
Atomic Force Microscopy

Instructions to the Advanced Lab Course

Last modified: January 2023

Ruprecht Karl University of Heidelberg
Institute for Molecular Systems Engineering and Advanced Materials

Im Neuenheimer Feld 225
69120 Heidelberg



Preliminary Note

The aim of this practical course experiment is to give the students an insight into the technique of
scanning probe microscopy (SPM) with an atomic force microscope (AFM) taken as an example.
Since this kind of microscopy is widely used in research areas dealing with structures on the
nanometer scale, it might serve as a prototypical example for an up-to-date method in surface
science. At the same time, the used device is sufficiently simple to be used by students in the
frame-set of a lab course without the permanent presence of the supervisor.

The students should be familiar with Chapters 1 to 3 of this tutorial manual prior to the
beginning of the experiment. They should focus on the underlying principles of the physics of the
AFM. In addition to this instructions, a large variety of information about the subject and related
methods is available on the internet. The list of questions and tasks in the preparation Section 2.3
should be answered in advance to the lab course. Chapter 4 deals with the instrumental details
for the lab course and some additional information about problem solving. This chapter is not
necessary to read in advance.

These instructions are work in progress, so every hint on errors or possible improvements is
appreciated.
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1 Introduction

1.1 Scanning Probe Microscopy

The method of scanning probe microscopy
(SPM) was developed in 1981 by Binnig and
Rohrer with the invention of scanning tun-
nelling microscopy (STM) [1, 2]. This tech-
nique exploits the fact that a tunneling cur-
rent through a potential barrier of the width
d is proportional to e−d (provided a constant
and final height of the potential barrier). Us-
ing a sharp tip close to the surface, the tun-
nelling current between the tip and the surface
atoms in the vicinity of the tip can be mea-
sured by applying a voltage between the tip
and the surface, hence scanning the height of
the surface. The strong dependence of the cur-
rent on the distance d allows to detect changes
in the distance on a sub-atomic scale. To con-
trol such distances, electro-mechanical devices
of high precision are required. This task is com-
monly solved by piezo-ceramics. Furthermore,
it has to be taken into account that the tun-
nelling current is also a function of the chemical
properties of the surface. For more details and
information on the STM, see e.g. [3, 4].

In contrast to STM, not only conducting, but
also non-conducting samples can be measured
non-destructively and with high precision by an
atomic force microscope (AFM) (also known as
scanning force microscope (SFM)), which was
developed in 1986 by Binnig, Quate and Gerber
[5]. This makes AFM a useful tool not only
for physical and chemical, but also biological
applications [6].

1.2 The Scanning Force Microscope

The following section is mostly taken and
adapted from [7].

Both the design and development of the AFM
are very closely connected to those of the STM,
as the central component of these microscopes
is basically the same. A fine tip is positioned
at a small characteristic distance away from the
sample. The height of the tip above the sam-

ple is adjusted by piezoelectric elements. For
STM, the tunneling current gives the informa-
tion about the surface properties, whereas in
AFM the interaction of forces between the tip
and the surface are measured. The images are
taken by scanning the sample relative to the
probing tip and measuring the deflection of the
cantilever as a function of lateral position. The
height deflection is measured by optical tech-
niques, which will be described in more detail
later.

In general, STM can sense a rich variety of
forces. In the non-contact mode (for distances
greater than 1 nm between the tip and the
sample surface), van der Waals, electrostatic,
magnetic or capillary forces are producing the
images. Meanwhile, repulsion forces are dom-
inating in the contact mode. Since the AFM
does not require a current between the sam-
ple surface and the tip for its operation, it can
move into potential regions inaccessible to the
STM, such as samples which would otherwise
be damaged irreparably by the tunnelling cur-
rent of the STM. Insulators, organic materials,
biological macromolecules, polymers, ceramics
and glasses are among many materials that can
be imaged in different environments, such as
liquids, under vacuum or at low temperatures.

In the non-contact mode, the surface anal-
ysis with atomic resolution can be obtained.
However, the sample has to be prepared un-
der ultra-high vacuum (UHV) conditions in this
case. It has been shown that it is possible
to achieve a sufficient resolution in the tap-
ping mode (a modified non-contact mode) un-
der ambient conditions, similar to STM inves-
tigations, single vacancies or their agglomera-
tion [8]. Besides this, a non-contact mode has
one further advantage over the contact mode:
The surface of a very soft and rough materi-
als is not influenced by frictional and adhesive
forces as opposed to scanning in contact mode,
i.e. the surface is not “scratched”. Additionally
to height profiles, state-of-the-art AFM allows
for the imaging of nano-mechanical properties,
such as adhesion or Young’s modulus.
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2 Basics

2.1 Theoretical Principles

The following subsection are mostly taken and
adapted from [7].

