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ABSTRACT

Switching Spectroscopy Piezoresponse Force Microscopy (SSPFM) stands out as a powerful method for probing ferroelectric properties
within materials subjected to incremental polarization induced by an external electric field. However, the dense data processing linked to
this technique is a critical factor influencing the quality of obtained results. Furthermore, meticulous exploration of various artifacts, such as
electrostatics, which may considerably influence the signal, is a key factor in obtaining quantitative results. In this paper, we present a global
methodology for SSPFM data processing, accessible in open-source with a user-friendly Python application called PySSPFM. A ferroelectric
thin film sample of potassium sodium niobate has been probed to illustrate the different aspects of our methodology. Our approach enables
the reconstruction of hysteresis nano-loops by determining the PR as a function of applied electric field. These hysteresis loops are then
fitted to extract characteristic parameters that serve as measures of the ferroelectric properties of the sample. Various artifact decorrelation
methods are employed to enhance measurement accuracy, and additional material properties can be assessed. Performing this procedure on
a grid of points across the surface of the sample enables the creation of spatial maps. Furthermore, different techniques have been proposed
to facilitate post-treatment analysis, incorporating algorithms for machine learning (K-means), phase separation, and mapping cross correla-
tion, among others. Additionally, PySSPFM enables a more in-depth investigation of the material by studying the nanomechanical proper-
ties during poling, through the measurement of the resonance properties of the cantilever–tip–sample surface system.

© 2024 Author(s). All article content, except where otherwise noted, is licensed under a Creative Commons Attribution (CC BY) license
(https://creativecommons.org/licenses/by/4.0/). https://doi.org/10.1063/5.0197226

I. INTRODUCTION

The Switching Spectroscopy Piezoresponse Force Microscopy
(SSPFM) technique holds great promise for ferroelectric materials
characterization, but it is still relatively new.1 Only a small number
of atomic force microscopy (AFM) manufacturers offer this mea-
surement mode commercially. As a result, many SSPFM measure-
ment setups are homemade2 and require significant development
efforts for data processing. The processing of SSPFM measurements
is inherently dense and complex. Based on our knowledge, no
open-source tool for SSPFM data processing currently exists, creat-
ing a genuine need for the analysis of this type of measurement.
Various requirements within the scientific community must be
addressed and resolved:

• With the existence of numerous measurement setups, a requisite
solution is an adaptable tool that can accommodate all variations
and, if needed, can be easily modified. This tool should establish
a common foundation to ensure the accurate execution of
diverse measurements.

• Given the diverse profiles of SSPFM experimenters with varying
programming skills, a necessary solution is a tool that is user-
friendly and comprehensible for all, including those without any
programming skills.

• Quantifying measurements in Piezoresponse Force Microscopy
(PFM) related techniques, presents a significant challenge.3–5

Therefore, a data processing tool is essential, facilitating in-depth
analysis and effectively addressing the challenge of quantification.

Journal of
Applied Physics

ARTICLE pubs.aip.org/aip/jap

J. Appl. Phys. 135, 194101 (2024); doi: 10.1063/5.0197226 135, 194101-1

© Author(s) 2024

 06 N
ovem

ber 2024 14:58:49

https://doi.org/10.1063/5.0197226
https://doi.org/10.1063/5.0197226
https://pubs.aip.org/action/showCitFormats?type=show&doi=10.1063/5.0197226
http://crossmark.crossref.org/dialog/?doi=10.1063/5.0197226&domain=pdf&date_stamp=2024-05-17
https://orcid.org/0009-0008-7302-0148
https://orcid.org/0009-0008-6936-1249
https://orcid.org/0000-0001-8709-9880
https://orcid.org/0000-0002-1086-2961
https://orcid.org/0000-0002-4373-0041
https://orcid.org/0000-0002-7472-1105
mailto:hugo.valloire@cea.fr
mailto:lukasz.borowik@cea.fr
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://doi.org/10.1063/5.0197226
https://pubs.aip.org/aip/jap


• Various measurement techniques based on the SSPFM mode
currently exist, and new ones are likely to be developed.
Therefore, a crucial requirement is a tool that supports various
measurement methods and can be modified to facilitate the
accelerated development of new techniques based on the SSPFM
mode.

In response to the diverse requirements within the scientific
community, we have developed a comprehensive methodology that
addresses the entire spectrum of SSPFM data processing. This
methodology is made accessible through an open-source software
called PySSPFM.

II. DATA PROCESSING

A. Overview

Figure 1 shows an overview of SSPFM measurement and data
processing. Typically, an SSPFM measurement is conducted on a
grid of points across the surface of the sample. For each measure-
ment point, the AFM tip approaches the sample, maintains
contact, while the SSPFM measurement is performed, and then
retracts before moving to the next measurement point. An SSPFM
measurement file is associated with each measurement point.
PySSPFM performs data processing for the measurement file,
resulting in an output list of values that correspond to specific fer-
roelectric material properties. Various artifact decorrelation proto-
cols improve measurement accuracy and allow the measurement of

additional material properties. After analyzing all the measurement
files, spatial maps are generated for each of the material properties.
These cartographies provide a visual representation of the spatial
distribution and variations in the material properties across the
sample’s surface, allowing for insights into the material’s local
behavior and heterogeneity.6–9 The resolution of the image can be
enhanced by applying 2D interpolation. A mask can also be
applied to subtract the problematic pixel influence and not affect
the contrast of the maps.

For each measurement file, to extract all material properties
associated with a single pixel, the following set of steps is
performed.

B. Segmentation and extraction

The entire set of measurements is segmented to associate each
polarization voltage value with a corresponding PFM amplitude
and phase measurement. It is possible to separate the measure-
ments into On-Field (amplitude and phase are measured simulta-
neously with the application of the electric field) and Off-Field
(amplitude and phase are measured after the application of the
electric field). Two separate procedures have been developed.

