
1226

Two dynamic modes to streamline challenging atomic force
microscopy measurements
Alexei G. Temiryazev*1, Andrey V. Krayev2 and Marina P. Temiryazeva1

Full Research Paper Open Access

Address:
1Kotel’nikov Institute of Radioengineering and Electronics of RAS,
Fryazino Branch, Vvedensky Square 1, Fryazino 141190, Russia and
2Horiba Instruments Inc., 359 Bel Marin Keys Boulevard, Suite 18,
Novato, California 94949, United States

Email:
Alexei G. Temiryazev* - temiryazev@gmail.com

* Corresponding author

Keywords:
atomic force microscopy; dissipation mode; scanning probe
microscopy; vertical mode

Beilstein J. Nanotechnol. 2021, 12, 1226–1236.
https://doi.org/10.3762/bjnano.12.90

Received: 05 July 2021
Accepted: 01 November 2021
Published: 15 November 2021

Associate Editor: T. Glatzel

© 2021 Temiryazev et al.; licensee Beilstein-Institut.
License and terms: see end of document.

Abstract
The quality of topographic images obtained using atomic force microscopy strongly depends on the accuracy of the choice of scan-
ning parameters. When using the most common scanning method – semicontact amplitude modulation (tapping) mode, the choice
of scanning parameters is quite complicated, since it requires taking into account many factors and finding the optimal balance be-
tween them. A researcher’s task can be significantly simplified by introducing new scanning techniques. Two such techniques are
described: vertical and dissipation modes. Significantly simplified and formalized choice of the imaging parameters in these modes
allows addressing a wide range of formerly challenging tasks – from scanning rough samples with high aspect ratio features to mo-
lecular resolution imaging.
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Introduction
More than 30 years have passed since the introduction of atomic
force microscopy (AFM) [1]. This technique has established
itself as an indispensable tool for characterization not only in
physics and chemistry, but also in related fields of research in-
cluding medicine, biology, and materials science The relative
ease of use of AFM and a large number of operating modes
allowed for the study of mechanical, magnetic, and electrical
properties of various objects. At the same time, surface profile

measurements remain both the main application of the method
and the basis of two-pass technics of magnetic and electrical
measurements. In some cases, obtaining a good topographic
image without artifacts and distortion is not an easy task. The
operator must take into account a large number of often
conflicting requirements, which leads to the need for very fine
tuning of the scanning parameters, which, in turn, limits the
successful imaging of complex samples only to experienced
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researchers. In this article, we would like to draw the attention
of AFM practitioners to two operating modes, the vertical mode
[2] and the dissipation mode [3-5], which can greatly simplify
and expand the applicability of the AFM technique. In order to
better understand the areas of applicability and benefits of the
proposed methods, we will start with a brief overview of the
standard scanning modes and their problems.

Results and Discussion
Basic AFM modes
A key element of a standard AFM is a probe, that is, a flexible
console with a sharp tip at the end. Two main classes of scan-
ning methods can be distinguished, namely contact and
dynamic scanning. During contact scanning, the tip is pressed
against the surface and the pressing force is controlled by the
deflection of the console. A similar way to control the interac-
tion of the probe with the sample is used in off-resonance
dynamic modes [6]. Although they have various names,
depending on the specific manufacturer (PeakForce Tapping,
Hybrid Mode, Digital Pulsed Force Mode), a common feature
of these methods is that the transition to the contact is carried
out periodically with a frequency of 1–2 kHz. In addition to the
surface profile, contact methods allow one to obtain some infor-
mation on the mechanical properties of the material, provided
that the contact area between the tip and the sample can be
modeled with a reasonable degree of accuracy. In the case of
the classical contact mode, the friction force can be measured;
when using off-resonance dynamic modes, stiffness and adhe-
sion in the samples can be determined. Obviously, in deter-
mining the mechanical properties, the force of tip–surface inter-
action should be somewhat greater than that required if the task
is strictly limited to the measurement of topography.

When scanning in air, the interaction of the tip with the sample
can be reduced, and the measurements themselves are per-
formed more delicately when using resonance modes. In this
class of AFM techniques, the probe is forced to oscillate close
to its resonant frequency (usually 40–400 kHz). As the distance
between the probe and the sample decreases, the oscillation
amplitude A also decreases. A certain amplitude value is
selected as a set point Asp (a reference level). A feedback loop
compares the current amplitude value with Asp and, moving the
Z-scanner vertically, maintains A = Asp. During scanning each
line, lateral movement (in the X or Y direction) is performed at a
constant speed V. This is the most common dynamic mode,
which is called amplitude modulation (AM-AFM) [7] and has
many other names (e.g., tapping mode or semi-contact mode).
The common feature is amplitude feedback. An alternative
method uses the resonant frequency of the probe as a feedback
parameter and is called frequency modulation AFM (FM-
AFM).

Selection of scan parameters in amplitude
modulation AFM
Let us consider which parameters we need to adjust in
AM-AFM and what pitfalls are along the way there. In the
amplitude modulation mode, scanning is performed with a con-
stant excitation frequency and a constant power level supplied
to the probe oscillation actuator. In a number of publications
[8-10], it is proposed to drive at a frequency somewhat offset
relative to the resonant frequency of the probe. Consideration of
this issue is beyond the scope of this work. We will assume that,
as in many AFM control programs, this parameter does not
need to be selected, and the driving frequency is set equal to the
resonant frequency of the probe located sufficiently far enough
from the surface so that the van der Waals forces are negligible.
The driving power is selected such that it provides a certain
initial amplitude A0 of the probe oscillations (also far from the
surface). This value is often called the amplitude of free oscilla-
tions. Next, we need to select a set point (reference) level Asp,
we define it as Asp = p × A0/100, that is, the amplitude during
scanning will be p percent of the initial amplitude. In addition,
we must set the scanning speed V. The problem is that the
optimal choice of the values of A0, p, and V depends on the
roughness of the surface to be investigated, information which
we often do not have beforehand.