2.1.1 Van der Waals interaction

As already mentioned above, van der Waals
forces lead to an attractive interaction between
the tip on the spring and the sample surface.
Figure 2.1 shows schematically the van der
Waals potential between two atoms. The po-
tential can be described in a simpler classi-
cal picture as the interaction potential between
the time dependent dipole moments of the two
atoms. Although the centres of gravity of the
electronic charge density and the charge of the
nucleus are exactly overlapping on a time av-
erage, the separation of the centres of gravity
is spatially fluctuating in every moment. These
statistical fluctuations give rise to a transient
dipole moment of the particle while it might be
in average unpolarised. The dipole moment of
an atom can again induce a dipole moment in
the neighbouring atom and the induced dipole
moment acts back on the first atom. This cre-
ates a dipole-dipole interaction on basis of the
fluctuating dipole moments. This interaction
decreases with d−6 in the case of small dis-
tances d (Lenard-Jones potential). At larger
distances, the interaction potential decreases
more rapidly (∝ d−7). This arises from the
fact that the interaction between dipole mo-
ments occurs through the exchange of virtual
photons, as indicated in Fig. 2.1. If the transit
time of the virtual photon between atom 1 and
2 is longer than the typical fluctuation time of
the instantaneous dipole moment, the virtual
photon weakens the interaction. This range of
the van der Waals interaction is therefore called
retarded, whereas that at short distances is un-
retarded.

The scanning force microscope is not based
on the interaction of individual atoms only.
Both the sample and the tip are large in com-

Figure 2.1: Van der Waals potential U between
two atoms. dr is the critical distance above
which the transit time effects weaken the inter-
action. Figure is taken unchanged from [7].

parison to the distance. In order to obtain
their interaction, all forces between the atoms
of both bodies need to be integrated. The result
of this is known for simple bodies and geome-
tries. In all cases, the summation leads to a
weaker decrease of the interaction. Some ex-
amples are:

• Single atom over half space
A single atom at a distance d relative to
the half-space (see Fig. 2.2) leads to an in-
teraction potential U of

U = −Cπρ

6

1

d3
, (2.1)

where C is the interaction constant of the
van der Waals potential and ρ the density
of the solid. C is basically determined by
the electronic polarisability of the atoms in
the half-space and of the single atom.

• Two spheres
If one has two spheres with radii R1 and
R2 at a distance d (distance between the
sphere surfaces, as shown in Fig. 2.2), one
obtains an interaction potential U of

U = − HR1R2

6 (R1 +R2)

1

d
, (2.2)

where H is the so-called Hamaker con-
stant. It can be defined for a van der Waals
body-body interaction as H = π2 × C ×
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Figure 2.2: Schematic illustration of the three
described interactions cases: a) sphere with
half-sphere, b) two spheres and c) sphere (of
a tip) with half-space.

ρ1 × ρ2 with ρ1 and ρ2 as the number of
atoms per unit volume in the two inter-
acting bodies and C as the coefficient in
the particle-particle pair interaction [9]. It
is material specific and essentially contains
the densities of the two bodies and the in-
teraction constant C of the van der Waals
potential.

• Sphere over half-sphere
If a sphere with a radius R has a distance
d from a half-sphere (see Fig. 2.2), an in-
teraction potential U of

U = −HR

6

1

d
(2.3)

is obtained from Eq. 2.2. This case de-
scribes the geometry in a SFM best and is
therefore most widely used. The distance
dependence of the van der Waals potential
thus obtained is used analogously to the
distance dependence of the tunnel current
in a STM to achieve a high resolution of
the SFM. However, since the distance de-
pendence is much weaker, the sensitivity of
the scanning force microscope is lower.

2.1.2 Approaching the surface (Force-
distance behavior)

For large distances between the tip and the
sample, the bending of the cantilever due to

Figure 2.3: The cantilever force (dashed line) as
a function of the tip-sample distance. Figure is
taken unchanged from [7].

attractive forces is negligible. After the can-
tilever is brought closer to the surface of the
sample (at point “a” in Fig. 2.3), the van der
Waals forces induce a strong deflection of the
cantilever which, simultaneously, is moving to-
wards the surface. This increases the forces
on the cantilever, which is a kind of positive
feedback and brings the cantilever to a direct
contact with the sample surface (point “b”).
However, when the cantilever is brought even
closer in contact to the sample, it actually be-
gins to bend in the opposite direction as a re-
sult of a repulsing interaction (at points “b-c”
in Fig. 2.3). Within this range, the position of
the laser beam on four-quadrants of the photo
diode (see Section 2.2.1), which is proportional
to the force, is a linear function of the distance.
On reversal, this eristic shows a hysteresis. This
means that the cantilever loses contact with the
surface at a distance (at point “d” in Fig. 2.3),
which is much larger than the distance on ap-
proaching the surface (at point “a” in Fig. 2.3).

In general, the forces acting on the flexible
cantilever lead to a bending of the cantilever
following Hooke’s Law (see Fig. 2.4):

F = −∆x · k, (2.4)

where ∆x is the displacement and k the spring
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Figure 2.4: A schematic of the cantilever illus-
trating the Hooke’s law. Figure is taken un-
changed from [10].

constant of the cantilever [6].

2.1.3 Mechanical surface properties

In recording the force-distance behavior, one
gets information on the force acting on the tip.
In order to obtain the mechanical properties of
the surface, e.g. Young’s modulus or adhesion
force, the so-called Derjaguin-Muller-Toporov
model (DMTM), describing the adhesive con-
tact mechanics of touching solids, is used [11].
The force on the tip Ftip is then given by

Ftip = Fadh +
4

3
Y
√
rd3, (2.5)

where r is the tip radius and d the indentation.
Therefore, by measuring the force on the tip,
both the adhesion force Fadh and the reduced
Young’s modulus Y can be calculated via a fit.

