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In the future, ferroelectric components, such as ferroelectric 

-

ing blocks in novel computing concepts including neuromor-

phic computing. These applications require an in-depth un-

derstanding of the used ferroelectric materials, from domain 

structure to polarization switching behavior. Piezoresponse 

force microscopy, a functional atomic force microscopy tech-

nique, can access this information with a nanoscale resolution 

and even manipulate or tailor customized domain patterns.

In their native form, ferroelectrics have no macroscopic polar-

ization. Instead, the materials form many small domains of 

opposite polarization orientation that compensate the overall 

-

-

ization orientation either globally or locally, and even draw im-

ages or tailored patterns of domains with different polarization 

orientations (Figure 1b) [1]. This adaptability is what makes 

ferroelectrics so interesting for modern computing technolo-
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Fig. 1 -

Ferroelectric materials feature an intrinsic electrical polariza-

tion that is stable in two or more orientations: Imagine a crys-

talline material with a tetragonal unit cell, in which a positively 

charged center-ion experiences a directional electrostatic pull 

from some of the coordinating negative counterions or a ster-

ic hindrance due to a size mismatch between center-ion and 

counterions. These electrostatic interactions or steric effects 

can force the center-ion off its original position – for example 

by moving it a little bit up or down. The off-centering conse-

quently induces a spatial misbalance between the negative 

and positive charges in the unit cell which leads to an electrical 

polarization pointing either upwards or downwards, depending 

on the shift of the center-ion (Figure 1a). If the center-ion has 

the same energy in its upward and downward shifted state, you 

now have two oppositely oriented, but equally stable ferroelec-

tric polarization states [1]. 

gies: Ferroelectric random access memories (FeRAMs) store 

information by inscribing information into the ferroelectric stor-

age medium via local polarization switching [2]; Ferroelectric 

change the tunneling resistance based on the polarization and 

-

morphic computing [4].

To push these potential applications into commercialization, we 

have to understand ferroelectric domain structures and their 

switching behavior precisely and down to the nanoscale. Here, 

piezoresponse force microscopy (PFM) comes into play. PFM 

is a functional atomic force microscopy (AFM) method, which 

means simultaneous to the surface structure (topography), it 

can deliver functional information on local ferroelectric prop-

erties. In a PFM measurement, an electrically conductive tip 

attached to a cantilever scans the surface in contact mode with 

a constant interaction force (Figure 2). This constant force is en-

the scan. At the same time, an AC voltage is applied between 

the tip and the back electrode below the ferroelectric sample. 
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Since all ferroelectrics are piezoelectric [1], this AC voltage 

induces a mechanical oscillation in the material at the same 

frequency as the applied AC voltage. The oscillating material pi-

-

ezoresponse – the PFM amplitude – can give us information on 

the material extends or contracts in a given direction per ap-

plied Volt. In addition, the PFM amplitude shows the positions of 

domain walls as local minima. The phase of the piezoresponse 

– the PFM phase – captures the polarization orientation of the 

domains. For example, domains with opposite out-of-plane po-

larization would result in a 180° PFM phase contrast [5].

pixel of the scan to match the contact resonance [7]. Since its 

only offered on a few commercial AFMs or in combination with 

additional external electronics.

Besides domain imaging, PFM also allows insights on the local 

polarization switching behavior of ferroelectrics, which are im-

portant for their application in modern computing as FeRAM, 

FeFETs as well FTJs. In general, the polarization switching in 

ferroelectrics is described by the ferroelectric hysteresis (Fig-

ure 1c). A DC voltage is swept back and forth while the polar-

ization is monitored. The polarization will switch, once the ap-

Macroscopically, the polarization is measured via a reference 

capacitor; Microscopically, we can detect the polarization in 

the PFM phase in PFM switching spectroscopy. In order to do 

so, we stop the AFM scan at the position of interest and al-

ternatingly apply DC voltages of increasing magnitude and AC 

voltages for PFM detection between tip and sample. The rea-

son why we are alternating between excitation and detection is 

to minimize electrostatic crosstalk during the PFM detection. 

In a more recent development, researchers were able to au-

tomatize PFM switching spectroscopy using machine learning 

approaches for higher throughput material characterization. In 

-

tune material composition to required ferroelectric properties 

for certain applications [8].

An innovative PFM approach for polarization switching and 

researchers from the US (Figure 3). They combined the local 

writing of domain patterns via a conductive AFM tip with unu-

rectangular pattern as common in AFM, they were able to move 

-

with the DC voltage allowed them to tailor nanodomains with 

controlled polarization orientations, that, among others, intro-

duced charged ferroelectric domain walls [9]. Charged domain 

walls occur, when positive ends of the polarization (“head”) 

of two neighboring domains point towards each other or the 

negative ends (“tails”), respectively. This polarization orienta-

absolute charge at the domain walls. Charged domain walls 

can serve as two-dimensional electronic conduction pathways 

through otherwise insulating ferroelectric materials and carry 

Since the piezoresponse per applied Volt is often times only 

a few tens of picometers or even below, we can enhance the 

signal by moving the AC excitation to the contact resonance 

oscillating systems. However, particularly for rough material 

surfaces, the contact resonance is not very stable. In fact, we 

have observed shifts in the contact resonance of up to 10 kHz 

on the same sample, in dependence of the local topography 

[6]. The resulting changes in PFM amplitude and phase can 

be easily mistaken for real sample responses. In order to avoid 

this topographic crosstalk, it is best practice to either measure 

piezoresponse, or to employ dual amplitude resonance track-

ing (DART). DART PFM introduces an additional frequency feed-

Fig. 3

Fig. 2 -
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a variety of other unique physical properties. In particular, the 

mobile nature of ferroelectric domain walls makes themselves 

intriguing candidates for nanoelectronic components such as 

To summarize, PFM can further deepen the knowledge on fer-

roelectric properties such as domain formation, structure and 

switching behavior. Researchers have demonstrated that PFM 

can even be applied to customize domain patters that could 
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