For a measurement conducted at a constant frequency,
whether in resonance or not, the amplitude and phase PFM signals
are usually relatively stable during the segment. Subsequently, the
mean values, along with the standard deviations associated with
these two parameters, are extracted over the entire segment.

FIG. 1. Schematic representation of the PySSPFM code workflow. A series of voltage pulses are applied to the sample through the tip, and the amplitude–phase PFM
signal is measured. The measurements are segmented, leading to the acquisition of On-Field and Off-Field hysteresis curves. Subsequently, the obtained curves undergo
fitting, facilitating the extraction of ferroelectric material properties. Then, artifact effects are decorrelated from the overall signal. This measurement process can be repeated
over a grid of points, enabling the reconstruction of material property maps.
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For the frequency sweep procedure in resonance, a peak of
PFM amplitude is obtained. R(ω) and w(ω) describe, respectively,
the frequency ω dependence of the PFM amplitude R and phase w
signal. A Simple Harmonic Oscillator (SHO) model in the forced
oscillation regime is commonly used to describe the cantilever
motion in contact with the electromechanically stimulated sample
surface:10

R(ω) ¼ AR
ω2
0ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

(ω2
0 � ω2)þ ω0ω

Q

� �2
s þ R0, (1)

w(ω) ¼ Aw arctan
ω0ω

Q(ω2
0 � ω2)

� �
þ w0, (2)

where ω0 is the contact resonant frequency in Hz, approximately
equal to 300 kHz, and Q is the quality factor, approximately equal
to 100 (for a tip stiffness of 3 N/m). The amplitude of each model
is, respectively, denoted as AR and Aw for the amplitude and phase.
The amplitude of the phase model, Aw, is approximately equal to
0.5, corresponding to a variation of 180° of the signal during the
frequency sweep. We add to the model the amplitude background
R0 and phase offset w0, respectively. PFM amplitude and phase are
fitted with the SHO model, using an algorithm based on the lmfit
module.11 The measurements related to the peak’s amplitude, its
quality factor, the resonance frequency, background signal, and the
associated phase value are extracted. In case of fitting errors, the
same parameters are measured based on the determination of the

maximum PFM amplitude on the segment, utilizing peak tool
processing.

For both procedures, the analysis of the segment can be per-
formed on a user-defined specific portion, allowing, for instance,
the mitigation of potential dynamic effects at the segment’s onset.
To enhance the robustness of the processing and mitigate measure-
ment noise, the PFM signal can be filtered using a Butterworth or
mean filter. Subsequently, the measurements are presented in the
form of nano-loops, where each parameter is measured in relation
to the polarization voltage.

C. Postphase calibration

Phase is a key parameter of interest in PFM-based techniques.
The pioneering study by Neumayer et al.,3 initially proposed for
PFM measurements, served in this study as a valuable foundation
for developing the post-measurement phase calibration protocol,
specifically in the case of SSPFM. Initially, the distinct hysteresis
configurations in both Off-Field and On-Field scenarios based on
experimental conditions can be identified.

The diverse configurations of hysteresis in the Off-Field mode
are presented in Table I, contingent upon the specified experimen-
tal parameters (for more information, see Appendix A).

The different hysteresis configurations in the On-Field mode,
characterized by a predominant electrostatic effect, are illustrated in
Table II, depending on the specified experimental parameters (for
more information, see Appendix B).

It is crucial for the user to determine the dominant compo-
nent in the On-Field mode prior to phase analysis. If the

TABLE I. Hysteresis configuration indicating the polarization voltage direction and the sign of the piezoelectric coefficient for the Off-Field mode.

Grounded tip Grounded bottom
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ferroelectric component is dominant, the phase variation will be
the same as in the Off-Field mode.

The inversion of phase values corresponding to the up and
down direction of the vertical component of the polarization vector
is experimentally possible in resonance-enhanced PFM. This phe-
nomenon, resulting from the dynamic behavior of the cantilever,
can be caused by a combination of experimental parameters such
as the cantilever stiffness and the operating frequency.3 However, in
PFM-based techniques, only the amplitude and phase signals are
obtained. If a phase inversion phenomenon occurs, the direction of
hysteresis rotation is reversed. Therefore, the experimental phase
variation with polarization voltage is analyzed and compared to the
theoretical phase behavior. This step helps detect any potential
phase inversions, and if present, the experimental phase values are
corrected accordingly. It should also be noted that depending on
the direction of the AC voltage application, the phase can be
reverted. Subsequently, a phase histogram is constructed, where
two distinct peaks corresponding to the up and down polarization
states are expected to emerge.3,12 Initially, the two peaks are cen-
tered within the phase measurement range to prevent phase switch-
ing, which can often occur for one of the polarities if this
processing step is not performed. This approach helps avoid degra-
dation in the appearance of nano-loops and facilitates subsequent
measurement processing. In materials exhibiting a predominant
piezo-ferroelectric response, a phase difference of approximately
180° is expected.3,12 This phase difference plays a critical role in
PFM as it provides insights into the relative influence of measure-
ment artifacts on the observed piezoresponse (PR).13,14 The phase

value associated with each of the peaks is extracted through
Gaussian fitting or simply by using the maximum value of the
peak.

It is known that a phase offset is always present in PFM-based
technique measurements. This offset arises from various factors,
including the AFM instrument itself, the response time of the elec-
tronic circuit, and the signal frequency, among others.3 The posi-
tion of the peaks is defined as

w1 ¼ woffset, (3)

w2 � w1 + 180�¼woffset + 180�: (4)

Identifying the positions of the two peaks facilitates the calcu-
lation of the phase difference. The user has the flexibility to select
phase values (forward and reverse) based on the function employed
for PR calculation (sine: forward and reverse phases are 90° and
−90°, respectively, and cosine: 0° and 180°). To calibrate the phase,
three distinct protocols can be applied:

• woffset is subtracted from all phase values implemented to align
the phase position, ensuring that the phase difference between
the two peaks remains unchanged. This treatment method is
designed to preserve the initial measurement as faithfully as
possible.