2.1.4 Operation Modes

Many AFM operation modes have appeared
for special purposes during the further develop-
ment of AFM. These can be classified into static
and dynamic modes. Another classification
could be contact, non-contact and intermittent-
contact modes, which is reclined to the working
regimes (see Figure 2.5). In the following, the
three commonly used techniques, namely static
mode (contact mode) and dynamic modes (non-
contact mode, tapping mode and peak force
tapping mode) will be shortly described. Fur-
ther information can be found in textbooks or
review articles.

Figure 2.5: A typical force-distance curve
with added classification of the AFM operation
modes within the working regime of the van der
Waals potential.

Figure 2.6: Schematic of the contact mode of
an AFM. Figure is taken unchanged from [10].

Contact Mode / static mode
In contact mode, the tip scans the sample in
close contact with the surface and the force act-
ing on the tip is repulsive of the order of 10−9 N.
This scanning mode is very fast, but has the
disadvantage that, additionally to the normal
force, the frictional forces appear which can be
destructive and damage the sample or/and the
tip. A representation of this measuring mode
can be found in Fig. 2.6.

Constant height mode: This mode is par-
ticular suited for very flat samples. The height
of the tip is set constant and by scanning the
sample only the deflection of the cantilever is
detected by the optical system of the AFM (de-
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Figure 2.7: A schematic representation of the
effect of the van der Waals interaction potential
on the vibration frequency of the spring with
a tip. As the tip approaches the surface, the
resonance frequency of the leaf spring is shifted.
Figure is taken unchanged from [7].

scribed in Section 2.2.1) and gives the topo-
graphic information.

Constant force mode: In this mode the
force acting on the cantilever, i.e. the deflec-
tion, is set to a certain value and changes in
deflection can be used as input for the feed-
back circuit that moves the scanner up and
down. The system is therefore responding to
the changes in height by keeping the cantilever
deflection constant. The motion of the scan-
ner gives the direct information about the to-
pography of the sample. The scanning time is
limited by the response of the feedback circuit
and therefore not as fast as the constant height
mode.
Dynamic modes
The dynamic operation method of a scanning
force microscope has proved to be particularly
useful. In this method, the normal force con-
stant of the van der Waals potential, i.e. the
second derivative of the potential, is exploited.
This can be measured by using a vibrating tip
(Fig. 2.7). If a tip vibrates at a distance d,
which is outside the interaction range of the
van der Waals potential, then the vibration fre-
quency and the amplitude are only determined

by the spring constant k of the cantilever. This
corresponds to a harmonic potential. When
the tip comes into the interaction range of the
van der Waals potential, the harmonic potential
and the interaction potential are superimposed
thus changing the vibration frequency and the
amplitude of the spring.

This is described by modifying the spring
constant k of the spring by an additional con-
tribution f of the van der Waals potential. As a
consequence, the vibration frequency is shifted
to lower frequencies as shown in Fig. 2.8. In
Fig. 2.8, ω0 is the resonance frequency with-
out interaction and ∆ω is the frequency shift
to lower values. If an excitation frequency of
the tip of ωm > ω0 is selected and kept con-
stant, the amplitude of the vibration decreases
as the tip approaches the sample, since the in-
teraction becomes increasingly stronger. Thus,
the vibration amplitude also becomes a mea-
sure for the distance of the tip from the sample
surface. If a spring with a low damping Q−1 is
selected, the resonance curve is steep and the
ratio of the amplitude change for a given fre-
quency shift becomes large. In practice, small
amplitudes (approx. 1 nm) in comparison to
distance d are used to ensure the linearity of
the amplitude signal. With a given measure-
ment accuracy of 1%, however, this means the
assembly must measure deflection changes of
0.001 nm, which is achieved most simply by a
laser interferometer or optical lever method.

Non–contact mode: Since in the non-
contact regime the force between the tip and
the surface is of the order of 10−12 N and there-
fore much weaker than in the contact regime
the tip has to be driven in the dynamic mode,
i.e. the tip is vibrated near the surface of the
sample and changes in resonance frequency or
amplitude are detected and used as input for
the feedback circuit. In this case the resonance
frequency or the amplitude are held constant by
moving the sample up and down and recording
directly the topography of the sample.

Tapping Mode: Tapping mode is an
intermittent-contact mode. In general it is sim-
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Figure 2.8: Resonance curves of the tip with
and without a van der Waals potential. The
interaction leads to a shift of the resonance fre-
quency ∆ω with the consequence that the tip
excited with the frequency ωm has a vibration
amplitude a (ω) attenuated by ∆a. Figure is
taken unchanged from [7].

ilar to the non-contact mode described before,
except that the tip is brought closer to the sur-
face and taps the surface at the end of his oscil-
lation. This mode is much more sensitive than
the non-contact mode and in contrary to con-
tact mode no frictional forces appear which can
alter the tip or the surface. Therefore this is the
mode of choice for the most experiments and
during the lab course. An illustration of this
mode is shown in Fig. 2.9.

