
Investigation of ceramic powders using piezoresponse force microscopy☆

Nejc Suban a,b, Silvo Drnovšek a, Hana Uršič a,b,*
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b Jožef Stefan International Postgraduate School, Jamova Cesta 39, 1000 Ljubljana, Slovenia

A R T I C L E  I N F O

Keywords:
Perovskite ceramic powder
Piezoelectric
Ferroelectric
Piezoresponse force microscopy
PFM
Sample preparation

A B S T R A C T

Piezoresponse force microscopy (PFM) is a widely used technique for probing the piezoelectric and ferroelectric 
properties of ceramic materials at the nanoscale. However, its application to ceramic powders remains chal
lenging due to the irregular non-flat shape of the powders. In this study, an approach for PFM analysis of ceramic 
powders is presented, where ceramic powders are embedded in polymer resin and polished to achieve flat surface 
for PFM imaging. The approach is demonstrated on ferroelectric PbZr0.53Ti0.47O3 (PZT) and 0.65Pb(Mg1/3Nb2/3) 
O3–0.35PbTiO3 (PMN-35PT) powders. PFM imaging reveals the piezoelectricity within the powder particles and 
localises the ferroelectric domains within them, while the PFM switching spectroscopy experiment is used to 
observe the domain switching behavior.

1. Introduction

Piezoresponse force microscopy (PFM) is a powerful and widely used 
technique for investigating and quantitative characterization of piezo
electric and ferroelectric properties of ceramic materials at the nano
scale, enabling ferroelectric domains visualization and the study of 
domain behavior with high spatial resolution [1–3]. In recent years, 
single crystals [4,5], bulk ceramics, [2,3,6,7], thick [2,8], and thin films 
[9,10] have been extensively studied using PFM. To some extent, nano 
objects, such as nanoplates, nanofibers, and nanowires have also been 
investigated [11,12]. For these nano objects, a common approach in
volves dispersing them onto substrates [13], often followed by thermal 
treatment [11] to fix them, making them suitable for PFM analysis. 
However, studies focusing on the characterization of piezoelectric and 
ferroelectric nanoparticles and nanopowders [13,14] are less common 
compared to the other types of ceramic materials mentioned above. This 
is largely due to several challenges that complicate PFM investigation. 
Some of the problems include their irregular non-flat shape, weak 
attachment to the substrate, moving and sticking of the particles to the 
PFM tip caused by electrostatic interactions during PFM measurements. 
In this work, we present a method for the reliable and reproducible PFM 
investigation of irregular non-flat ceramic powders.

2. Experimental

PFM measurements were performed on two ceramic powders with 
the following compositions: PbZr0.53Ti0.47O3 (PZT) and 0.65Pb(Mg1/ 

3Nb2/3)O3–0.35PbTiO3 (PMN-35PT). Hereafter, these powders are 
referred to as PZT and PMN-35PT, respectively. The average particle 
sizes of PZT and PMN-35PT are 0.51 μm and 0.44 μm, respectively, as 
determined by laser granulometry. Details on the ceramic powders 
synthesis and X-ray diffraction (XRD) data can be found in the Supple
mentary Material S1.

To prevent the movement of ceramic powder particles and their 
sticking to the PFM tip, the powders were fixed using a polymer resin 
(VersoCit-2, Struers, Denmark). The PZT and PMN-35PT ceramic pow
ders and epoxy resin/hardener mixture were put into a plastic mold in 
such a way that a very thin layer of resin was first poured into the mold, 
followed by the powder, and then epoxy resin again on top. After curing, 
the top surface of the sample was polished using SiC foil (Struers, SiC 
foil, grit 4000, Denmark), diamond abrasive polishing paste (Struers, 
DP-paste M ¼ μm, Denmark), and finalized by fine polishing with a 
colloidal SiO2 suspension (Struers, Denmark) with particles only a few 
tens of nanometers in size for approximately 1 min. Further details of the 
sample preparation procedure are provided in Supplementary Material 
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S2, while the final sample is shown in Supplementary Material S3.
Atomic force microscopy (AFM) and piezoresponse force microscopy 

(PFM) analyses of ceramic powders were performed using an atomic 
force microscope (AFM; Asylum Research, MFP-3D, Santa Barbara, CA, 
USA) equipped with a high-voltage PFM module. For imaging, Ti/Pt 
coated silicon tips (OMCL-AC240TM-R3, Olympus, Japan) with a tip 
radius of 25 nm were used. The spring constant (k) and resonance fre
quency (f) of the cantilever were 2.0 N/m and 70.00 kHz, respectively. 
Vertical PFM amplitude and phase images were acquired in dual AC 
resonance tracking (DART) mode by applying an AC voltage of 7 V 
amplitude at a frequency of ~ 280–310 kHz to the samples. Prior to the 
PFM measurements, the PFM system was calibrated using periodically 
poled lithium niobate (PPLN) (see Supplementary Material S4).

After PFM scanning, PFM switching spectroscopy experiments were 
conducted on the samples. Local PFM amplitude and phase hysteresis 
loops were measured in PFM switching spectroscopy (SS) off-electric- 
field mode with a pulsed DC step signal and a superimposed AC drive 
signal, as described in Ref. [2], to minimize electrostatic contributions. 
The waveform parameters were as follows: the sequence of rising steps 

of the DC electric field was driven at 20 Hz and a maximum amplitude of 
100 V; the frequency of the triangular envelope was 0.2 Hz; a super
imposed sinusoidal AC signal with an amplitude of 12 V and a frequency 
of ~ 280 kHz was used. Five cycles were measured in off-electric-field 
switching spectroscopy mode. PFM experiments were performed in 
virtual grounding mode (Vgnd) at room temperature (T = 25 ◦C). Vgnd 
was previously reported in studies of piezoelectric nanoplates [11] and 
PMN-35PT films in cross-section [8].