• An affine relationship is applied to all phase values, adjusting the
mean phase difference to 180°.

TABLE II. Hysteresis configuration indicating the polarization voltage direction and the sign of the piezoelectric coefficient for On-Field mode.

Grounded tip Grounded bottom
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• A threshold is established between the two peaks, and each
phase value is assigned to a target value (phase forward or
reverse values), based on its relative position to the threshold.

In the case of a phase inversion, all phase values are multiplied
by −1,

wcalib ¼ +(wmeas � woffset): (5)

Finally, in some cases, the hysteresis may exhibit a significant verti-
cal offset [due to electrostatics15 or frozen polarization effects],16

and the phase signal may be unipolar. In this scenario, only one
peak is detected on the phase histogram. The entire post-calibration
phase procedure detailed here has also been adapted for this spe-
cific case. The user must, therefore, specify in advance whether the
measurement is in phase inversion or not, based, for example, on
automatic detection that can be performed on a bipolar measure-
ment (see the supplementary material for phase calibration for
bipolar and unipolar SSPFM measurements).

D. Hysteresis fitting and extraction of material
properties

The PR is calculated based on the PFM amplitude (R) and
phase (w) values: PR = R * funcpha(w) (with funcpha being either
sine or cosine, depending on the selected target phase values). For
both On-Field and Off-Field measurements, one or multiple hyster-
esis loops are determined: PR = f(U). If multiple hysteresis loops
are acquired at a measurement point, the average hysteresis loop is
calculated separately for On-Field and Off-Field analyses (some-
times, the first hysteresis loop must not be considered for a pristine
state sample), allowing for noise reduction in the measurements.
The evolution of the hysteresis cycles throughout the measurement
can be visualized to study the variation of properties during the

cycles, such as those arising from phenomena like the wake-up
effect.17

The fitting process used in the study involves a model to
determine the variation of PR with polarization voltage V, com-
posed of sigmoidal (6) or arctangent (7) plus affine functions,
where

PRi(V) ¼ G� 1
1þ exp(�ci(V � Vi

0))
� 0, 5

� �
þ a� V þ b, (6)

PRi(V) ¼ G� arctan(ci � (V � Vi
0))þ a� V þ b, (7)

with i being the index of the branch (L: left, R: right). The complete
set of fitting parameters is illustrated in Fig. 2(a). The sigmoidal (or
arctangent) component represents the ferroelectric effect, while the
affine component represents the contribution of artifacts (mainly of
electrostatic origin). It should be noted that the fitting process is
performed on the entirety of the hysteresis curve and not on each
individual branch separately. Some parameters are global to the
hysteresis, such as affine component parameters a and b, and hys-
teresis amplitude G, while some can vary for each branch, such as
the position Vi

0 and the dilatation coefficient ci. Note that the user
has the option to select a fit for either symmetric hysteresis (a
single dilatation coefficient for the model) or asymmetric hysteresis
(a distinct dilatation coefficient for each branch).

To enhance the robustness of the fitting process, the initializa-
tion of the fit parameters was implemented. This initialization step
involves assigning an initial value and a range of variations for all
the parameters in the fitting process. The detailed implementation
of this step for each parameter will not be covered in this paper but
can be found in the PySSPFM documentation available on a
GitHub repository.18 However, it is important to note that the

FIG. 2. Piezoresponse hysteresis nano-loop with fit parameters (a) and featuring ferroelectric characteristics (b).
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direction of rotation of the hysteresis curve, determined by the sign
of the hysteresis amplitude, is taken into consideration. Moreover,
in the Off-Field mode, the slope of the affine relationship is fixed at
0, accounting for the absence of a linear component in this mode.
Given the multitude of parameters in the hysteresis fit model and
the potential deviations of measurements from the standard hyster-
esis form, it is recommended to use a fitting method for the fitting
function of lmfit11 that guarantees robust convergence, even if it
comes at the cost of an extended fitting duration. For instance, the
Nelder–Mead method is preferred over the least squares method
for this purpose.

Once the fitting step is completed, the analysis focuses on
extracting a set of characteristic points from the hysteresis curves
obtained during the On and Off-Field measurements, as shown in
Fig. 2(b). These points form the measurement of the ferroelectric
properties of the sample. In Table III, we provide a list of some of
the main characteristic points.

The quality of the fit is expressed as the R2 value, which repre-
sents the mean square deviation between the fit and measurements.
When analyzing ferroelectric properties, it is crucial to always con-
sider the R2 value. This is because variations in these properties can
arise from both physical nanoscale effects and poor quality fitting.
For hysteresis curves with abnormally low R2 values, it is recom-
mended to inspect each measurement individually to identify

potential issues with the data. Furthermore, additional properties
are extracted from the signals of the height sensor and the tip
deflection, such as their respective averages throughout the mea-
surement, as well as the adhesion of the tip to the measured surface
during retraction. Additionally, if the resonance frequency and
quality factor are measured, the properties of the resonance peak
are determined, encompassing the mean values of these parameters
across all nano-loops. These extracted values facilitate measure-
ments of the nano-mechanical elastic and dissipative properties of
the material.26

E. Artifact decoupling

A comprehensive set of five artifact decoupling procedures,
primarily addressing electrostatic artifacts and informed by various
publications,15,25,27,28 has been integrated into the PySSPFM frame-
work. Following these procedures, it becomes possible to extract
the affine component (i.e., localized and non-localized electrostatic
effects, electrostrictive effects, and Joule’s effects: for more informa-
tion, see Appendix C), as well as the nonlinear effects (Joule
heating,28 charge injection,28 leakage current,29 surface or tip degra-
dation,30 etc.)28,30,31 that influence the measurement. The first pro-
cedure is designed to extract the contact potential difference (CPD)
from the two minimum points of an On-Field PFM amplitude

TABLE III. Material properties extracted from hysteresis fitting.

