequency modu-
lation uses a frequency shift as the feedback signal. It was first introduced by
Albrecht T. et al. in 1991 [42]. In this mode, the probe oscillates at a frequency close
to its resonance. The resonance frequency of the cantilever is affected by the force
gradient between tip and sample. This effect is illustrated in Fig. 1.14. When a
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cantilever oscillates in a force field, the effective spring constant of the cantilever is
changed by the force gradient; leading to the shift in resonance frequency.
Mathematically, the effective spring constant is the superposition of the nature
spring constant and the local force gradient. During a scan, the changes of surface
topography leads to the resonance frequency shift. The feedback loop maintains a
constant frequency by vertically moving the scanner at each location. The constant
frequency is called frequency setpoint.

Under small amplitude situation, the frequency shift is proportional to the force
gradient of the tip-sample interactions. Compared with long-range interactions, the
force gradient of short-range interactions is much higher, so the short-range interac-
tions contribute much more than the long-range interactions. This is believed to be
the fundamental reason for high resolution imaging. In spites of its potential in high
resolution imaging, frequency modulation is not well adopted in commercial AFM
because it does not work stably in ambient environment. The main reason is the
capillary between probe and sample cause strong adhesion force. Frequency modu-
lation is mainly used in high vacuum environment, where amplitude modulation
does not work due to the high quality factor of the cantilever in vacuum.

In summary, working principles of different AFM modes are discussed in this
chapter. Based on the understanding of the working principles, users can choose
suitable working mode, proper cantilever, and optimize operation parameters during
imaging. It also helps identify image artifacts and interpret AFM results.
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