Peak Force Tapping Mode: Like the Tap-
ping mode, the Peak Force Tapping mode is
operating in intermittent contact with the sam-
ple. In contrast to the tapping mode, the can-
tilever is oscillated far below its resonance fre-
quency. Force distance curves (described in
Chapter 2.1.2) are executed at each pixel of
the recorded image. The maximum force acting
between tip and sample determined from each
force curve is used as input for the feedback
system. Therefore this maximum force is a di-
rectly controllable parameter in this mode. Due
to the pixelwise recording of the force curves,
this mode enables the imaging of mechanical

Figure 2.9: Schematic of the dynamic force
mode, here intermittent contact mode contact
mode (tapping mode) of an AFM. Figure is
taken unchanged from [10].

properties (e.g. adhesion) in addition to the
topography of the sample surface.

2.2 Operation Principles

2.2.1 Optics

The AFM reconstructs the topography of a ma-
terial components by analysing the deflection of
the tip at the end of a cantilever (spring). To-
day, the most common method for detecting the
deflection of the cantilever is by using an optical
lever detection method which includes measur-
ing the position of a reflected laser-beam on a
photosensitive detector.

The back of the cantilever is coated with a re-
flective metal like aluminium or gold such that
the laser is reflected off the back and falls off
on a mirror which then reflects it on a photo-
diode. In this particular AFM, a four-quadrant
photodiode is used, as indicated in Fig. 2.10.

The photodetector generates a voltage pro-
portional to the amount of light on it. When
the light spot is centred, the voltage in the up-
per and lower half of the photodetector is equal;
hence, the deflection is zero. Upon changing
the cantilever angle, the signals in the top and
the bottom halves changes, and one observes a
non-zero deflection. This relative change in de-
flection is then translated to height profiles in
AFM. The signals on the left and the right of
the detector give a measure of the twist of the
cantilever.
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Figure 2.10: Left: A schematic illustration
of the optical setup present in the AFM.
Right: A schematic illustration of the used
four-quadrant photo-diode on top and a rep-
resentation of SUM signal at the AFM base on
bottom.

While setting up the calibration in AFM, one
would observe an increased signal at the elec-
tronic output of the detector located at the
AFM’s base in case of the laser spot falling on
the detector. This output is quantified as SUM,
which indicates the total voltage generated by
the photodetector. It is recommended to per-
form calibration in the AFM & LFM mode,
such that one would get the voltage difference
between the top and bottom segments as well
as the left and right segments. Depending on
the cantilever used, the SUM should be between
4.0− 9.0 V. In general, a SUM signal of above
7.0 V is considered adequate for the tips used
during the FP.

In TM AFM mode, RMS amplitude value is
displayed in Volts instead of the horizontal sig-
nal. This is because, as the cantilever oscillates
in the air at its resonant frequency in the tap-
ping mode, the reflected laser beam is deflected
in a regular pattern over the photo-diode, hence
generating a sinusoidal electric signal which is
converted to the RMS value.

2.3 Feedback control

For the realisation of a SFM, the force measure-
ment must be supplemented by a feedback con-
trol (see Fig. 2.11), in analogy to the STM. The

Figure 2.11: A schematic illustration of the
feedback loop and the optical system.

controller keeps the controlled quantity - which
can be deflection, vibrational amplitude or res-
onance of the cantilever, or peak force, depend-
ing on the operation mode - and thus also the
distance to the sample, constant. During scan-
ning, the feedback controller retracts the sam-
ple with the scanner of a peizoelectric ceramic
or shifts toward the cantilever until the con-
trolled quantity has reached the setpoint value
again. The scanning force micrographs thus
show areas of a constant quantity, which does
ot necessarily follow the distance to the sample
surface. If the surface is chemically homoge-
neous and if only the van der Waals forces act
on the tip, the AFM image shows the topogra-
phy on the surface.

2.4 Preparation Tasks

• What are the underlying principles of the
AFM? What forces act between the tip and
sample? What does the corresponding po-
tential look like?
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• Briefly describe the experimental setup of
the AFM. How is the information on the
sample topography obtained?

• Force distance behaviour: How does the
deflection of the tip (proportional to the
force) change when it approaches the sur-
face? What difference do you expect for
retracting the tip?

• What operation modes can be chosen?
Briefly describe the different modes and
their advantages/disadvantages.

• During this lab course we will use the
tapping mode and the peak force tapping
mode. How do these modes work in detail?
Tapping mode: How is the resonance curve
(amplitude vs frequency) modified when
the tip approaches the surface? Which pa-
rameter of the oscillation provides informa-
tion on the height profile when the excita-
tion frequency is kept constant? Peak force
tapping mode: Which quantity is used as
input for the feedback system? At which
point of the approach retract cycle does
the maximum force on the cantilever oc-
cur? The maximum force can either be
positive or negative. What are the main
differences between both cases regarding
the approaching procedure between can-
tilever/tip and sample?

• In our case the system controlls the dis-
tance between tip sample surface and tip.
This is done by piezo-materials and a PID
controller. How can piezo-materials be
used in motion systems? What is a PID
controller?

• What’s the resolution of an AFM and how
is it limited? How is the image influenced
by the tip shape?

• What are the advantages on an AFM? E.g.
in comparison with a SEM or STM?

• Get information from the internet on how
the data is stored on a CD (how are 0

and 1 realized? How is the data stored?
Keyword: Eight-to-Fourteen Modulation).
Here you can find useful information.
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3 Experiments and Evaluation

The goal of these experiments is to learn about
the basic functioning and possibilities of the
AFM. The structures of two calibration grids
and different surfaces will be observed and
quantified with respect to their topography and
adhesion.