Material property Aspects of material physics

PRsat Saturation PR Maximum PR of the polarized sample under electric field.
PR0 Remnant PR Maximum PR of the polarized sample under zero electric field.
PRinit Pristine PR PR of the sample in its pristine state.
V0 Coercive voltage The voltage corresponding to PR = 0, representing the voltage required to perform a polarization switching.
Vn Nucleation voltage The voltage corresponding to 10% of the total switch, indicating the voltage needed to initiate domain

nucleation. By comparing the values of the two branches, the relative influence of charged defects on domain
wall mobility can be deduced.9

ΔV Imprint Voltage offset corresponding to the internal field in the film, which can arise from
- Material stoichiometry19

- Internal stresses due to clamping20,21

- Charged defects20,21

c Coef The expansion coefficient of the branch corresponding to the switching speed and the velocity of domain
walls. By comparing the values of the two branches, the relative influence of structural and/or charged defects

on domain walls’ mobility can be deduced.7–9

a Slope It originates from linear effects (electrostatics) and is influenced by
- Coupling between the stiffness of the cantilever and the tip–sample junction is influenced by the contact

force between the tip and the sample.22

- Capacitive gradient of the tip–sample junction
- Topography of the sample.23

- Nature of the sample.

b Offset PR It can arise from
- Electrostatic effects: contact potential difference (CPD) between the tip and the sample.15

- Ferroelectric effect: frozen polarization,16 size effects,16 etc.24

Asw Work of switching Hysteresis area corresponding to the total energy dissipated during the ferroelectric switching cycle.1,25
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loop. The second procedure enables the extraction of coefficients
for the affine component from the saturation domains of the hys-
teresis. The third procedure, previously outlined, involves a respec-
tive fit of On and Off-Field hysteresis loops, extracting the
electrostatic component and all material properties with and
without artifact influence. For detailed information on these proce-
dures and their respective advantages, please consult the PySSPFM
documentation available on the GitHub repository.18

The fourth method involves measuring multiple Off-Field hys-
teresis curves at different read voltages32 [equivalent to the contact
Kelvin Probe Force Microscopy (cKPFM) method introduced by
Balke et al.27]. For each curve, a vertical offset is extracted by fitting
the Off-Field hysteresis. Then, the vertical offset is determined as a
function of read voltage, constituting the affine component. This
approach is robust and precise as it is based solely on the Off-Field
fits, with a broad range of validity. Moreover, it allows obtaining the
entire affine component. By investigating the evolution of the PR
not with respect to the writing voltage but with the reading voltage,
we can obtain a more profound exploration of measurement arti-
facts, distinguishing between ferroelectric phenomena, electrostatic
effects, charge injection, and more. However, the implementation of
this method necessitates measuring several Off-Field hysteresis
curves at various voltages, which is time-consuming and can disrupt
the analysis of hysteresis reproducibility.

The last protocol involves subtracting On- and Off-Field hys-
teresis curves.15,28 Figure 3 illustrates the procedure performed on a
polycrystalline ferroelectric thin film sample of (K,Na)NbO3

(KNN), deposited by sputtering, with a thickness of 500 nm and
measured in a glovebox under a controlled argon atmosphere.
Subsequently, a line intersecting zero is derived. A linear regression
is performed to determine the slope, which is then used to divide
the vertical offset of the Off-Field hysteresis curve to obtain the
contact potential difference (CPD). Figure 4 shows a mapping of
the CPD determined with this protocol, implemented on a spatial
matrix of measurement points in SSPFM imaging. The mean CPD

value obtained is approximately −600 mV, in slight contrast to
−900 mV that we measured using Kelvin Probe Force Microscopy
(KPFM). It must be noted that CPD values derived from contact
methods (e.g., SSPFM) and non-contact methods (e.g., KPFM) do
not carry the same physical significance due to the gap between the
tip and the sample. Consequently, they may not necessarily have
the same value, especially for dielectrics as demonstrated by Balke
et al.27 Finally, this last procedure enables the determination of the
entire affine component. It is both robust and precise since it pri-
marily relies on Off-Field fits, and it is easy to implement.
Additionally, the differential analysis allows for choosing the
voltage domain to perform the linear regression. Indeed, in some
cases, it is better to do it in the low voltage domain since non-
linear effects could appear at high voltage, such as charge injection,
leakage current, and Joule effect, as previously mentioned.

The various approaches for extracting artifacts can be applied
independently, and their results can be compared to draw conclu-
sions about the influence of artifacts on the measurement. It is
crucial to note that each technique has its own conditions of valid-
ity, and it is necessary to verify whether these conditions are ful-
filled.15 Finally, it must be considered when conducting an SSPFM
measurement, hysteresis may be observed in certain cases even for
non-ferroelectric materials.25,33,34 The signal may arise from arti-
facts of electrocapillary and/or electrostatic effects, which are
closely associated with surface charges and are significantly influ-
enced by ambient conditions and the presence of water layers on
the surface, thereby strongly affecting surface charge
dynamics.25,33,34

III. PySSFPM TOOLBOX

After completing all the data processing and obtaining mate-
rial properties for each file, additional tools integrated into the
PySSPFM package can be used to gain further insights into the
data analysis.

