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ABSTRACT

This study examines the effect of tensile stress on the ferroelectric properties of Pb(Zro.4Tio.s)03
thin film, with a focus on Barkhausen noise, observed for the first time under such conditions.
Tensile stress significantly alters domain wall motions, affecting Barkhausen noise more than
average polarization. Frequency analysis identifies grain boundaries as primary pinning sites,
consistent across stress levels. A non-linear relationship between stress, domain wall mobility,
and polarization is found, where increased stress initially enhances pinning and polarization
changes, but this effect diminishes at higher stress levels, indicating a shift in behavior.

Keywords: Ferroelectric domain switching, four-point flexural test, ferroelectric thin film, ferroelectric
Barkhausen noise energy.



I - INTRODUCTION

Ferroelectric thin films are vital components in various applications, including non-volatile
memory devices, sensors, actuators, and capacitors [1]. Understanding the behavior of
ferroelectric thin films can lead to advancements in energy-efficient electronics and innovative
solutions in data storage and processing. In ferroelectric thin films, the polarization mechanisms
involve the natural alignment of electric dipoles, leading to a spontaneous polarization P. When
an external electric field £ is applied, the ferroelectric domains progressively align with E, causing
domain walls to move and domains to expand in the field’s direction [2]. Thickness, grain size,
and substrate interaction significantly influence this reorganization [3]. Studying the kinetics of
ferroelectric domains and domain wall switching in thin films is fundamental, as the speed and
efficiency of domain wall switching determine the operational speed and energy consumption
[4].

For the experimental data, techniques such as piezo response force microscopy (PFM, [5]) and
scanning electron microscopy (SEM, [6]) are commonly used. PFM enables nanoscale
visualization by applying a localized E via a conductive tip, while SEM, particularly when used with
electron backscatter diffraction (EBSD), provides detailed imaging [7] of crystal size and domain
size. Additionally, synchrotron X-ray diffraction and transmission electron microscopy (TEM) offer
even higher resolution in the 10-100 nm range [8]. However, despite their advanced capabilities,
these imaging techniques are costly, complex, and limited by their inability to capture the real-
time dynamics of domain switching with high temporal resolution.

The origin of Barkhausen noise in ferroelectric thin films (EBN) lies in the discrete and abrupt
movements of domain walls as they interact with defects during the polarization process [9, 10].
These motions are not smooth or continuous. Instead, domain walls get temporarily pinned by
obstacles (defects, inclusion, interfaces). When the electric field is strong enough to overcome
the pinning sites, the domain walls suddenly jump to a new position, causing a discrete change in
polarization. These abrupt movements can be detected as current fluctuations. A detailed
analysis of the EBN signal can infer the dynamics of domain wall motion and provide additional
information where imaging techniques are limited [11].

Mechanical stress affects ferroelectric thin films by influencing the domain structure and the
switching dynamic [12, 13]. Repeated stress can induce material fatigue and degrade reliability
[12], while intentional strain engineering can optimize the films’ properties for specific
applications. Mechanical stress is predicted to influence EBN in thin films by altering the domain
wall pinning and the dynamics of the pinning effect. Stress might increase or decrease noise
intensity depending on whether it makes it easier or harder for domain walls to overcome pinning
sites. However, this statement remains speculative, as to our knowledge, no experimental
observations have yet provided proof of this effect.

Recently, we described the first direct measurement of Barkhausen noise in ferroelectric thin
films [10]. We also proposed an innovative method to analyze ferroelectric domain wall dynamics
through the reconstructed Barkhausen noise energy hysteresis cycle and its relation to the
classical P(E) one. Additionally, the analysis of Barkhausen noise frequency and domain wall
velocity confirmed the role of grain boundaries as dominant pinning sites in polycrystalline thin
films.