In general, to scan objects with high vertical protrusions or deep
trenches/holes, it is necessary to increase the amplitude A0 and
decrease the speed V [11]. Qualitatively, this can be understood
from the following considerations. If there is a vertical wall of
height h, then, at the moment when the probe quickly hits the
wall, the oscillation amplitude decreases by the amount of h.
The error signal δA = A − Asp appears, defined by the differ-
ence of the current amplitude and Asp. The value of δA = −h is
fed to the feedback system that separates the sample and the
probe. When descending from the step, the opposite situation
arises, that is, the amplitude increases and the feedback system
has to reduce the distance between sample and probe. However,
if the step is high and the initial amplitude is small, then the
error signal is saturated. If p = 50%, then the maximum value of
δA does not exceed A0/2 and can be significantly less than h.
This leads to inaccurate profile measurements. When
descending from a step edge, so-called parachuting is observed
and the actual topography profile is smoothed out. The climb to
a step edge is also accompanied by an error in measuring the
profile, and it often occurs also at zero amplitude, which means
a pretty hard contact of the probe with the surface. This can lead
to damage and contamination of the tip, as well as to the defor-
mation of soft or poorly fixed objects on the sample. Errors in
the measurement of the profile can be minimized by reducing
the scanning speed. However, since the speed is constant,
movement in flat areas will be unreasonably slow, which
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Figure 1: Approach (blue dots) and retraction (red triangles) curves. Change in amplitude (a) and frequency (b) during auto-tuning of the resonant fre-
quency of the probe. Change in amplitude (c) and phase (d) at a fixed oscillation frequency of the probe.

leads to a significant increase in the time required to obtain an
image.

One more factor affecting the quality of the resulting images
should be noted. There are certain restrictions on the choice of
parameters A0 and Asp. In the previous arguments, it was
assumed that, through maintaining a constant amplitude of
oscillations at the level A = Asp, we fix the distance z between
the probe and the surface, that is, there is an unambiguous de-
pendence of A on z. However, it is not always the case. As the
probe approaches the surface, the decrease in amplitude occurs
for two reasons. First, because of dissipation, and second,
because the interaction of the probe with the surface leads to a
change in its resonance frequency fr. This frequency shift is
proportional to the force gradient and has a nonmonotonic de-
pendence on z [4,12-14]. This dependence can be directly ob-
served if resonance conditions are maintained, for example, if
we use a phase-locked loop and constantly keep the driving fre-
quency at resonance. As the probe approaches the surface, its
resonant frequency first shifts downward under the action of

attractive forces (e.g., van der Waals forces or capillary forces),
and then increases when repulsive forces become dominant
(Figure 1b). In AM-AFM, the driving frequency is fixed and is
equal to the frequency of free oscillations of the probe. Any
shift of the resonance will lead to a decrease in the amplitude of
the forced oscillations even in the absence of dissipation. In this
case, bistability is possible when both the negative and the posi-
tive shift of the resonant frequency correspond to the same
amplitude [15]. The two possible resonant frequencies corre-
spond to different distances between the probe and the sample.
The condition under which the frequency shift is negative is
called the net-attractive regime, and correspondingly, positive
frequency shift is called net-repulsive regime. Switching from
one regime to another is experimentally observed in the form of
a sharp change in the phase of forced oscillations (Figure 1d).
Hysteresis is often observed on the approach–retraction curve;
switching of regimes occurs at different amplitudes depending
on whether the probe approaches or retracts. There is a certain
range of amplitudes within which the probe can be both in net-
attraction and in net-repulsion (Figure 1c). Thus, under certain
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conditions, the unambiguous dependence between A and z is
broken. If Asp falls within this range, then due to the random
switching of the interaction regime, pits (or protrusions) of
about 1.5–2.5 nm height will appear in the obtained image of
the surface. It is very important to select scanning parameters
that guarantee the operation away from this region of bistability.
The choice of a good value of p depends on the initial ampli-
tude A0 and the tip sharpness. An increase in A0 and the use of
the sharper probes leads to an increase in p at which the transi-
tion from attraction to repulsion occurs [16]. Qualitatively, this
is easy to understand. The attractive forces for a blunt tip are
greater because it has a larger effective area of interaction with
the surface. In order for repulsion to become dominant against
this background, more rigid contact with the surface is required,
which is achieved with an increase in the initial amplitude A0
and/or a decrease in Asp.

We must decide in which regime (attraction or repulsion) the
scan will be performed and accordingly select Asp. Factors to
consider are the risk of tip wear, sample deformation, and tip
contamination. The most important parameter here is the
tip–sample force at the turn-around point of the oscillation
cycle. Note that this force Fp can be repulsive even in net-
attractive regime. In order to avoid tip wear and possible sam-
ple damage we need to keep the extreme force to a necessary
minimum. There are different approaches for the choice of the
best regime [17-21]. This selection is quite contradictory as the
attraction regime provides the most delicate conditions that
guarantee the preservation of the sharpness of the probe [22]. At
the same time, if the probe is initially sharp, then this regime
requires a very small initial amplitude (A0 is less than
10–20 nm), which, as noted above, can lead to damage to the
probe if it bumps into a steep high wall.

Another important point. For high quality images, a correct
feedback gain setting is required. We will not consider this
issue in detail, since it is sufficiently general for all systems
with negative feedback; the specificity associated with the oper-
ation of a scanning probe microscope can be found in [11]. We
only note that errors in choosing this parameter can lead to
image distortion and noise, as well as damage to the probe.

It can be seen from the foregoing that the choice of scanning pa-
rameters depends on both the characteristics of the sample and
the sharpness of the probe. Optimization, as a rule, requires a
test scanning and some experience with the device. To facilitate
the work of the researcher it was proposed in [23] to use a
special program for tuning, the algorithm of which involves the
selection of parameters during the test scanning. In our paper,
we would like to propose an alternative approach related to
changing the scanning procedure itself.