A detailed description on how to operate the
microscope and the meaning of the different
scan parameters is given in chapter 4. In case
of problems, have a look at Sections 4.1 and ??.

Important: All measurements for the
whole lab course should be performed
with a resolution of 512 x 512 points and
a scan rate of 1 Hz.

It takes quite some time to record an AFM
image, but you can and also should use this
time to do your evaluation.

3.1 P and I values

Start the microscope as described in Chap-
ter 4.1 and take a screenshot of the resonance
curve. For your first first sample, use the cali-
bration grid TGZ02 (see Figure 3.1).

Start scanning the surface of the calibration
grid. Vary the values of the proportional gain
P and the integral gain I, while observing the
scanning traces in the scope window (below im-
age window). Try to find optimal values for
both parameters. Take pictures for the optimal
values you found and for both too high and too
low values for I, respectively.

Images that have to be taken:

• Resonance curve (old tip)

• Trace and retrace curves for optimal P and
I values

• Trace and retrace curve for too high P and
I values

• Trace and retrace curve for too low P and
I values

Discuss the effect of high/low proportional
and integral gains with respect to the image

quality versus a reliable height measurement.
Important: The P and I values have to
be checked and potentially adjusted for
every new sample.

3.2 Tip Characterisation and Limi-
tations of the AFM

In order to experience the limitations of the
AFM, two calibration grids with different step
heights are measured.

Start with the calibration grid TGZ02 and
take one image with the scanning direction
perpendicular to the steps, then change the
scanning angle about 90◦ and take a second
image with scanning direction parallel to the
steps. Describe what you observe for the differ-
ent scanning directions and discuss the possible
reasons for your observations.

Repeat the measurement with the scanning
direction perpendicular to the steps for the
calibration grid TGZ01 (don’t forget to read-
just the P and I values). After you finish all
measurements with the old tip, determine and
record the resonance curve again.

Afterwards, a new tip will be given to you by
your supervisor. First record the new resonance
curve and then re-investigate the grid TGZ01
(scanning direction perpendicular to the steps).

All images that have to be taken for this part
of the lab course are listed below:

• TGZ02 scanning direction perpendicular
to the steps (10µm x 10µm) (old tip)

• TGZ02 scanning direction parallel to the
steps (10µm x 10µm) (old tip)

• TGZ01 scanning direction perpendicular
to the steps (10µm x 10µm) (old tip)

• Resonance curve (old tip)

• Resonance curve (new tip)

• TGZ01 scanning direction perpendicular
to the steps (10µm x 10µm) (new tip)
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Figure 3.1: Data sheet for the calibration grids TGZ01 and TGZ02
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Figure 3.2: Values to be determined in the eval-
uation

In order to analyse the grid structure, use
the three images with perpendicular scanning
direction and determine the step width w, step
height h and the angle φ (see Figure 3.2).

Make five cross sections perpendicular to the
steps and measure each value. Calculate the
mean value and the standard deviation.

Compare the values for the step height and
the step width to the values given by the man-
ufacturer and discuss the relative errors com-
paring the two grids measured with the old tip.

Secondly, compare the values obtained for
TGZ01 with the new and the old tips. Dis-
cuss these results in terms of tip radius, shape
and inclination.

In addition, compare the resonance curves
with respect to the shape and the resonance
position, consider using the resonance curve
determined in 3.1. Are there any visible
changes/differences?

3.3 Samples

3.3.1 CCD-Chip

Important: The CCD-chip is a very high
sample. Make sure you raise the AFM tip
high enough before changing the sample!
This sample is the CCD-chip of an old digital
camera. Take an image of the surface.

• CCD-Chip (10µm x 10µm)

Measure (with a ruler) the size of the whole
chip. Determine the size of one pixel from your
measurement. Calculate the megapixels of this
camera. When you do this, remember that the

camera can take color pictures! How is the color
information obtained?

3.3.2 Nano lattice

The areas with the nano lattices are visible with
bare eye as rainbow-coloured stripes when re-
flecting light on the sample. In the optical mi-
croscope the colors are not clearly visible but
there are bright and dark stripes. The geomet-
ric properties of the stripes change continuously
from the dark to the bright side. Determine
to which end of the rainbow the dark and the
bright stripes correspond respectively. Choose
two different stripes (one from the dark and
one from the bright side) and take one image of
each.
Images:

• Stripe from dark side (approx. 1.5µm x
1.5µm)

• Stripe from bright side (approx. 1.5µm x
1.5µm)

Characterize the structures you find (depth,
diameter, distance between features) and com-
pare the values obtained for the two different
stripes. How do the geometric dimensions cor-
relate to the color impression?

Imagine the lattice you observed being
smaller (with a lattice constant of a few
Ångstrom) and the lattice points being occu-
pied by atoms of the same species. Which sur-
face of an fcc crystal is then represented? Hint:
Try to remember how the low-index surfaces
fcc(100), fcc(110) and fcc(111) look like!