In this paper, we demonstrate mechanical stress effects on the Barkhausen response and
associated ferroelectric domain kinetics by leveraging the direct Barkhausen noise measurement
instrument with a specific experimental setup capable of inducing a given and quasi-
homogeneous traction stress to the ferroelectric thin film simultaneously in an electric field. This
new setup allowed real-time monitoring of the polarization current, including the domain wall
activity reflected in the EBN. The experimental data generated through this approach sheds light
on the stress-dependent behavior of domain walls and provides a deeper understanding of the
underlying mechanisms driving Barkhausen noise in ferroelectric thin films.

Il - EXPERIMENTAL SETUP
2.1 Tested specimens and P(E) experimental setup

For the tested specimens, we deposited two polycrystalline Pb(Zro.4Tio.6)O3 (PZT) thin films (300
nm) using a chemical solution deposition method on 540 um thick platinized silicon substrates.
The precursor solution was prepared using 2-methoxyethanol, lead acetate trihydrate
((CH3COO0)2Pb-3H20), titanium butoxide (Ti(O n-CaHg)s4), and zirconium isopropoxide (Zr(O i-
C3Hy)a). The solution was applied to the substrate through spin coating. Following the coating
process, heat treatments were carried out at 150°C and 400°C for 1 minute each in air to facilitate
drying and pyrolysis. For crystallization, the film underwent rapid thermal annealing at 650°C for
5 minutes in air. For x-ray diffraction spectra and detailed microstructure, refer to [14]. Circular
Au top electrodes (0.1 and 0.2 mm in diameter, illustrated in Fig. S1 in Supplementary
Information) were deposited during post-processing via sputtering.

We measured the stress-dependent P(E) loop using the Multiferroic Il Ferroelectric Tester by
RADIANT Technologies. INC. (Albuquerque, USA). This equipment captures up to 32 k points at a
2 MHz sampling rate, achieving excellent frequency resolution.

2.2 EBN characterization

To measure the EBN, we applied a sinusoidal voltage (5V peak-to-peak, 100Hz) to the tested
specimen through a conductive point probe. We used bare surface of the PZT thin film (dark
areas) (Fig. S1) for the electrical contact. This approach limited the size of measurement to the
point probe surface contact (= 50 um?) and enhanced the ratio between the EBN and the low-
frequency switching current [10].

Then, the induced electrical current generated was amplified and converted to a voltage signal
using a Trans-Impedance Amplifier (TIA) with a feedback resistance of 10 MQ. We set the TIA
cutoff frequency near 100 kHz to avoid any Barkhausen noise filtering. We used an SDS 1104X-E
scope (Siglent Technology, China) with a 1GS/s sampling rate and a record length of 14000k points
per channel to capture the polarization current. Then, we used an SR650 bandpass filter
(Standford Research, USA) to isolate and amplify the Barkhausen noise from the TIA’s output
signal. Fig. 1a depicts a schematic diagram of the experimental data acquisition chain.



2.2 Mechanical stress generation

We built a PLA 3D-printed four-point setup to induce homogeneous tensile mechanical stress
to the tested specimen simultaneously with the electric field stimulus (Fig. 1b). This system was
used for both the EBN and the P(E) characterization under applied stress.
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Fig. 1a — Experimental data acquisition chain Fig. 1b — Enlarged picture of the four-point flexural test and
Barkhausen noise characterization setup.

The left and right white upper pieces in Fig. 1b clamp the tested specimen. The dark piece below
the sample (in gold) translates via an adjustment screw and acts as a beam with two contact
points. Together with the white pieces contacts, they form the four-point bending system, which
allows a quasi-homogeneous stress between the two contact points. The deflection-load
relationship of a four-point flexural test is given in Eg. 1 below:

— l:’Load]-‘3
T 48EI (1)
bh3
I = - (2)

Where Pioad is the applied load, L is the span length between the inner supports, E is the Young
modulus, | is the moment of inertia, b and h the specimen's width and thickness, respectively.
Solving for P:

4Ebh36
Pload = 3 (3)
The flexural stress formula gives the tensile stress o at the top of the specimen:
_ 3PLoadL
~ 2bh? (4)

Then, substituting P from the deflection equation:

6EhS
0o="—7 (5)




Deflection was measured using a non-contact optical technique, where images captured by a
fixed camera were analyzed to track pixel shifts at specific points on the specimen, converting
these shifts into precise displacement values based on a calibrated pixel-to-length ratio.