Vertical mode
The vertical mode (VM) is similar to amplitude modulation,
that is, the probe oscillates near the resonant frequency, the
driving frequency and power of the piezoelectric transducer are
fixed. A key element of VM is a complete decoupling of lateral
(XY) and vertical (Z) movement of the probe. We set two levels
of the oscillation amplitude: a reference value A1 = p1 × A0/100
and the top value A2 = p2 × A0/100, where A2 > A1. The height
is recorded at each point at the moment when the amplitude
reaches the value of A1, as the probe moves vertically at a con-
stant speed towards the surface. After the A1 level is reached
and the value of corresponding height is stored, the probe
moves away from the surface until the amplitude exceeds A2.
Only upon reaching this condition, the probe starts lateral
movement, that is, the transition to the next point. If during this
movement the amplitude drops below the level A2, the lateral
movement stops, the probe rises above the sample again until
the amplitude exceeding A2 is restored, after which the lateral
transition resumes. Thus, at each measurement point, the ampli-
tude is initially greater than A2, and in order to reach the A1
level, it is necessary to bring the probe closer to the surface.

Let us consider the main advantages of this method. One is the
adaptive scanning speed. The levels of A1 and A2 may be very
close. Their difference should only be much higher than the
noise level. In our measurements, p2 − p1 = 4%, which for an
initial amplitude A0 = 20 nm corresponds to a vertical displace-
ment of less than 1 nm. This means that scanning a flat surface
can be reasonably fast. However, if the probe encounters a tall
(deep) feature, the imaging algorithm will provide additional
time to trace steep topography. Likewise, when descending a
steep edge, parachuting will not happen, as the probe will
remain over each point as long as necessary to reach the refer-
ence level of the amplitude. Thus, the actual time taking to
acquire a scan is determined both by the speed of movement be-
tween the adjacent points and the roughness of the sample. In
many cases, the latter factor will predominantly determine the
overall imaging time.

There is no need to adjust the feedback and it is possible to scan
rough surfaces at small oscillation amplitude. Since feedback is
not used in its regular sense, we have no restrictions associated
with the need to increase the amplitude of oscillations when
scanning objects with a large difference in height. One of the
most important consequences of the imaging algorithm pro-
posed above is the ability to keep the sharpness of ultrasharp
probes when scanning rough surfaces and large areas. For any
tip, the amplitude A0 can be chosen so small that the reference
amplitude A1 at p1 = 70–80% corresponds to the net-attractive
regime, which is the safest one for the probe. For a sharp tip, A0
is expected to be fairly small, less than 5–10 nm. Nevertheless,
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the VM allows for scanning a large rough area with a probe
oscillating at a low amplitude. In contrast, the use of ultrasharp
probes allows for performing extremely high-resolution
imaging (down to molecular resolution) when scanning small
and relatively flat areas. Thus, with the same probe, we can pre-
scan a large area, find specific locations and perform high-reso-
lution scans. The technique of high-resolution imaging will be
discussed in the next section.

The VM avoids image artifacts associated with a sticking probe.
In some cases, a sticking effect can be observed, when in the
process of AFM imaging the amplitude of the probe oscilla-
tions sharply drops to zero [24]. This phenomenon is usually
caused by a combination of small oscillation amplitude, inap-
propriately low spring constant of the probe (and thus too low
energy stored in the vibration), strong attractive forces caused
by some surface layers (water/hydrocarbons), and increased
adhesion caused by the large contact area of a blunt tip. Regular
AM-AFM feedback operation in the presence of sticking is very
unstable and inhibits one from obtaining correct surface profile.
Using the VM can help in this case. At each measurement point,
we take a height measurement when the amplitude decreases to
level A1. A further decrease in the amplitude is no longer rele-
vant, since, according to the algorithm, the probe will be
retracted from the surface at a distance that guarantees the
restoration of oscillations.

The sticking effect can also be observed in the case of scanning
samples with high aspect ratio features. In AM-AFM, when
scanning such samples at low oscillation amplitude, the lateral
displacement velocity V must be kept very low to minimize
error. When approaching a steep (high or deep) object, the
sensor begins to touch it with the side of the needle cone. The
contact area increases sharply, sticking occurs and the ampli-
tude drops to zero. Consequently, feedback retracts the probe,
the amplitude is restored to a high level, the probe approaches
the surface again, and the process is repeated. At a low scan-
ning speed V, this leads to artifacts, that is, several periods of
height fluctuations against the wall are recorded. In the VM,
sticking can also occur, but it does not affect the measurement
result.

Let us consider which parameters, in addition to p1 and p2, are
important for the VM. In AM-AFM, it is sometimes suggested
that one can use the return scan line to compensate for direct
pass errors. When using the VM, the height measurement
occurs during vertical movement, so it does not matter from
which side the probe approaches the measurement point. It
makes no sense to make measurements on the return pass. The
scanning time can be reduced due to a faster return pass per-
formed when the probe is retracted a certain distance from the

surface. Thus, we introduce Tline, the time of lateral moving at
each line. It will consist of two parts: Tdir, the time for lateral
moving during the measurements (direct pass) and Tret, the time
for the return pass. The time of vertical movements is not
known in advance. It depends on the sample roughness and two
parameters, namely the speed Vdown of the probe approaching
the surface at the point of measurement and the retraction speed
Vup. The time required to obtain a scan, Tscan, will be the sum of
the lateral and vertical movement times on all lines, as well as
the ascent and descent times when switching the direct and
return passes. Next, we enter two levels of height. A bottom
level Hbot limits the depth at which the probe must reach the
surface. If, during the measurement, at Hbot the oscillation
amplitude still exceeds A1, we will write down all the necessary
parameters and start moving to the next point. This allows us to
continue scanning even if we cannot reach the bottom surface in
the case of tall objects or samples with deep pits. Conversely, if
at the top level Htop the oscillation amplitude is less than A2, we
stop scanning. This prevents damage to the tip. Then, we need
to mechanically move the entire Z-scanner to increase the dis-
tance to the sample.