3. Results and discussion

As described in the experimental part, the PZT and PMN-35PT 
powders were embedded in a polymer resin and polished to obtain a 
flat surface for PFM scanning. The procedure is schematically shown in 
Fig. 1.

AFM height and deflection images, PFM out-of-plane amplitude and 
phase images of PZT and PMN-35PT ceramic powders embedded in the 
polymer matrix, are shown in Fig. 2. Individual powder particles are 
observed in the topography height images, with some of them outlined 

Fig. 1. Schematic of the sample preparation for PFM analysis.

Fig. 2. AFM topography (a, e) and deflection (b, f) images, and vertical PFM amplitude (c, g) and phase (d, h) images, of PZT and PMN-35PT ceramic 
powders embedded in epoxy resin. (i) Magnified views of PFM amplitude images illustrating the ferroelectric domains in single PZT powder particles. The particle 
boundaries are marked by yellow dashed lines. Ferroelectric domains are marked with red arrows and green rectangles in panels (c, g, i). 
(For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)
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with a yellow dashed line (Fig. 2a and e). It is visible that piezoelectric 
activity is observed inside the powder. The bright contrast of the PZT 
and PMN-35PT powder particles in the PFM amplitude images (Fig. 2c 
and g) indicates their piezoelectric activity compared to the dark 
brownish contrast of the non-piezoelectric epoxy. In some larger parti
cles, even the ferroelectric domain structure could be observed. Exam
ples of ferroelectric domains are marked with red arrows in the PFM 
amplitude images in Fig. 2c and g. For better visualization and clarity, 
Fig. 2i highlights the ferroelectric domain structure within single PZT 
powder particles. Wedge-shaped and irregular ferroelectric domains can 
be observed and are marked by red arrows and green rectangles, 
respectively.

Furthermore, the PFM-SS experiments were conducted to investigate 
polarization switching within individual ceramic powder particles. 
Local PFM hysteresis loops were measured at the location marked by a 
red dot in a Fig. 2c and g. The PFM amplitude and phase loops of PZT 
and PMN-35PT ceramic powders are presented in Fig. 3. The loops 
indicate switching of ferroelectric domains within a single powder 
particle but exhibit asymmetry (Fig. 3c), possibly due to various reasons, 
namely asymmetric electrode configuration, internal bias, mechanical 
clamping by the polymer matrix, and electrostatic contributions. 
Furthermore, crystallographic orientation influences PFM loops shape; 
unlike textured films, the orientation of ceramic powder particles in the 
polymer matrix is random, which, according to the literature [15,16], 
can also lead to asymmetry and variations in loop shape. The experi
mental data of this work are available in the ref. [17].

4. Conclusions

In this study, we introduce a method for PFM investigation of non- 
flat particles from piezoelectric/ferroelectric ceramic powders. The 

ceramic particles are embedded into the polymer resin and polished to 
obtain a flat surface for PFM scanning. The feasibility of this approach 
was successfully demonstrated on perovskite PZT and PMN-35PT pow
ders. Piezoelectric activity and domain switching were observed within 
individual particle. The developed approach can also be applied to other 
ferroelectric powders, including emerging lead-free ferroelectric pow
ders, as alternatives to the lead-based materials.

CRediT authorship contribution statement

Nejc Suban: Writing – original draft, Investigation, Data curation. 
Silvo Drnovšek: Investigation. Hana Uršič: Writing – original draft, 
Supervision, Resources, Funding acquisition, Data curation, 
Conceptualization.

Declaration of competing interest

The authors declare that they have no known competing financial 
interests or personal relationships that could have appeared to influence 
the work reported in this paper.

Acknowledgements

This work was supported by the Slovenian Research and Innovation 
Agency (research project J2-60035, research core funding P2-0105, and 
Young Researcher project). Jena Cilenšek, Brigita Kmet, and Killian 
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Fig. 3. PFM amplitude and phase hysteresis loops of PZT (a, b) and PMN-35PT (c, d) ceramic powders.
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Appendix A. Supplementary data

Supplementary data to this article can be found online at https://doi. 
org/10.1016/j.matlet.2026.140226.

Data availability

Research data is uploaded in Zenodo repository
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[8] H. Uršič, M. Šadl, Investigation of piezoelectric 0.65Pb(Mg1/3Nb2/3)O3-0.35PbTiO3 
films in cross section using piezo-response force microscopy, Appl. Phys. Lett. 121 
(2022) 192905, https://doi.org/10.1063/5.0104829.

[9] K. Hond, M. Salvareda, M. Ahmadi, E. Houwman, B. Noheda, B.J. Kooi, G. Rijnders, 
G. Koster, Structural properties of Hf0.5Zr0.5O2 integrated on silicon, ACS Appl. 
Electron. Mater. 7 (2025) 8013–8019, https://doi.org/10.1021/acsaelm.5c00753.

[10] L. Dai, Y. Xie, B. Wang, J. Long, H. Shen, P. Jiang, X. Zhong, G. Zhong, Flexible 
freestanding PbZr0.2Ti0.8O3 ferroelectric thin films with stable and tunable 
domain configuration, Mater. Today Commun. 48 (2025) 113625, https://doi.org/ 
10.1016/j.mtcomm.2025.113625.
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