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The atomic force microscopy (AFM) measures a sample’s surface topology in three dimensions and studies its

physical properties at the nanometric scale. Typically, AFM consists of a few functional blocks: a positioning stage,

a cantilever, a scanner, a controller, data processing, and visualization algorithms.
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1. Introduction

With the rapid increase in the popularity of micro- and nanotechnologies and the growing scope of their practical

application, there is an inevitable need to develop and improve the technologies and equipment required to

research micro- or nanostructures. The cantilever’s design and suitability for different environments and working

modes are revealed.

The first commercial model of AFM was built in 1989 and quickly became one of the most essential tools for the

development of nanotechnology . Typically, AFM measures a sample’s surface topology in three dimensions and

studies its physical properties at the nanometric scale. Additionally, with the intensive nanotechnology

development, new AFM applications were discovered . The AFM control system directly impacts the

quality and reliability of scientific data obtained through AFM experiments because it controls critical parameters

like tip–sample interactions and feedback mechanisms, all of which influence the precision and accuracy of

measurements .

AFM makes use of the class of scanning probe microscopes in which the sensor contains the one-side held

cantilevered probe with a nanometer-sized tip attached at the free end. AFM’s operation principle is based on

keeping a constant interaction force between the tip and the sample surface when the probe moves along the

sample surface (Figure 1). The tip–sample interaction force is read out as the cantilever deflection since Hooke’s

law defines it as 𝐹=𝑘·𝑑𝑧, where F is the tip–sample interaction force, k is the equivalent spring constant of the

cantilever, and dz is the deflection of the cantilever. The sample’s surface topography parameters are obtained

from the error signal, defined by the difference between the setpoint deflection and the actual value of dz. To

determine the properties of sample materials, such as adhesion, friction, or viscosity, more cantilever deformation

modes can be measured, for example, twist or deviation (φ , φ ) in the horizontal plane .
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Figure 1. Simplified functional diagram of the AFM sensing, sample handling, and data processing system.

Typically, AFM consists of a few functional blocks: a positioning stage, a cantilever, a scanner, a controller, data

processing, and visualization algorithms (Figure 1). The positioning stage ensures sample movement along three

orthogonal axes; it consists of a set of precision drives and guides the positioning of the sample in the x, y, and z

directions.

The complex sensor contains a cantilever, an optical system, and a scanner. Cantilever properties (i.e., stiffness

and resonant frequency) depend on the design and material properties. Dynamic cantilever characteristics directly

impact measurement result reliability since these characteristics limit the maximum possible scanning velocity and

resolution . Cantilever tip geometry determines the AFM imaging accuracy and resolution and influences the

excitation of the cantilever .

The cantilever deflection is usually measured by an optical system consisting of a laser source and position-

sensitive photodiode matrix . The laser beam reflects from the upper surface of the cantilever and falls onto the

active area of the photodiode matrix. The cantilever deflection is obtained from the position of the reflected laser

spot. The reflection provides z-axis feedback to the controller. The z-axis deflection error signal and the tip

coordinates are also transferred to the data acquisition and processing software to produce a three-dimensional

image of the sample surface.

Cantilever deflection can also be measured by nonoptical methods based on capacitive, piezoelectric, or

piezoresistive phenomena . The deflection sampling rates generally are much higher than the

settling time of the scanner . Increasing the imaging speed, resolution, or both usually means increasing the

sampling rate.
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Before imaging, a few scanning parameters must be chosen: the size of the field of view, the scanning mode and

speed, and the number of lines and points in each line. All these parameters will affect the overall image acquisition

duration and future image resolution (Figure 2). The most popular imaging strategy is to start from a sparse, large

field-of-view image, possibly interpolated by AI-enabled algorithms . After that, the smaller region of interest is

selected for high-resolution imaging. The software creates the image from sampled data points using various filters

and interpolation algorithms . Reconstruction-based imaging techniques and “Compressive sensing” theory can

be used to minimize the number of required data points and, at the same time, to ensure a high resolution of the

final image .

Figure 2. Schematic representation of the imaging process.

Optimization of the scanning parameters is one of the paths for increased AFM performance. Usually, the

optimization strategy is subject to AFM operator experience and skills, and the optimization algorithm is based on

the database  or a mathematical model , taking known data, such as the expected geometrical shape and

material properties of a sample and the probe geometry, and calculating optimal scanning parameters to produce

the required resolution of the image within an adequate time and with a minimum of image artifacts .

2. AFM Operating Modes
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Depending on the interaction between the probe and the sample surface, three main AFM operating modes can be

distinguished: contact mode, noncontact mode, and dynamic contact (tapping) mode . The Van der Waals

force mainly characterizes the probe and sample surface interaction. The intensity and direction of this force

strongly depend on the distance between the probe and the sample surface (Figure 3).

Figure 3. AFM working modes in respect of Van der Waals force.

The contact mode of AFM is based on scanning the surface in repulsive force mode by keeping a constant 1–2 Å

distance from the sample surface. In this scanning mode, cantilever stiffness is essential since it directly impacts

the cantilever’s deflection amplitude. Therefore, cantilevers of lower stiffness enable the imaging of surfaces with

smaller feature sizes since the higher deflection of softer cantilevers produces a more significant error signal. On

the contrary, if the cantilever is stiff and the sample surface features are small, the error signal can be too small to

be sensed. The advantage of the contact mode is that a thin layer of water, which is always present on the

surfaces of solid samples at standard conditions, has a minor influence on the measurement results. Therefore,

due to the strong surface forces, the probe is attracted to the sample surface and “pierces” the water layer . The

contact mode also enables the measurement of friction, conductivity, elasticity, and other material properties.

[23][24]
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Moreover, the contact mode provides a higher resolution and scanning speed than different modes and enables

the examination of surfaces with a broader range of features .