Figure 2 presents some examples of scanning. The VM allows
you to scan objects with high vertical walls without artifacts
caused by parachuting and sticking (Figure 2a). Figure 2a and
Figure 2b show the top of a micropipette, which is a probe in
scanning ion conductance microscopy [25]. From Figure 2b, we
can estimate that the diameter of the intact micropipette at its
most protruding part is about 100 nm. To do this, we need to
make a small scan about 200 nm in size. Even finding the right
spot for this scan is a tricky task for standard AFM modes
because micropipettes are much thinner than the AFM tip cone.
To find it, you need to scan an area of several micrometers and
be ready to encounter an object whose height exceeds the range
of the Z-scanner. This task is easy to fulfil in the VM. If the
probe hits something, it stops lateral movement and moves
vertically to find the top of the object. If the object is too high
and the Htop level is reached, scanning stops; this prevents
damage to both the probe and the sample. In the case of a
micropipette, a rough scan of a large area gives an image of the
probe itself (see Supporting Information File 1). To see the end
of the micropipette, we should select a small area near the
highest point.

Figure 2c demonstrates the scan of the AFM tip. We chose
contrast to show the end of the tip and to visualize the contami-
nation there. Such a sample is available in any AFM laboratory
and allows one to demonstrate some of the features that make it
difficult to work in standard modes. On the one hand, next to
the scan area, there is a high console of the cantilever; on the
other hand, there is no bottom; the sample seems to be hanging
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Figure 2: Vertical mode imaging. AFM images of the top of a broken micropipette (a) and an intact micropipette (b); AFM image of the tip of the probe
(c), the surface of a SWCNT film (d); AFM image (without processing) of the surface of bismuth telluride (e). Scanning parameters for (a): 256 by 256
points, A0 = 12 nm, Tline = 2 s, Tdir =1.8 s, Vup = 20 µm/s, Vdown =10 µm/s, p1 = 70%, p2 = p1 + 4%, fr = 245 kHz, Tscan = 16 min. Scanning parame-
ters for (d): 512 by 314 points, A0 = 12 nm, Tline = 1 s, Tdir = 0.8 s, Vup = 5 µm/s, Vdown =2 µm/s, p1 = 70%, p2 = p1 + 8%, fr = 233 kHz, Tscan = 21 min.
Parameters for (e) are given in Supporting Information File 1.

in the air. When using VM, we limit the scan depth by setting
Hbot (which is about 4 μm as seen on the height scale) and the
scan will stop if the probe touches the console.

The VM was elaborated as a tool for imaging samples with high
aspect ratio features (deep cavities or vertical walls). Our expe-
rience with VM has shown that this is a versatile mode, effec-
tive for scanning any objects. The point is that the VM allows
using low amplitudes for scanning samples of any roughness.
The ability to scan rough surfaces using a small oscillation
amplitude and sharp probes in the attraction regime means that
the contact area is small and the tip–sample interaction is negli-
gible. On the one hand, this allows for high-quality imaging of
loosely attached and soft objects, even if they have a high
aspect ratio. For example, Figure 2d shows a film of single-
walled carbon nanotubes (SWCNTs) [26]. This is very soft
object that can be easily deformed by AFM probe. On the other
hand, such a regime significantly reduces the likelihood of tip
contamination. AFM image artifacts are often caused by a parti-
cle sticking to the tip (see Figure 2c). This not only degrades the
image resolution. It also leads to the appearance of stripes in the
image since the particle is poorly fixed and it may fall off or
change its position during the scanning process. As a result,
adjacent scan lines differ slightly in height. Such a defect is
usually corrected by fitting the lines during subsequent image
processing. In some cases, such as when high protrusions are

adjacent to flat areas, this fitting will give poor results. Using
VM yields high-quality raw images that do not require post-pro-
cessing. Figure 2e and Figure S2 in Supporting Information
File 1 illustrate this statement by the example of scanning the
surface of bismuth telluride [27].

The main disadvantage of VM is the longer image acquisition
time Tscan compared to standard scan modes. This is true if the
surface is flat or if hard tapping at high initial amplitude is used
for scanning a rough surface in AM-AFM. However, it might be
discussed if we want to maintain the sharpness of the probe and
are forced to scan with low A0. As an example, we use a sam-
ple that is easy to scan in any mode, namely a tip on a test
grating TGT1 (NT-MDT). Figure 3a shows the image of the tip
obtained using the VM with the following parameters: 256 by
256 points, A0 = 10 nm, Tline = 0.5 s, Tdir = 0.4 s, Vup = 5 µm/s,
Vdown = 2 µm/s, p1 = 70%, p2 = p1 + 4%. We used a Mikro-
masch NSC15 cantilever with a nominal force constant 46 N/m
and resonance frequency of 328 kHz. This scan took Tscan =
6 min. Figure 3b shows the time spent on the measurement at
each point. At flat areas, it is about 4 ms including 1.6 ms for
the lateral movement from point to point. Thus, we spend an ad-
ditional 2.4 ms for vertical movement. At the side of the tip, this
time increases fivefold. This ensures an accurate measurement.
Scanning in the standard AM-AFM mode (see Supporting
Information File 1 for details) at the same value of A0 took
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Figure 3: AFM image of the tip on a test grating TGT1 (a); time of the measurement at a point (b).

13 min at 0.33 Hz scan rate. The recorded tip shape was almost
the same but there is a big difference in variation in the oscilla-
tion amplitude, which is a feedback error. The amplitude varied
in the range of 15.4–16.7 relative units in VM and in a seven
times wider range of 12.5–21.8 in the AM-AFM. This example
shows that the VM can give better results even with shorter
acquisition times.