Il = EXPERIMENTAL RESULTS

3.1 Stress-depending P(E) hysteresis loop

We conducted an initial series of experimental tests to observe the effects of the in-plane
tensile stress induced by the four-point flexural setup (Fig. 1b) and assess the conformity of the
tested thin films. The maximum electric field amplitude was set to 1.3 108 V-m™ to achieve
polarization saturation, and the frequency was set to 10 kHz to minimize the influence of leakage
current. Three stress levels were tested (unbent, partially bent, and fully bent), corresponding to
estimated stress values of 0 =0, 20, and 80 MPa, as determined by solving Eqg. 5.
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Fig. 2a — P(E) hysteresis cycles for f= 10 kHz 0 = 0, 20, and 80 MPa Fig. 2b — Corresponding differential
permittivity.



Mechanical stress (tensile or compressive) is known to induce changes in the shape of the P(E)
hysteresis loop. Our results showed that in-plane tensile stress along the specimen's length
direction increases the saturation polarization, slightly reduces coercivity, and initially enhances
polarization, followed by a slight reduction between 20 and 80 MPa (Fig. 2a). An increase in
differential permittivity in the cycle regions far from saturation was also observed (Fig. 2b).
Similar experimental results can be seen in Fig. 5 of [15]. Although the change in polarization
saturation level is smaller in [15], a similar trend is observed, confirming the reliability of the
tested specimens and the experimental setup. The relatively limited difference between the P(E)
loops obtained at 20 and 80 MPa could be seen as a saturation of the stress effect. This could
happen when most domains have already reoriented, substrate-induced mechanical clamping
limits further deformation, intrinsic material properties, defects, and grain boundaries restrict
domain wall movement. However, experimental results from [11][16] show that stress keeps
affecting polarization for tensile levels of 250 MPa and more, invalidating the saturation
hypothesis. The effect of stress being non-linear, a large effect can happen in the low range
followed by a more limited one (as observed for specimen 8 in Fig. 2 of [11]). Still, this behavior
can hardly be predicted.

3.2 Stress-depending raw EBN and EBNerergy hysteresis cycles
We optimized the bandpass filter bandwidth (2-20 kHz) to align the EBN frequency and minimize

the effect of the environmental noise [10]. Fig. 3 shows the filtered switching current data (red
line) and the applied electric field sine wave (blue line) for each tested stress level.
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Fig. 3 — Electric field (blue) and EBN raw signal (red) for o = 0, 20, and 80 MPa.

The raw EBN signal (Fig. 3) is stochastic and not reproducible. Therefore, it is common in the
scientific community to replace it with average quantities like the RMS value [17], the envelope
[18], or the so-called Barkhausen noise energy (EBNenergy)(in ferromagnetism [19],
ferroelectricity [10]). These average indicators simplify the analysis by reducing the complexity of
the raw signal, improving the signal-to-noise ratio, and providing more stable, manageable data
that correlates directly with material properties. Among these indicators, we opted for the
EBNenergy (Eq. 6) for its indirect relation to the domain wall kinetic energy [19] and the relation
between the EBNenergy(E) and the P(E) cycles [10].

T dE
EBNenergy = fo sgn (dt) IBarkhausen2dt (6)

Fig. 4a shows the EBNenergy(E) hysteresis cycles for o = 0, 20, and 80 MPa after renormalization
on the y-axis to ensure that all cycles have the same amplitude in the saturation zone where the
EBNenergy is expected to be invariant. Fig. 4b displays the P(E) hysteresis cycles measured in similar
experimental conditions but from a deposited top electrode (Max(E) = 3.2 V-m™, f= 100 Hz). The
capacitive current was removed during post-processing, and the film capacitance was estimated
to be 2.43 10%° F. The thin film resistance was considered high enough to neglect the leakage
current.
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Fig. 42 — EBN.nergy(E) for o =0, 20, and 80 MPa Fig. 4b — P(E) in the same experimental conditions.