FIG. 3. Differential analysis between On- and Off-Field hysteresis of a KNN thin film: Hysteresis comparison between On-Field and Off-Field (PR vs VDC) (a). Differential
PR vs VDC (b). A linear regression analysis is performed to determine the slope of the line crossing through zero. The vertical offset of the Off-Field hysteresis is then
divided by the slope to obtain the value of the Contact Potential Difference (CPD).
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A. Data readers

To facilitate data opening and visualization, dedicated reader
modules have been developed to read datacube files (for both raw
data and nano-loop visualizations), along with material properties’
mapping generated at the end of the SSPFM data processing, as
shown in Fig. 5. The mapping tools enable 2D interpolation to
enhance map resolution. Additionally, these tools include function-
alities for creating masks, allowing the mitigation of the influence
of problematic pixels on map contrast or the isolation of specific
regions within the map. Masks can also be generated based on con-
ditions related to the values of a reference property to isolate spe-
cific phases of the material.

B. Curve clustering K-means

Recently, machine learning algorithms have experienced a
surge in popularity, occupying an increasingly prominent role in
our daily lives, exemplified by innovations such as ChatGPT. In
data processing, clustering algorithms prove pertinent for segregat-
ing large volumes of multidimensional data, such as datacube
files.10,19,35,36 This explains the growing trend of publications utiliz-
ing these algorithms for the analysis of SSPFM mappings, even
extending to the separation of ferroelectric phases36 or the distinct
physical contributions of the PFM signal.35 The K-means algorithm
is a method that separates multidimensional data points into clus-
ters by iteratively minimizing the within-cluster sum of squares.
The user specifies the number of clusters.

For each of the modes (On-Field, Off-Field, and differential),
the entirety of nano-loops associated with each file is subjected to
classification using the K-means function from sklearn.cluster.37

Nano-loops can manifest in various measurements, including PR,
amplitude, phase, and potential resonance frequency or quality
factor for nano-mechanical analysis vs the polarization voltage. The
script facilitates the selection of multiple measurements for con-
structing a curve: these measurements are then normalized between
0 and 1 and concatenated. This procedure was inspired by Ref. 35.

For instance, to discern the influence of various physical phenom-
ena on the PFM signal, it proves more effective to construct a curve
composed of both the amplitude and phase rather than solely
relying on the PR.35 The code facilitates the assignment of a refer-
ence cluster, arbitrarily defined as the cluster with the maximum
number of elements. The indices of other clusters are determined
based on the distance from their centroid to that of the reference
cluster. In other words, the clustering indexing offers the user
insights into the separation of each cluster relative to the reference
cluster.

For each mode, three figures are generated, as depicted for
the Off-Field hysteresis [Figs. 6(a)–6(c)] and the differential com-
ponents [Figs. 6(d)–6(f )] in a point measurement network on the
surface of the KNN sample. The first figure comprises the entire
set of curves [Figs. 6(a) and 6(d)], the second presents the average
curves for each cluster [Figs. 6(b) and 6(e)], and the third depicts
a spatial map of the assigned clusters [Figs. 6(c) and 6(f )]. In
each case, a color is assigned based on the index of the corre-
sponding cluster. For Off-Field hysteresis, different regions are
highlighted and spatially represented in Fig. 6(c), each with spe-
cific ferroelectric and electrostatic properties. Specifically, we
observe that clusters A, B, C, and D exhibit more distinct differ-
ences in their hysteresis shapes, indicative of varying ferroelectric
properties. Clusters A and B correspond to local regions with a
less pronounced maximum electromechanical response compared
to clusters C or D. As for clusters E and F, there is a greater varia-
tion in the hysteresis offset suggesting an intensified electrostatic
effect likely caused by a significant alteration in the CPD at these
four measurement points. The correlation between the CPD
mapping in Fig. 4 and cluster C in Fig. 6(c) is noteworthy. The
CPD is also determined using the slope of the differential compo-
nent, as outlined in the latest artifact decorrelation protocol
detailed in Sec. II E. This parameter is sensitive to both the stiff-
ness of the lever and the contact junction between the tip and the
sample, as well as the capacitive gradient between the tip–sample
system. Both can be significantly influenced by the surface of the
sample adjacent to the tip,23 as it affects both the contact surface
between the tip and the sample, and consequently, the tip–sample
junction stiffness38 and the distribution of local electrostatic field
lines between the tip and the sample.23 The set of differential
curves in Fig. 6(d) demonstrates less variability compared to the
Off-Field hysteresis in Fig. 6(a), indicating a more uniform distri-
bution of electrostatic properties on the sample surface compared
to ferroelectric properties. In one case, the electrostatic force acts
at varying distances between the tip and the lever, while in the
other, tip displacement is induced by the sample in contact via
the inverse piezoelectric effect. As such, it appears that two clus-
ters effectively separate one cluster composed of almost all curves,
while the remaining cluster consists of three curves with lower
slopes. By considering both clustering methods, Off-Field and
electrostatic, a strong correlation with the CPD is observed. While
the explanation of local CPD variations is beyond the scope of
this paper, one could hypothesize that this change is attributed to
fluctuations in localized charge densities within these regions or,
alternatively, to surface impurities present on the sample. These
results also illustrate one of the advantages of CPD measurement
in contact SSPFM over the non-contact KPFM mode, allowing for

FIG. 4. Contact Potential Difference (CPD) map of a KNN thin film.
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better lateral resolution by confining the electrostatic field lines
more effectively between the sample and the tip lever.27

C. Cross correlation between maps

Correlating different maps of the sample’s properties allows us
to gain a better understanding of the origin of the signals and the
interactions between various physical phenomena. Analyzing the

maps of different properties enables the identification of correla-
tions between these maps and the underlying microstructure’s
influence.19 In this work, we utilize the Pearson product–moment
correlation coefficients, which express the correlation between two
maps as a scalar value. The coefficient can vary between 1 (red),
indicating perfect correlation, and −1 (blue), indicating perfect
anti-correlation. For coefficients close to 0 (white), the correlation
between the maps is low. The relationship between the correlation

FIG. 5. Representation of Reader Outputs for measurements on a KNN thin film: SSPFM raw data (a), superimposed and mean hysteresis nano-loops (b), hysteresis
area map (c).
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coefficient matrix, Rij, and the covariance matrix, C, for two vari-
ables i and j, is

Rij ¼ Cijffiffiffiffiffiffiffiffiffiffiffi
CiiC jj

p : (8)

The Pearson product–moment correlation coefficient is calculated
using the “corrcoef” function from NumPy.39 Subsequently, a
visual table of cross correlation between different maps correspond-
ing to specific properties of the KNN sample can be obtained, as
presented in Fig. 7.