We also note that in the VM, along with the measurement of
height, the phase of probe oscillations can be recorded. The
phase contrast obtained in this case, as in the case of AM-AFM,
allows one to probe the heterogeneity of the mechanical proper-
ties of the surface [28], but it is free from artifacts associated
with the influence of the surface profile on the feedback error
(phase change at the step boundaries). Thus, in comparison with
AM-AFM, the loss of the scanning speed in the VM is compen-
sated by the gain in the ease of the AFM set up and the overall
time required for collecting a high-quality image. There is no
need for a test scan, it is easier to process collected images; due
to the dramatic reduction of tip contamination, the probes do
not have to be exchanged as frequently as in conventional
AM-AFM imaging protocols. Easy and quick setup of the VM
is of particular importance. Usually, it is enough to choose just
one parameter, that is the initial amplitude of the oscillations.
All other parameters, at this stage, can have fixed values. For
example, we can use p1 = 70–80%, p2 = p1 + 4%, Tline = 1 s,
Tdir = 0.8 s, Vup = 5 µm/s, Vdown = 2 µm/s. Such a set will
provide high-quality images of various samples. Further optimi-
zation of the parameters may be needed to address specific
goals, for example, to reduce the scanning time. The selection
of the value of initial amplitude cannot be avoided since it
depends on the sharpness of the probe. If the measurements are
to be conducted in the net-attractive regime (optimal from the
point of view of the probe apex preservation), then for sharp
probes the amplitude should be rather small, for example,
5–10 nm. If the probe is blunter, at low amplitudes the probe
may stick, which will significantly increase the scanning time.
In this case, we can increase initial amplitude, while remaining

in the net-attractive regime. It is important that the choice of A0
is based on the approach curve; it is independent of surface to-
pography and can be done prior to starting the actual scan. We
used different types of cantilevers with a force constant in the
range of 0.5–50 N/m and resonant frequencies of 40–400 kHz.
Some of the probes had sharp custom-made spikes grown ac-
cording to [29].

It should be noted that the VM is different from the jumping
mode (JM) proposed in [30]. First, JM is a contact mode.
Second, in jumping mode it is assumed that after measuring the
height at a certain point, the probe is lifted by a certain distance,
for the purpose of its safe transfer to the next measurement
point. The VM does not imply separation with the surface, the
probe is within the range of van der Waals forces almost all the
time. Due to this, the scanning speed in flat areas increases sig-
nificantly. We can consider the VM as a kind of feedback that
during lateral movement does not track the height but only
ensures that the probe does not get too close to the surface.
Compared to the off-resonance dynamic modes, the main differ-
ence of the VM is that it is a resonance mode, which allows for
a more gentle scanning in air than contact modes.

Dissipation mode
It is commonly known that the lateral resolution of AFM
images depends on the sharpness of the probe. A typical value
of the radius of the tip curvature r is 10 nm. Specially made
probes with carbon spikes have values of r about 2 nm [31,32].
Nevertheless, under certain conditions, for example, when
measuring under high-vacuum conditions, the AFM allows for
obtaining atomic resolution [33]. Such measurements are
usually carried out in the frequency modulation mode, which
means that the driving frequency is automatically kept equal to
the current resonant frequency of the probe, and the shift of the
resonant frequency is used as the set point. Historically,
FM-AFM is commonly called non-contact atomic force micros-
copy [33]. However, repulsive forces are required to obtain high
resolution, which implies some level of contact [34]. Qualita-
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tively, this is easy to understand from the following reasoning.
If a probe with a radius of curvature of the tip r touches a rela-
tively smooth surface, then the contact area may have lateral
dimensions substantially smaller than r. This will give a good
resolution. With an increase in pressure, the contact area will
increase, and the resolution will decline. Thus, in order to
achieve high resolution, a precise adjustment of the scanning
parameters is required that will allow for an operation within a
narrow range of forces. The goal of optimizing the scan param-
eters is to set the repulsion on a portion of the oscillation cycle
and adjust the repulsive forces to the minimum that we can
register. When scanning in air, achieving this goal is compli-
cated by substantial adhesive forces associated with surface
water and/or other adsorbates, which means that the onset of
repulsive interaction should be registered against a strong back-
ground of attraction. This task can be significantly simplified if
the dissipation mode (DM) is used for scanning [5]. In the DM,
the probe excitation frequency is maintained equal to its instant
resonant frequency (as in FM-AFM), while the signal fed to the
Z-scanner feedback loop is the oscillation amplitude (as in
AM-AFM). The possibilities of using this mode for scanning
were discussed in [3-5,35]. A comprehensive theoretical and ex-
perimental study of the approach curves was carried out in the
framework of the development of the frequency modulation
mode [12-14]. When approaching, the probe amplitude in the
DM decreases only due to dissipation, changing monotonically
(Figure 1a) without any bistabilities typical for conventional
AM-AFM. The change in the resonant frequency is non-mono-
tonic, which directly reflects the competing influence of the
attractive and repulsive forces for each specific probe and sam-
ple. Optimal scanning conditions roughly correspond to the
minimum of the frequency-versus-distance curve [5]. By plot-
ting the dependence of the resonant frequency on the amplitude,
we can find the value of amplitude Amin that corresponds to the
minimum frequency. The exact value of this amplitude depends
on the value of the initial amplitude. With a large initial ampli-
tude A0, the value of Amin will be close to A0, it is difficult to
use such an amplitude as a set point, since the slightest insta-
bility (decrease) in the level of initial oscillations will lead to
disruption of the feedback. For too low A0, a minimum in the
frequency curve is not observed; the frequency decreases
monotonically as the probe approaches the sample. The reasons
for this are discussed in [5]. The concept of large or small
amplitude A0 is relative, say A0 = 20 nm may be too large for a
sharp tip and too small for a blunt one. The main advantage of
DM is the existence of a clear protocol for choosing the optimal
scanning parameters for each specific case. It is recommended
to start the choice of amplitude A0 from small values, increas-
ing the amplitude until a minimum in the frequency-versus-dis-
tance plot is observed at amplitudes corresponding to 70–90%
of the initial amplitude. We then set the amplitude at which the

frequency is minimum as the set point Asp. Further, during the
scanning process, we can slightly adjust Asp, optimizing the
image quality. In the DM, along with the surface profile, it is
advisable to record the signal of the change in the resonant fre-
quency. It depends on the strength of the tip–sample interaction
and often has a better (compared to topography) contrast.