3.3.3 CD, DVD and Blue-ray Disc

In order to estimate the capacity of different
common optical memory media, samples of a
pre-pressed CD, DVD and Blue-ray Disc have
been prepared for you. Take an overview image
(10µm x 10µm) of each sample, think about the
best scanning direction (parallel or perpendic-
ular to the spiral lines) to determine the length
of a pit. Images:
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• CD surface with best scanning direction
(10µm x 10µm)

• DVD surface with best scanning direction
(10µm x 10µm)

• Blue-ray Disc surface with best scanning
direction (10µm x 10µm)

Identify the three different memory types on
the basis of your images. Measure (with a ruler)
the area of the media where data is stored.
From this area you can calculate the length of
the total track using the distance between two
spiral lines. Determine the length of the short-
est pit and compare this to literature data. How
is the digital information (1 and 0) stored on a
CD and how many channelbits are coded in the
shortest pit? Furthermore, try to estimate the
capacity of a CD using your results. Estimate
the capacities of a DVD and a Blue-ray Disc.
Is the data storage organized in the same way
as for the CD (hint: check for the EFM mech-
anism)?

3.3.4 Burned CD

Now prepare a sample of a burned CD surface
on your own by retracting a small square of the
dye layer. Again take an overview image (10µm
x 10µm).

• Burned CD surface with best scanning di-
rection (10µm x 10µm)

What are the differences between the burned
and the prepressed CD sample (only qualita-
tively)? What are the reasons for that?

3.3.5 Aditional Samples

You are encouraged to bring along some sam-
ples of your own. The size of the samples should
not exceed 10 mm ×10 mm ×4 mm and the
structures should not be higher than 500 nm.

4 Technical Support

This part will give a technical introduction in
the use of the AFM type MultiMode by Bruker.
It is meant to be a guide during the execution
of the lab course, hence it is not necessary to
read it in extension when preparing for the lab,
but it should be read at the beginning of the
lab course after the introduction of the tutor.
Most parts of this section are taken from [12].
The AFM manual is also available on the AFM
computer.

Throughout the entire tutorial expressions
which are related to the control software or the
AFM itself will be given in sans serif font.

4.1 Start-up

1. Switch on the main power using the button
be- hind the screen.

2. Turn on the computer.

3. Turn on the AFM controller behind the
desk.

4. Open the program NanoScope 9.1.

5. Select the experiment category Tapping
Mode, the experiment group Tapping Mode
in Air and load the experiment FP. All the
functions available in this experiment are
described in the figures 4.2,4.3,4.4 and 4.5

6. Use a tweezer to place the sample on the
magnetic sample holder above the piezo.
If the sample is thicker than the pre-
vious one it might be necessary to
bring up the stage

7. If a new cantilever is needed: Ask your tu-
tor for a new one.

8. Is the distance between sample and
AFM head enough? Pay attention
and make sure that the tip does not
touch the surface!Place the cantilever
holder in the AFM head and fix it with ad-
justment I (as schematically shown in fig.
4.1).
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9. Move the sample to the area of interest
with adjustments IIa and IIb using the op-
tical microscope.

10. Locate the laser light on the cantilever tip.
Before, verify that the mode switch on the
multimode SPM’s base is switched to AFM
LFM. Align the laser spot on the cantilever
by the laser position adjustments IIIa (x-
axis) and IIIb (y- axis). The maximized
value for the SUM should be approximately
7 Volts.

11. Adjust the photo-diode positioner (ad-
justers IVa and IVb) to set the reflected
laser beam in the middle of the diode.
The values vertical and horizontal should be
close to zero.

12. Put the mode switch on the multimode
SPM’s base to TM AFM.

13. Search for the resonance frequency of the
can- tilever (see figure 4.5). Auto Tune will
automatically search for this frequency.
Exit will automatically set the value for
drive frequency.

14. Recheck all control panel parameters. The
feed- back gains and the scan rate are the
most impor- tant parameters. Start with
the integral gain set to 4 and the propor-
tional gain set to 5. The scan rate should
be set below 2 Hz. Use a scan size of 10
µm to get an overview.

15. Focus with the optical microscope on the
surface, e.g. an edge of the surface.

16. In the next step, the tip is brought down
to the sample. Attention: When done
wrong this can destroy the tip! To
start, the microscope must be focused on
the surface, at the position where the tip
is. Then move up(!) the microscope a bit
so that the surface is no longer focused. As
a last step move down the tip until the tip
is in focus and stop.

17. Use the Engage button (see figure 4.3) to
make the tip contacting the surface. After
the tip contacts the sample, the AFM will
automatically start scanning the sample.

18. If the image doesn’t look like it should,
you can try to adjust the scan controls de-
scribed in the following section to improve
the quality of the image.

4.2 After the measurement

After a measurement has finished, click with-
draw to disengage the tip from the surface. Af-
ter that, the sample can be moved to have a
look at another region. The sample or tip is
removed the following way:

1. Bring up the tip to ensure that there is
enough distance between the surface and
the tip.

2. Release the cantilever holder with adjuste-
ment screw I.

3. Remove the cantilever holder and position
it in a way that you cannot accidentally
touch the tip.

4. Remove the sample with a tweezer.

4.3 Data evaluation

The data is evaluated with the Nanoscope anal-
yser.It has many functions, most of them are
rather self-explanatory. The most important
functions are Plane fit and Section, which can
both be found in the top panel. Plane fit al-
lows to select different parts of the Surface that
should have the same height to flatten the data.
This should be performed at the beginning of
every image evaluation. Section is the easi-
est way to measure the height profile along a
straight line. If you want to evaluate the data
at home, Gwyddion is a free software that can
also be used for SPM data evaluation. It has
comparable and sometimes even more function-
ality.
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Figure 4.1: Description of the NanoScope toolbar buttons for the experimental workspace han-
dling in the main screen.