For instance, it is observable that the contrasts in the maps of
positive and negative coercive voltages are strongly correlated
(R23 ¼ �0:89). In fact, both properties are governed by the activa-
tion energy of domain switching. Furthermore, considering the
maximum piezoresponse at saturation, a key ferroelectric property,
the contrast of the latter shows no correlation with the vertical
offset, influenced by electrostatic properties (R15 ¼ 0:08) or the
imprint, dependent on the internal field within the thin film
(R16 ¼ �0:05).

The correlation can be determined among parameters within
the same mode (On-Field, Off-Field, differential) or between iden-
tical parameters between On-Field and Off-Field modes to assess
the influence of linear artifacts on the measurements.

D. Mean hysteresis

The mean of all hysteresis can be determined over a list of
pixels selected under certain conditions, which can allow the sepa-
ration of different phases and provide a clearer understanding of
the sample’s behavior.40 Moreover, material properties and artifact
decoupling can be performed. Suppose an SSPFM data set for a
sample with two distinct phases of ferroelectric properties. A
threshold value for the hysteresis amplitude can be set to separate
the two phases based on this criterion. Then, the mean hysteresis
loop can be calculated for each phase to compare their respective
responses. Additionally, the distribution of each phase on the
sample surface can be visualized. The pixel list can also be manu-
ally selected, for instance, to isolate properties specific to a particu-
lar area of the mapping.

FIG. 6. Hysteresis separation through machine learning (clustering with K-means methodology) performed on a KNN thin film for Off-Field hysteresis loop (a)–(c) and dif-
ferential curves (d)–(f ): set of analyzed curves (a) and (d), average curve per cluster (b) and (e), and spatial distribution of curve according to their assigned cluster (c)
and (f ).
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E. Pixel extremum

A distinct tool facilitates the identification of extreme pixel
values for a given material property. The corresponding hysteresis
loops are graphically represented and contrasted with the average
hysteresis loop derived from all pixels. The pixel’s location is dis-
played on the property map, and a histogram of property values,
including the value of the specific pixel, is determined.

IV. APPLICATION USAGE

We introduce PySSPFM as a user-friendly approach, featuring
several key attributes. First, we have developed an inclusive and
intuitive graphical user interface (GUI) to guide users through pro-
cessing parameters and executable scripts. Second, adhering to the
coding standard of PEP-8, PySSPFM ensures high code quality and
readability. Each module has been evaluated using PyLint, a
Python code analysis tool, with the majority receiving scores above
9.5 out of 10, demonstrating adherence to PEP-8 guidelines. The
architecture of PySSPFM employs a modular structure with dedi-
cated folders for specific tasks, promoting a systematic and stream-
lined workflow and facilitating code navigation and reusability.
Detailed function headers provide comprehensive descriptions of
inputs, outputs, type hints, and the function’s purpose. Moreover,
this paper and the code documentation available on the GitHub
repository18 aim to provide a comprehensive description of
PySSPFM, covering its functionality, workflow, and practical utili-
zation. The user is guided in their measurement process through
the provided measurement sheet templates in the GitHub reposi-
tory.18 Moreover, PySSPFM incorporates quantitative analysis tech-
niques based on established publications, offering diverse solutions

for calibration and artifact decoupling. PySSPFM includes modules
for generating simulated SSPFM data, relying on physical equations
derived from physical models for both ferroelectric and artifact
components, allowing for realistic simulations. Users can add noise
to the measurements with adjustable levels to increase fidelity.
Simulated data serve to understand Python modules and their
functionality, while also providing examples and insights into the
measurement process and its influencing factors. A mind map
showing the different aspects of PySSPFM is shown in Fig. 8.

A. Executable modules

In general, two types of modules can be distinguished: execut-
able modules and libraries. All executable modules rely on libraries.
In the case of executable modules, processing parameters must be
defined by the user. Various procedures enable users to adjust
parameters, through the corresponding graphical user interface
(GUI) script, or users can adjust parameters directly either in a pre-
filled JSON file, in a TOML file, or in the executable Python code,
within the “parameters” function located at the end of the module.
Additionally, a description of the parameters is provided either in a
tooltip of the GUI when hovering the mouse over the button or in
the header of the parameters function. The “data_processing,”
“toolbox,” and “gui” directories each contain the complete set of
corresponding executable codes.

B. Input files

To employ PySSPFM, a straightforward prerequisite involves
having a directory encompassing all measurement files. These files
can exist as either spreadsheets, denoted by columns of value lists