Figure 4 shows an example of the use of DM. We investigated
the lamellar structure of a self-assembled layer of palmityl
palmitate on the surface of highly oriented pyrolytic graphite.
The lamellar structure with a period of about 4 nm is clearly
visible. It is interesting to note that in this case, when reducing
the scanning area, it was possible to see (in the frequency
channel) the location of molecular chains with a period of
0.7 nm. Such a high resolution is not typical for scanning under
ambient conditions. A standard probe was used, and we were
not expecting to have a supersharp tip, though we cannot
exclude the possibility that this particular probe happened to be
particularly sharp or had a shallow ultrasharp protrusion at the
very end. The above procedure for selecting the scanning pa-
rameters automatically determined that the probe was very
sharp, that is the frequency curve had a minimum at an initial
amplitude of several nanometers. Again, this was done before
the start of scanning, which significantly reduced the risk of
contamination or breaking of the sharp tip as a result of
improper selection of the initial amplitude.

It is important that the presence of clear criteria allows one to
set the optimal scanning parameters for each specific sample
and each probe (the sharpness of which may change during the
scanning process). In [36], the lamellar structure was observed
even when it was covered with a disordered adsorbate layer.
The precise choice of the scanning parameters makes it possible
to detect the presence of a lamellar structure with a period of
4–5 nm even with relatively blunt probes, for which a frequen-
cy curve minimum appeared at the initial amplitude of the order
of 30–40 nm.

Thus, comparing with AM-AFM, we can say that the advan-
tage of DM is a straightforward and accurate procedure for
selecting initial scanning parameters, which, in turn, leads to
significantly less stringent requirements for the sharpness of the
probes used for scanning with high resolution. However, it
should be emphasized that these advantages are fully realized
on surfaces where, in principle, high lateral resolution is
possible. This should be a relatively flat area without protru-
sions comparable in height to the curvature of the tip. To select
a site, it is optimal to use the vertical mode, since it allows one
to maintain sharp probes when scanning rough surfaces. In
some cases, when it is necessary to detect the presence of a fine
structure against the background of larger defects, it is advis-
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Figure 4: Dissipation mode. Self-organization of palmityl palmitate on graphite. Topography (a, b) and shift of the resonant frequency of the probe
(c, d).

able to use a combination of VM and DM. In this case, as in the
DM, the self-tuning of the resonance frequency is used. The pa-
rameter setting is also similar to that of DM. Height feedback is
not used, and scans are performed according to the VM
protocol. This combined mode (VDM) can significantly reduce
the likelihood of contamination of the probe while maintaining
the ability to have high resolution [36]. Nevertheless, it should
be noted that it is advisable to use the VDM only in those cases
when it is really necessary, that is, when it is necessary to have
a lateral resolution of a few nanometers. The vertical mode is
more versatile. It is simpler, more reliable, and safer. The VM
does not require additional feedback supporting the resonant
frequency. In the attractive regime, the weaker interaction of the
probe with the sample when using the VM provides better probe
safety than the DM. When scanning in liquid, the DM has no
advantages. Frequency modulation [35,37,38] or Q-Control
[39,40] will be more effective in that case.

Conclusion
In this paper, we summarized the experience of using the two
AFM scanning modes, namely vertical mode and dissipation
mode. The measurements were carried out on a SmartSPM
atomic force microscope manufactured by AIST-NT (currently
produced by HORIBA Scientific) under the control of a modi-

fied imaging software that allows for the programming of new
procedures and controls. The operation of modern AFMs is
based on a digital feedback loop, which provides greater flexi-
bility in the development of new modes. No new electronic ele-
ments are required (i.e., oscillators, integrators, or phase-locked
loop systems), these tasks are carried out by the software. The
introduction of the described techniques into standard AFM
control programs is not very difficult, but can significantly
simplify operations.

Supporting Information
Supporting Information File 1
Additional experimental results.
[https://www.beilstein-journals.org/bjnano/content/
supplementary/2190-4286-12-90-S1.pdf]

Acknowledgements
The authors are grateful to P.I. Kuznetsov for the bismuth
telluride samples provided. We acknowledge Artem K.
Grebenko (LNM Skoltech) for the SWCNT film sample, and
Vasilii Kolmogorov for micropipettes.

https://www.beilstein-journals.org/bjnano/content/supplementary/2190-4286-12-90-S1.pdf
https://www.beilstein-journals.org/bjnano/content/supplementary/2190-4286-12-90-S1.pdf


Beilstein J. Nanotechnol. 2021, 12, 1226–1236.

1235

Funding
The work was partially supported by the Russian Foundation
for Basic Research (N 18-29-27018-mk and N 18-29-27020-
mk).

ORCID® iDs
Alexei G. Temiryazev - https://orcid.org/0000-0003-0346-3513
Andrey V. Krayev - https://orcid.org/0000-0001-7590-4002
Marina P. Temiryazeva - https://orcid.org/0000-0003-2560-2377

References
1. Binnig, G.; Quate, C. F.; Gerber, C. Phys. Rev. Lett. 1986, 56,

930–933. doi:10.1103/physrevlett.56.930
2. Temiryazev, A. G.; Borisov, V. I.; Saunin, S. A.