The observed differences in hysteresis loop shape and coercivity between major (Fig. 2a) and
minor (Fig. 4b) cycles are due to the distinct electric field ranges and measurement frequencies
(10 kHz vs. 100 Hz). The hysteresis loops of Fig. 2a were taken at an electric field 6 times larger
than the coercivity whereas those of Fig. 4b were measured at an electric field 2 times larger than
the coercivity. The lower frequency measurement for Fig. 4b gives the lower coercivity. In
addition, the leakage current contribution in Fig. 4b is associated with the low frequency
measurement, which slightly curves the high-polarization zone.

IV — DISCUSSION

In [13], we combined the domain wall velocity (as described in [20]) with grain size data and
demonstrated that setting the frequency bandwidth to 2—-20 kHz for optimal EBN observations
indicated that grain boundaries were the dominant domain wall pinning sites. This observation
was already commented elsewhere [21]. In the present study, the same frequency bandwidth
was again found to be optimal, regardless of the applied in-plane tensile stress level, confirming
grain boundaries as the dominant domain wall pinning sites and stress having a limited effect on
this property.

The comparison between the classical P(E) loops and the EBNenergy(E) curves reveals additional
interesting observations. As illustrated in Fig. 4b, the effect of stress on the coercivity of the P(E)
hysteresis loops is limited. In contrast, it is significant in the EBNenergy(E) curves (Fig. 4a). This
difference in stress dependency can be attributed to several factors, including the scale at which
each method operates: Barkhausen noise captures local variations, while P(E) loops reflect an
averaged volumetric response. Tensile stress can specifically and differently affect the local
microstructure (domain wall pinning sites, defect density, etc.), leading to a distinct and local
variation in coercivity. Conversely, the stress dependency in P(E) loop coercivity is more
associated with the overall energy landscape of domain switching, encompassing contributions
from the entire ferroelectric volume.

Itis alsointeresting to observe how the EBNenergy remains unchanged once the saturation elbow
is surpassed while the polarization in the P(E) loop continues to change up to the maximum level



of the electric field. This observation can be explained by the maximization of domain wall motion
near coercivity and the polarization evolution beyond the coercive regions due to different
mechanisms (ferroelectric nucleation, internal friction, dielectric relaxation, etc.). Discretizing the
polarization process into different mechanisms and contributions can also justify the difference
in stress dependency discussed earlier. Specifically, domain wall motions appear highly stress-
dependent, with tensile stress enhancing the pinning effect and requiring higher energy to
overcome natural defects. In contrast, other mechanisms are less dependent on stress.

V — CONCLUSION

In this study, we investigated the influence of tensile stress on the ferroelectric properties of a
PZT thin film, with particular emphasis on Barkhausen noise, which was observed in ferroelectrics
under load for the first time.

Grain boundaries were identified as the primary domain wall pinning sites, and this
characteristic remained consistent across all levels of in-plane tensile stress applied.

Our analysis, conducted using both classical P(E) hysteresis loops and Barkhausen noise energy
EBNenergy(E) cycles, underscored the critical role of stress in domain wall dynamics.

The results indicated that while tensile stress initially restricts domain wall mobility, leading to
significant changes in the ferroelectric response, this effect diminishes at higher stress levels.
Specifically, above o = 20 MPa, the impact of stress on domain wall motion and overall
ferroelectric behavior becomes limited, confirming a non-linear relationship between stress and
polarization.

This study opens up several avenues for further exploration. Firstly, it is essential to confirm
these observations in ferroelectric thin films with varying compositions and properties. Secondly,
the impact of temperature on Barkhausen noise should be investigated. Lastly, comparing these
experimental results with simulations, particularly those generated by phase field models, would
be valuable in enhancing our understanding of the observed phenomena.
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