The speed limit is the main disadvantage of the contact mode. The low resonant frequency of soft cantilevers is the

cause. During the scanning process, the sample surface structure causes kinematically excited oscillations of the

cantilever. The frequency of these oscillations depends on the scanning speed. When the cantilever’s excitation

frequency approaches its resonant frequency, the contact between the probe and the sample becomes unstable,

making scanning results inaccurate . Another disadvantage of the contact mode is that it is unsuitable for soft

materials because the probe can damage soft biological materials and polymers. While scanning inhomogeneous

materials, surface forces can have uneven magnitudes, lowering the reliability of the resulting topography image

.

When the cantilever tip is near the surface of interest, an attractive Van der Waals force occurs between the tip and

the surface. Scanning at the distance of attractive force is called noncontact mode, and it is mainly used for the

analysis of soft (biological and organic) materials. In this mode, a special piezoelectric resonator mounted on the

AFM cantilever fixture place (Figure 3) kinematically excites the cantilever base, which causes the cantilever to

vibrate at a frequency close to its resonant frequency. When the probe approaches the sample surface, the

cantilever oscillations’ frequency decreases due to attractive forces. By analyzing the variation in cantilever

oscillation frequency, it is possible to determine the surface topography, viscosity, friction, and probe–surface

interacting force . The noncontact scanning method is more sensitive to ambient conditions than the contact

mode . While operating in the noncontact mode, it is required to ensure that the layer of liquid on the sample

surface is thinner than the surface forces activity range, otherwise the tip of the cantilever can seize in the liquid

layer and touch the surface of the sample. Contact with the scanned surface distorts the measurement results and

can damage the cantilever or the sample, especially at a high scanning speed. The abovementioned problems can

be avoided in tapping (dynamic contact) mode .

The tapping mode lies between the contact and noncontact modes and has features of both. In this mode, the

cantilever is kinematically excited by the piezoelectric resonator, similarly to in noncontact mode (Figure 3). The

only difference is the excitation amplitude—it is about ten times higher than in noncontact mode and can reach up

to 200 nm. When the probe approaches the surface of interest, the cantilever’s oscillation amplitude decreases due

to the surface forces acting on the tip. Still, the tip can accidentally touch the sample surface. The feedback of the

z-axis position of the AFM scanner is used to maintain the constant oscillation amplitude of the cantilever. The

image is obtained by mapping the z-axis feedback signal, which corresponds to the variation of the tip–sample

interaction force . The main advantage of the tapping mode is a higher image resolution and accuracy than the

noncontact mode. The tapping mode is more suitable for scanning softer materials than the contact mode and is

applicable for researching delicate biological samples. The tapping mode’s main disadvantage is a lower scanning

speed and accuracy than the contact mode.

It is essential to mention other scanning modes when AFM operates in the intermediate regime between repulsive

and attractive forces: peak force tapping and phase imaging. The first enables precise control of probe–sample
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interaction at very low interaction forces . Typical peak force tapping applications include high-resolution imaging

of soft samples in a liquid environment and nanomechanical and electrical/electrochemical property

measurements. The phase imaging mode monitors the phase difference between the excitation and response

signals of the cantilever, while oscillation amplitude is maintained constant by the z-axis position feedback . This

scanning mode is used for samples with significant surface irregularities and enables simultaneous mapping of

topography and other material properties, such as adhesion, elasticity, and viscoelasticity. Phase imaging mode

created the background for many other AFM techniques, such as magnetic force microscopy (MFM), electric force

microscopy (EFM), and scanning capacitance microscopy (SCM) . Furthermore, recent advances in machine

learning allow the characterization of probe–sample interactions from experimental data with sub-microsecond

resolution and open new capabilities for visualizing dynamic biological processes . The first algorithm was

trained on standard AFM models and then showcased experimentally with a polymer blend of polystyrene (PS) and

low-density polyethylene (LDPE) sample.

One of the prospective modes of AFM, which allows increasing imaging resolution, is multifrequency AFM, in which

the cantilever is simultaneously excited/observed at two or more separate frequencies . In bimodal AFM,

the first two flexural cantilever modes are used.

3. AFM Imaging Speed Optimization and Performance
Increase Methods

While scanner properties remain constant, imaging speed can be optimized by choosing the proper scan range in

the x-axis direction, the number of scan lines, the spatial frequency of the sample surface, and the maximum

possible phase delay in tracing the sample surface . AFM performance can be improved by various approaches,

as shown in Figure 4. There are three main performance improvement trends: improvements focused on

enhancing cantilever characteristics and designs, implementations of different cantilever property modification

methods, and modifications of scanners.
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Figure 4. Classification of AFM scanning speed increase methods.

All the categories mentioned above contain several subcategories. The development of cantilevers focuses on the

improvement of the following parameters: I—an increase in the resonant frequency of the cantilevers; II—

optimization of the probe geometry; III—the application of various surface coatings for better reflectance or the

production of specialized cantilevers whose deflection can be measured using the nonoptical method; IV—

cantilever arrays suitable for multiprobe scanning; V—new materials for cantilever manufacturing.

The research focused on the in situ control, modification, and adjustment of cantilever characteristics is based on

the hypothesis that instead of selecting and changing cantilevers for each case, it is possible to modify the dynamic

characteristics of the cantilevers in situ, thus extending their field of application. This approach requires the

application of external controllable force on a probe surface. This can be performed using magnetic, electrostatic,

or aerodynamic force on the cantilever surface .

The AFM scanner improvements cover two general areas: software and hardware. Software improvement focuses

on scanning trajectory optimization, the development of advanced control, and data processing methods. Hardware

modernization concentrates on the enhancement of scanners and measurement systems.
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