J. Surf. Invest.: X-Ray, Synchrotron Neutron Tech. 2014, 8, 708–711.
doi:10.1134/s1027451014030161

3. Schirmeisen, A.; Anczykowski, B.; Fuchs, H. Dynamic Modes of Atomic
Force Microscopy. In Nanotribology and Nanomechanics; Bhushan, B.,
Ed.; Springer: Berlin, Heidelberg, 2008; pp 307–353.
doi:10.1007/978-3-642-15283-2_7

4. Hölscher, H.; Schmutz, J. E.; Schwarz, U. D. Dynamic Force
Microscopy and Spectroscopy in Ambient Conditions: Theory and
Applications. In Scanning Probe Microscopy of Functional Materials:
Nanoscale Imaging and Spectroscopy; Kalinin, S. V.; Gruverman, A.,
Eds.; Springer: New York, 2011; pp 71–94.
doi:10.1007/978-1-4419-7167-8_3

5. Temiryazev, A. G.; Kraev, A. V.; Saunin, S. A.
J. Surf. Invest.: X-Ray, Synchrotron Neutron Tech. 2014, 8, 926–931.
doi:10.1134/s1027451014040168

6. Xu, K.; Sun, W.; Shao, Y.; Wei, F.; Zhang, X.; Wang, W.; Li, P.
Nanotechnol. Rev. 2018, 7, 605–621. doi:10.1515/ntrev-2018-0086

7. Garcia, R. Amplitude Modulation Atomic Force Microscopy, 1st ed.;
WileyVCH: Weinheim, 2010. doi:10.1002/9783527632183

8. Anczykowski, B.; Krüger, D.; Fuchs, H. Phys. Rev. B 1996, 53,
15485–15488. doi:10.1103/physrevb.53.15485

9. Stark, R. W.; Schitter, G.; Stemmer, A. Phys. Rev. B 2003, 68, 085401.
doi:10.1103/physrevb.68.085401

10. Hölscher, H.; Schwarz, U. D. Int. J. Non-Linear Mech. 2007, 42,
608–625. doi:10.1016/j.ijnonlinmec.2007.01.018

11. Sulchek, T.; Yaralioglu, G. G.; Quate, C. F.; Minne, S. C.
Rev. Sci. Instrum. 2002, 73, 2928–2936. doi:10.1063/1.1488679

12. Gotsmann, B.; Fuchs, H. Appl. Surf. Sci. 2002, 188, 355–362.
doi:10.1016/s0169-4332(01)00950-3

13. Hölscher, H.; Gotsmann, B.; Schirmeisen, A. Phys. Rev. B 2003, 68,
153401. doi:10.1103/physrevb.68.153401

14. Hölscher, H.; Schwarz, A.; Allers, W.; Schwarz, U. D.;
Wiesendanger, R. Phys. Rev. B 2000, 61, 12678–12681.
doi:10.1103/physrevb.61.12678

15. García, R.; San Paulo, A. Phys. Rev. B 1999, 60, 4961–4967.
doi:10.1103/physrevb.60.4961

16. Santos, S.; Guang, L.; Souier, T.; Gadelrab, K.; Chiesa, M.;
Thomson, N. H. Rev. Sci. Instrum. 2012, 83, 043707.
doi:10.1063/1.4704376

17. Tello, M.; Paulo, A. S.; Rodríguez, T. R.; Blanco, M. C.; García, R.
Ultramicroscopy 2003, 97, 171–175.
doi:10.1016/s0304-3991(03)00041-x

18. Su, C.; Huang, L.; Kjoller, K.; Babcock, K. Ultramicroscopy 2003, 97,
135–144. doi:10.1016/s0304-3991(03)00038-x

19. Thormann, E.; Pettersson, T.; Kettle, J.; Claesson, P. M.
Ultramicroscopy 2010, 110, 313–319.
doi:10.1016/j.ultramic.2010.01.002

20. Vahdat, V.; Carpick, R. W. ACS Nano 2013, 7, 9836–9850.
doi:10.1021/nn403435z

21. Santos, S.; Barcons, V.; Christenson, H. K.; Billingsley, D. J.;
Bonass, W. A.; Font, J.; Thomson, N. H. Appl. Phys. Lett. 2013, 103,
063702. doi:10.1063/1.4817906

22. Ramos, J. R. Appl. Phys. Lett. 2014, 105, 043111.
doi:10.1063/1.4892277

23. INTELLIGENT SCANT™ SOFTWARE 19.01.2021 Application Note
104 https://www.ntmdt-si.com/resources/applications/an104

24. Strus, M. C.; Raman, A.; Han, C.-S.; Nguyen, C. V. Nanotechnology
2005, 16, 2482–2492. doi:10.1088/0957-4484/16/11/003

25. Korchev, Y. E.; Bashford, C. L.; Milovanovic, M.; Vodyanoy, I.;
Lab, M. J. Biophys. J. 1997, 73, 653–658.
doi:10.1016/s0006-3495(97)78100-1

26. Iakovlev, V. Y.; Krasnikov, D. V.; Khabushev, E. M.; Alekseeva, A. A.;
Grebenko, A. K.; Tsapenko, A. P.; Zabelich, B. Y.; Kolodiazhnaia, J. V.;
Nasibulin, A. G. Chem. Eng. J. 2020, 383, 123073.
doi:10.1016/j.cej.2019.123073

27. Kuznetsov, P. I.; Yakushcheva, G. G.; Luzanov, V. A.;
Temiryazev, A. G.; Shchamkhalova, B. S.; Jitov, V. A.; Sizov, V. E.
J. Cryst. Growth 2015, 409, 56–61. doi:10.1016/j.jcrysgro.2014.09.035

28. García, R.; Tamayo, J.; Paulo, A. S. Surf. Interface Anal. 1999, 27,
312–316.
doi:10.1002/(sici)1096-9918(199905/06)27:5/6<312::aid-sia496>3.0.co;
2-y

29. Temiryazev, A.; Bozhko, S. I.; Robinson, A. E.; Temiryazeva, M.
Rev. Sci. Instrum. 2016, 87, 113703. doi:10.1063/1.4967457

30. de Pablo, P. J.; Colchero, J.; Gómez-Herrero, J.; Baró, A. M.
Appl. Phys. Lett. 1998, 73, 3300–3302. doi:10.1063/1.122751