Figure 4.2: Description of the NanoScope tool-
bar buttons for the experimental workspace
handling in the main screen.

4.4 Parameters for Tapping Mode

4.4.1 Scan Controls

Scan Size: Size of the scan along one side of
the square. If the scan is non-square (as deter-
mined by the aspect ratio parameter), the value
entered is the longer of the two sides. Maximum
value: ≈ 10 µm.

Aspect Ratio: Determines whether the
scan is to be square (aspect ratio 1:1), or non-
square. Default value 1:1.

X offset, Y offset: These controls allow
adjustment of the lateral scanned area and the
center of the scanned area. These values can
be chosen between 0 and maximal ≈ 10 µm,

Figure 4.3: Description of the workflow toolbar
buttons in the main screen.
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Figure 4.4: Description of the NanoScope tool-
bar capture buttons in the main screen.

depending on the scan size (piezo deflection in
x- and y- direction is max. ≈ 10 µm).

Scan Angle: Combines x-axis and y-axis
drive volt- ages, causing the piezo to scan the
sample at varying x-y angles. Value between
0 and 360 degrees. The scan angle value may
affect the scan size.

Scan Rate: The number of lines scanned
per sec- ond in the fast scan (x-axis on dis-
play monitor) direction. In general, the scan
rate should be decreased as the scan size is de-
creased. Scan rates of 1.5–2.5 Hz should be
used for larger scans on samples with tall fea-
tures. High scan rates help to reduce drift, but
they can only be used on very flat samples with
small scan sizes. Minimum/maximum value:
0.1–5 Hz.

Tip Velocity: The scanned distance per
second in the fast scan direction (changes as
the scan rate changes).

Samples/Line: Number of imaged points
per scanned line (default value 512).

Lines: Number of scanned lines. This value
is the same as samples/line for aspect ratio of

Figure 4.5: Description of the NanoScope tool-
bar buttons for scanning in the main screen.
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1:1 (default value 512).
Slow Scan Axis: Starts and stops the slow

scan (y- axis on display monitor). This control
is used to allow the user to check for lateral
mechanical drift in the microscope or assist in
tuning the feedback gains. Always set to en-
able unless checking for drift or tuning gains.
Default value: enable.

4.4.2 Feedback Controls

Integral Gain and Proportional Gain:
Controls the response time of the feedback loop.
The feedback loop tries to keep the output of
the SPM equal to the setpoint reference cho-
sen. It does this by moving the piezo in z to
keep the SPM’s output on track with the set-
point reference. Piezoelectric transducers have
a characteristic response time to the feedback
voltage applied. The gains are simply values
that magnify the difference read at the A/D
converter. This causes the computer to think
that the SPM output is further away from the
setpoint reference than it really is. The com-
puter essentially overcompensates for this by
sending a larger voltage to the z piezo than it
truly needed. This causes the piezo scanner to
move faster in z. This is done to compensate for
the mechanical hysteresis of the piezo element.
The effect is smoothed out due to the fact that
the piezo is adjusted up to four times the rate
of the display rate. Optimize the Integral Gain
and Proportional Gain so that the height im-
age shows the sharpest contrast and there are
minimal variations in the amplitude image. It
may be helpful to optimize the scan rate to get
the sharpest image. Default values between 1
and 10.

Amplitude Setpoint: The setpoint defines
the desired voltage for the feedback loop. The
setpoint voltage is constantly compared to the
present RMS amplitude voltage to calculate the
desired change in the piezo position. When the
SPM feedback is set to amplitude, the z piezo
position changes to keep the amplitude voltage
close to the setpoint; therefore, the vibration

amplitude remains nearly constant. Changing
the setpoint alters the response of the cantilever
vibration and changes the amount of force ap-
plied to the sample. Default value 250 mV.

Drive Frequency: Defines the frequency
at which the cantilever is oscillated. This fre-
quency should be very close to the resonant fre-
quency of the cantilever. These value is around
300 kHz for the cantilevers used.

Drive Amplitude: Defines the amplitude
of the voltage applied to the piezo system that
drives the cantilever vibration. It is possible to
fracture the cantilever by using too high drive
amplitude; therefore, it is safer to start with
a small value and increase the value incremen-
tally. If the amplitude calibration plot consists
of a flat line all the way across, changing the
value of this parameter should shift the level
of the curve. If it does not, the tip is proba-
bly fully extended into the surface and the tip
should be withdrawn before proceeding. De-
fault value 500 mV.

SPM Feedback: Sets the signal used as
feedback in- put. Possible signals are Ampli-
tude (default), TM deflection and Phase

4.4.3 Channels

Data Type: Height data corresponds to the
change in piezo height needed to keep the vi-
brational amplitude of the cantilever constant.
Amplitude data describes the change in the am-
plitude directly. Deflection data comes from
the differential signal off of the top and bottom
photo-diode segments.