FIG. 7. Cross correlation analysis among several SSPFM maps of properties of the KNN sample.
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for each measurement, with extensions TXT, CSV, or XLSX or
directly in the Bruker datacube SSPFM file format with the SPM
extension. It is crucial to emphasize that, for Bruker SPM file data
extraction, the installation of Dynamic Link Library (DLL) files
alongside the Nanoscope Analysis software (Bruker) is mandatory. It
is also possible to process measurement files from other manufactur-
ers by converting them into spreadsheets with one of the valid exten-
sions prior to processing. To our knowledge, there are no
open-source libraries available that facilitate the extraction of SSPFM
measurements from datacube files across various manufacturers
offering this measurement mode. In our experience, PySPM41 pri-
marily supports the extraction of files originating from AFM scans
and imaging modes like PFM, but does not encompass SSPFM mea-
surements. Subsequently, there is pycroscopy,42 a library developed
by Oak Ridge Laboratory, which is capable of extracting data, includ-
ing SSPFM datacube files. However, to our knowledge, it is exclu-
sively compatible with devices manufactured by Oxford Instruments,

such as the Cypher AFM. The customization settings include header
dimensions, the column separator in spreadsheet files for extraction,
and the parameters to be extracted. The current version handles the
direct measurement of height sensor, deflection, polarization voltage,
PFM amplitude, and phase, signal frequency, but the code is adapt-
able to accommodate additional measured parameters. A converter
from SSPFM datacube files from Bruker (SPM extension) to spread-
sheets (TXT, CSV, or XLSX extensions) is available. In conjunction
with the SSPFM data files, users must choose and complete a mea-
surement sheet, available on the GitHub repository,18 utilizing the
supplied CSV template. The specified measurement parameters will
be used during SSPFM data processing. A dedicated tool designed
for SSPFM measurement sheet generation is also available. PySSPFM
is capable to handle SSPFM-DFRT43,44 mode measurements in addi-
tion to constant or sweep frequency measurements, broadening the
scope of data analysis. This aspect is developed further in our dedi-
cated paper.44

FIG. 8. PySSPFM mind map, visually depicting various aspects of the application along with their key features.

Journal of
Applied Physics

ARTICLE pubs.aip.org/aip/jap

J. Appl. Phys. 135, 194101 (2024); doi: 10.1063/5.0197226 135, 194101-12

© Author(s) 2024

 06 N
ovem

ber 2024 14:58:49

https://pubs.aip.org/aip/jap


C. Output file management

The first step of the data processing procedure in PySSPFM
involves the segmentation of raw data to create nano-loop curves.
This is accomplished by executing the “data_processing/datacube_-
to_nanoloop_s1.py” script. Upon launching this module, the user
selects an initial measurement file, which undergoes processing to
generate a comprehensive set of figures. These figures encompass
various aspects of the data, including visualizations of the raw data
in the form of graphs and maps, extraction plots for the first and
last segments of the file, histograms, phase graphs, and Off–
On-Field nano-loop cycles. The generated figures can be automati-
cally saved in a new processing directory, facilitating easy access
and organization. Subsequently, the entire set of files is analyzed,
and for each file, measurements such as amplitude, phase, reso-
nance frequency, and quality factor are recorded as nano-loop
curves with respect to the applied bias voltage. Separate text files
are created for Off- and On-Field measurements. A text file con-
taining the complete set of measurement and data processing
parameters is generated within the processing directory.

The second and final steps of the data processing involve per-
forming phase calibration, creating and fitting the hysteresis curves,
artifact decoupling, and extracting material properties. This step is
executed with the “data_processing/nanoloop_to_hyst.py” script.
After launching the module, the user selects the folder containing
the nano-loop measurements stored in TXT files. The first file is
open, and corresponding figures of the fits for both On- and
Off-Field measurements, as well as the artifact decoupling, are gen-
erated and optionally saved in the measurement processing folder.
Subsequently, all the files are analyzed, the best nano-loop curve is
determined for each file, and the material properties are extracted,
separately for On- and Off-Field measurements. Last, the process-
ing parameters for this second step are also saved in the text file
along with other parameters.

For the executable files in the toolbox, a designated directory
is created to save all figures and user-input parameters upon execu-
tion (optional).

D. Tests and examples

Examples and tests are readily accessible for nearly all func-
tions within the PySSPFM application. They adhere to the same
structural framework as the primary scripts. Their purpose is to
provide users with a usage guide for the associated functions and
offer an idea of the operations performed by the function, often
manifested through graphical representations. As for the tests, they
also conform to the same framework and directly rely on the corre-
sponding examples. They rely on quantifiable results, subsequently
compared against target values using the pytest45 library to ensure
the proper functionality of the entire script suite. These tests also
help in identifying code sections affected during modifications or
maintenance. Importantly, all examples and tests are grounded in
actual SSPFM data or data simulated through purpose-built appli-
cation scripts. In its current version, PySSPFM tests are executed
on GitHub servers and are compatible with Python versions
ranging from 3.7 to 3.10. The tests and examples can be down-
loaded from GitHub and run locally by the user, provided that the
pytest library is downloaded.

E. Settings

The measurement processing can be tailored to the user’s spe-
cific application case by adjusting the entire set of settings and pro-
cessing parameters. A JSON file named “settings” encompasses all
the settings associated with PySSPFM comprehensively. Users can
also choose the method for managing data processing parameters
(JSON, TOML, Python) and adjust settings for extracting input
SSPFM files (property names, header size, column separator, etc.)
or other measurement processing settings, such as the fitting
method associated with the lmfit11 fitting function. Some of the set-
tings are linked to path management for result storage and various
display options for figures. Another JSON file, “default_settings,”
should not be modified by the user as it contains settings for
running tests and examples specific to the input data used for their
execution. The Python script named “settings” handles the entire
extraction and processing related to these two JSON files.

F. Installation and dependencies

PySSPFM can be installed directly from PyPI using the
command “pip install PySSPFM” in the IDE terminal or through
GitHub using Poetry with “poetry add git + https://github.com/
CEA-MetroCarac/PySSPFM.git” or using pip with “pip install git +
https://github.com/CEA-MetroCarac/PySSPFM.git.” The function-
ality of PySSPFM relies on the use of modules such as lmfit,11

scikit-learn,37 NumPy,39 pandas,46 openpyxl, matplotlib,47 Pillow,48

scipy,49 and nanoscope. Additional dependencies are optional,
including pytest45 for running test files or toml for managing user
parameters when using TOML files. It is important to note that,
for extracting SPM files from Bruker for SSPFM, DLL files installed
with the Nanoscope Analysis software (Bruker) are required.