31. Klinov, D.; Magonov, S. Appl. Phys. Lett. 2004, 84, 2697–2699.
doi:10.1063/1.1697629

32. Obraztsova, E. A.; Basmanov, D. V.; Barinov, N. A.; Klinov, D. V.
Ultramicroscopy 2019, 197, 11–15. doi:10.1016/j.ultramic.2018.11.004

33. Morita, S.; Wiesendanger, R.; Meyer, E., Eds. Noncontact Atomic
Force Microscopy; Springer Verlag: Berlin, Heidelberg, New York,
2002. doi:10.1007/978-3-642-56019-4

34. Sokolov, I. Y.; Henderson, G. S.; Wicks, F. J. Appl. Surf. Sci. 1999,
140, 362–365. doi:10.1016/s0169-4332(98)00555-8

35. Sekiguchi, H.; Okajima, T.; Arakawa, H.; Maeda, S.; Takashima, A.;
Ikai, A. Appl. Surf. Sci. 2003, 210, 61–67.
doi:10.1016/s0169-4332(02)01480-0

36. Temiryazev, A.; Frolov, A.; Temiryazeva, M. Carbon 2019, 143, 30–37.
doi:10.1016/j.carbon.2018.10.094

37. Kobayashi, K.; Yamada, H.; Matsushige, K. Appl. Surf. Sci. 2002, 188,
430–434. doi:10.1016/s0169-4332(01)00971-0

38. Okajima, T.; Sekiguchi, H.; Arakawa, H.; Ikai, A. Appl. Surf. Sci. 2003,
210, 68–72. doi:10.1016/s0169-4332(02)01481-2

39. Ebeling, D.; Hölscher, H.; Anczykowski, B. Appl. Phys. Lett. 2006, 89,
203511. doi:10.1063/1.2387122

40. Ebeling, D.; Hölscher, H. J. Appl. Phys. 2007, 102, 114310.
doi:10.1063/1.2817952

https://orcid.org/0000-0003-0346-3513
https://orcid.org/0000-0001-7590-4002
https://orcid.org/0000-0003-2560-2377
https://doi.org/10.1103%2Fphysrevlett.56.930
https://doi.org/10.1134%2Fs1027451014030161
https://doi.org/10.1007%2F978-3-642-15283-2_7
https://doi.org/10.1007%2F978-1-4419-7167-8_3
https://doi.org/10.1134%2Fs1027451014040168
https://doi.org/10.1515%2Fntrev-2018-0086
https://doi.org/10.1002%2F9783527632183
https://doi.org/10.1103%2Fphysrevb.53.15485
https://doi.org/10.1103%2Fphysrevb.68.085401
https://doi.org/10.1016%2Fj.ijnonlinmec.2007.01.018
https://doi.org/10.1063%2F1.1488679
https://doi.org/10.1016%2Fs0169-4332%2801%2900950-3
https://doi.org/10.1103%2Fphysrevb.68.153401
https://doi.org/10.1103%2Fphysrevb.61.12678
https://doi.org/10.1103%2Fphysrevb.60.4961
https://doi.org/10.1063%2F1.4704376
https://doi.org/10.1016%2Fs0304-3991%2803%2900041-x
https://doi.org/10.1016%2Fs0304-3991%2803%2900038-x
https://doi.org/10.1016%2Fj.ultramic.2010.01.002
https://doi.org/10.1021%2Fnn403435z
https://doi.org/10.1063%2F1.4817906
https://doi.org/10.1063%2F1.4892277
https://www.ntmdt-si.com/resources/applications/an104
https://doi.org/10.1088%2F0957-4484%2F16%2F11%2F003
https://doi.org/10.1016%2Fs0006-3495%2897%2978100-1
https://doi.org/10.1016%2Fj.cej.2019.123073
https://doi.org/10.1016%2Fj.jcrysgro.2014.09.035
https://doi.org/10.1002%2F%28sici%291096-9918%28199905%2F06%2927%3A5%2F6%3C312%3A%3Aaid-sia496%3E3.0.co%3B2-y
https://doi.org/10.1002%2F%28sici%291096-9918%28199905%2F06%2927%3A5%2F6%3C312%3A%3Aaid-sia496%3E3.0.co%3B2-y
https://doi.org/10.1063%2F1.4967457
https://doi.org/10.1063%2F1.122751
https://doi.org/10.1063%2F1.1697629
https://doi.org/10.1016%2Fj.ultramic.2018.11.004
https://doi.org/10.1007%2F978-3-642-56019-4
https://doi.org/10.1016%2Fs0169-4332%2898%2900555-8
https://doi.org/10.1016%2Fs0169-4332%2802%2901480-0
https://doi.org/10.1016%2Fj.carbon.2018.10.094
https://doi.org/10.1016%2Fs0169-4332%2801%2900971-0
https://doi.org/10.1016%2Fs0169-4332%2802%2901481-2
https://doi.org/10.1063%2F1.2387122
https://doi.org/10.1063%2F1.2817952


Beilstein J. Nanotechnol. 2021, 12, 1226–1236.

1236

License and Terms
This is an Open Access article under the terms of the
Creative Commons Attribution License
(https://creativecommons.org/licenses/by/4.0). Please note
that the reuse, redistribution and reproduction in particular
requires that the author(s) and source are credited and that
individual graphics may be subject to special legal
provisions.

The license is subject to the Beilstein Journal of
Nanotechnology terms and conditions:
(https://www.beilstein-journals.org/bjnano/terms)

The definitive version of this article is the electronic one
which can be found at:
https://doi.org/10.3762/bjnano.12.90

https://creativecommons.org/licenses/by/4.0
https://www.beilstein-journals.org/bjnano/terms
https://doi.org/10.3762/bjnano.12.90

	Abstract
	Introduction
	Results and Discussion
	Basic AFM modes
	Selection of scan parameters in amplitude modulation AFM
	Vertical mode
	Dissipation mode

	Conclusion
	Supporting Information
	Acknowledgements
	Funding
	ORCID iDs
	References