Data Scale: This parameter controls the
vertical scale corresponding to the full height
of the display and colour bar. Data Center:
Offsets the centerline on the colour scale by the
amount entered.

Line Direction: Selects the direction of the
fast scan during data collection. Only one-way
scanning is possible.

Range of settings:

• Trace: Data is collected when the relative
motion of the tip is left to right as viewed
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from the front of the microscope.

• Retrace: Data is collected when the rela-
tive tip motion is right to left as viewed
from the front of the microscope.

Scan Line: The scan line controls whether
data from the Main of Interleave scan line is
displayed and captured.

Realtime Plane Fit: Applies a software
levelling plane to each realtime image, thus re-
moving up to first-order tilt. Five types of
plane-fit are available to each real-time image
shown on the display monitor. Range of set-
tings:

• None: Only raw, unprocessed data is dis-
played.

• Offset: Takes the z-axis average of each
scan line, then subtracts it from every data
point.

• Line: Takes the slope and z-axis average of
each scan line and subtracts it from each
data point in that scan line. This is the
default mode of operation, and should be
used unless there is a specific reason to do
otherwise.

• Bow: Centers data and removes the tilt
and bow in each scan line, by calculating
a sec- ond order, least-squares fit for the
selected segment then subtracting it from
the scan line.

Offline Plane Fit: Applies a software lev-
elling plane to each offline image for removing
first-order tilt. Five types of plane-fit are avail-
able to each offline image. Range of settings:

• None: Only raw, unprocessed data is dis-
played.

• Offset: Captured images have a DC z offset
removed from them, but they are not fitted
to a plane.

• Full: A best-fit plane that is derived from
the data file is subtracted from the cap-
tured image.

High-pass filter: This filter parameter in-
vokes a digital, two-pole, high-pass filter that
removes low frequency effects, such as ripples
caused by torsional forces on the cantilever
when the scan reverses direction. It operates
on the digital data stream regardless of scan di-
rection. This parameter can be off or set from
0 through 9. Settings of 1 through 9, succes-
sively, lower the cut-off frequency of the filter
applied to the data stream. It is important to
realize that in removing low frequency informa-
tion from the image, the high-pass filter distorts
the height information in the image.

Low-pass filter: This filter invokes a dig-
ital, one- pole, low-pass filter to remove high-
frequency noise from the Real Time data. The
filter operates on the collected digital data re-
gardless of the scan direction. Settings for this
item range from off through 9. Off implies no
low-pass filtering of the data, while settings of
1 through 9, successively, lower the cut-off fre-
quency of the filter applied to the data stream.

17



References

[1] G. Binnig, H. Rohrer, Ch. Gerber, E. Weibel. Tunneling through a Controllable Vacuum
Gap. Appl. Phys. Lett. 40, 178, 1982.

[2] G. Binnig, H. Rohrer, Ch. Gerber, E. Weibel. Surface studies by scanning tunneling mi-
croscopy. Phys. Rev. Lett. 49, 5, 1982.

[3] H. Lüth. Solid Surfaces, Interfaces and Thin Films. Springer, 4th Edition, 2001.

[4] M. Henzel, W. Göpel. Oberflächenphysik des Festkörpers. B. G. Teubner, Stuttgart, 1991.

[5] G. Binnig, C. F. Quate, Ch. Gerber. Atomic Force Microscope. Phys. Rev. Lett. 56, 930,
Mar 1986.

[6] R. Ohmann. Atomic Force Microscopy. Masterpraktikum Manual, University of Siegen,
September 26, 2022.

[7] R. Waser, editor. Nanoeletronics and Information Technology. Wiley VCH, 2003.

[8] K. Szot, W. Speier, U. Breuer, R. Meyer, J. Szade, R. Waser. Formation of microcrystals
on the (100) surface of SrTiO3 at elevated temperatures. Surf. Sci. 460, 112, 2000.

[9] S. Lee, W. M. Sigmund. AFM Study of Repulsive van der Waals Forces Between Teflon AF
Thin Films and Silica or Alumina. Colloids, Surfaces A Physicochemical, and Engineering
Aspects 204, 43, 2002.

[10] JPK Instruments. NanoWizard AFM Handbook. ManualsLib.com, Version 2.2a, May 2012.

[11] B. V. Derjaguin, V. M. Muller, Y. P. Toporov. Effect of contact deformations on the ad-
hesion of particles. Journal of Colloid and Interface Science 53, 314, 2002.

[12] Bruker Corporation. MultiMode 8 User Guide. Bruker Corporation, 2013.

18


	Introduction
	Scanning Probe Microscopy
	The Scanning Force Microscope

	Basics
	Theoretical Principles
	Van der Waals interaction
	Approaching the surface (Force-distance behavior)
	Mechanical surface properties
	Operation Modes

	Operation Principles
	Optics

	Feedback control
	Preparation Tasks

	Experiments and Evaluation 
	P and I values
	Tip Characterisation and Limitations of the AFM
	Samples
	CCD-Chip
	Nano lattice
	CD, DVD and Blue-ray Disc
	Burned CD
	Aditional Samples


	Technical Support
	Start-up
	After the measurement
	Data evaluation
	Parameters for Tapping Mode
	Scan Controls
	Feedback Controls
	Channels