V. CONCLUSION

In this paper, we provide a comprehensive and reliable
state-of-the-art solution for SSPFM data processing with the
PySSPFM application, available in open-source on a GitHub repos-
itory.18 We used a thin film sample of KNN to demonstrate the fea-
sibility and significance of the various processing steps. The code
has been developed in Python, the most widely used programming
language known for its ease of understanding and relevance in sci-
entific data analysis and processing. Moreover, PySSPFM adheres
to PEP-8 programming standards. In response to the defined
requirements outlined as a statement of need,

• This publication, along with available documentation18 and files,
enables users to familiarize themselves with the tool and custom-
ize it for specific measurement scenarios if needed. Various file
extensions are accommodated for processing to adapt to different
experimental setups. Measurement sheet, provided in the
GitHub repository,18 guides users as a shared basis during mea-
surement and is also used for extracting measurement parame-
ters for the data processing.

• PySSPFM is controllable through a GUI designed to be as simple
and intuitive as possible, or through the execution of corre-
sponding Python scripts, with or without the use of JSON or
TOML files for managing measurement parameters.
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• Particular efforts have been dedicated to addressing the challenge
of measurement quantification by providing a state-of-the-art
quantitative data processing approach for SSPFM measurements.
This approach involves the study of system resonance, various
calibration procedures, and artifact decorrelation protocols.

• The PySSPFM application currently manages various SSPFM
measurement modes (frequency sweep in resonance, single fre-
quency in or out of resonance, SSPFM-DFRT,43,44 cKPFM).27

Moreover, PySSPFM is developed to accommodate additional
measurement modes that users may implement within their
measurement systems. Recently, the implementation of the new
SSPFM-DFRT mode in PySSPFM43,44 has been demonstrated.
The entirety of the available documentation (on GitHub or
within the code) empowers users to make these additions.

Future developments are currently underway to enhance
PySSPFM, including the implementation of hysteresis fine-grain
structure8 to delve deeper into the analysis of the influence of point
defects (either charged or not) on the ferroelectric properties of the
material. Progress in machine learning has been leveraged to
increase the signal-to-noise ratio in PFM-based techniques,
enabling measurements across a broader range of samples or yield-
ing a more accurate signal near coercive voltages.50,51 Such proce-
dures could be adapted in PySSPFM modules.

SUPPLEMENTARY MATERIAL

See the supplementary material for additional data, including
an application case of phase calibration for bipolar and unipolar
SSPFM measurements.
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APPENDIX A: OFF-FIELD HYSTERESIS
CONFIGURATION

The direction of vertical polarization, assuming a predomi-
nantly ferroelectric effect, depends on the applied voltage between
the tip and the material’s bottom electrode. Voltages exceeding the
low and high coercive voltages of the hysteresis are categorized as
low (−) and high (+) voltages, respectively. Two distinct scenarios
are distinguished: one for the grounded tip configuration and the
other for the grounded bottom configuration. Table IV succinctly
illustrates the polarization direction relative to the applied voltage
for both scenarios.

With the sign of the piezoelectric coefficient of the material
d33, we can determine the dependence between the direction of the
vertical component of the polarization vector of the material and
the corresponding measured PFM phase value, as shown in
Table V.

Based on the information extracted from the initial two tables,
one can deduce a resultant Table VI illustrating the orientation of
hysteresis rotation, which is entirely dependent on the experimental
conditions.

TABLE IV. Dependence of induced polarization on applied voltage for the material
in the case of grounded tip and bottom configurations.

Groundeda Voltageb Polarizationc

Tip − ↓
+ ↑

Bottom − ↑
+ ↓

aGrounded, direction of external polarization voltage applied.
bVoltage, sign of external polarization voltage applied.
cPolarization, direction of induced polarization.

TABLE V. Dependence of the measured PFM phase value on the polarization of
the material, corresponding to the positive and negative sign of d33.

Sign of d33 Polarizationa Phaseb

+ ↓ Reverse
↑ Forward

− ↓ Forward
↑ Reverse

aPolarization, direction of polarization.
bPhase, PFM phase value measured.
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APPENDIX B: ON-FIELD HYSTERESIS CONFIGURATION

In the specific context of On-Field measurements, marked by a
predominant electrostatic component (where the phase value is
determined by the electrostatic component), the polarity of the elec-
trostatic component’s slope is dictated by the direction of the applied
voltage. Consequently, the voltage value can be directly correlated
with the phase, as illustrated in Table VII, without any modification
in the hysteresis rotation direction. The transition in the measured
PFM phase value for the affine component occurs at the CPD.

APPENDIX C: DECOMPOSITION OF TOTAL
PIEZORESPONSE TERMS IN SSPFM MEASUREMENTS

The total piezoresponse of the first-order harmonic compo-
nent PRtot

ω can be decomposed into two terms: PRpiezo,ferro
ω is the

first term, due to piezo- and ferroelectric effects, and is manifested
as hysteresis, while the second term PRartefacts

ω includes the influ-
ences of the considered artifacts (i.e., localized and non-localized
electrostatic effects, electrostrictive effects, and Joules effects),

PRtot
ω ¼ PRpiezo,ferro

ω þ PRartifacts
ω ,

PRtot
ω ¼ PRpiezo,ferro

ω þ PRelec, cant
ω þ PRelec, tip

ω

þ PRelectrostriction
ω þ PRjoules

ω ,

PRtot
ω ¼ deff33 (Vdc)Vac þ 1

kω

@Ccant(z)
@z

(Vdc � Vglob
CPD)Vac

þ 1
k*ω

@Ctip(z)
@z

(Vdc � V loc
CPD)Vac þ 2M333

t
VacVdc þ 2β

R
VacVdc:
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