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A B S T R A C T

Flexible high-entropy relaxor ferroelectrics offer a promising route to overcome the long-standing challenges 
between mechanical flexibility, thermal stability, and electromechanical performance in piezoelectric applica
tions. In this study, we demonstrate the novel van der Waals (vdW) epitaxial integration of a designed high- 
entropy oxide, Pb(Mg0.15Nb0.3Ti0.05Hf0.25Zr0.25)O3 (PMNTHZO), onto flexible muscovite (mica) and rigid sili
con substrates. Through high-entropy engineering, these films exhibit excellent epitaxial crystallinity and a 
significantly enhanced breakdown electric field (> 4 MV cm− 1 on silicon). By exploiting the vdW interfacial 
sliding on mica to decouple substrate clamping, the PMNTHZO films achieve an exceptionally large effective 
piezoelectric coefficient (d33, eff ≈ 118 ± 6 pm V− 1). PMNTHZO maintains stable polarization switching above 
250 ◦C and exhibits remarkable mechanical durability, surviving a bending radius of 3.5 mm for over 10,000 
continuous deformation cycles. Validated by thickness-dependent analyses and fabricated micro-island structures 
that explicitly confirm the mitigation of the substrate clamping effect on mica, these results establish PMNTHZO 
as a robust, thermally stable, and highly flexible piezoelectric material, paving the way for next-generation 
harsh-environment MEMS and wearable sensors.

1. Introduction

Piezoelectric sensors and microelectromechanical systems (MEMS) 
have been indispensable in modern technologies ranging from consumer 
electronics to biomedical monitoring and human-machine interfaces. 
With growing demands for miniaturized, high-sensitivity, and multi
functional devices, high-performance piezoelectric materials are now a 
key component of next-generation MEMS [1]. Recently, advances in 
flexible and wearable devices have intensified research into materials 
that combine strong electromechanical coupling, mechanical flexibility, 

and reliable operation under diverse thermal and environmental con
ditions. Conventional piezoelectric materials such as Pb(Zr1− xTix)O3 
(PZT) films offer relatively high piezoelectric responses (d33 ≈ 30–50 
pm V− 1) [2,3]. However, their intrinsically rigid and brittle nature 
constrains their utility in wearable and deformable systems. Similarly, as 
another representative ceramic piezoelectric material, BaTiO3, typically 
exhibits practical d33 values of 10–70 pm V− 1, which are strongly 
influenced by factors such as film thickness, substrate clamping, and 
electrode configuration [4–6], yet their performance remains funda
mentally limited by the mechanical inflexibility of oxides. In contrast, 
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flexible piezoelectric polymers (e.g., PVDF, PLA, and glycine- 
polycaprolactone) offer excellent mechanical compliance but suffer 
from modest piezoelectricity (d33 < 40 pm V− 1) and severe thermal 
degradation at relatively low temperatures (e.g., PVDF degrades above 
70–80 ◦C) [7–11]. These limitations hinder their applicability in high- 
performance and harsh-environment sensor devices. As a result, cur
rent piezoelectric materials suffer from an inherent compromise among 
electromechanical performance, flexibility, and thermal stability. While 
rigid oxide ceramics are prone to fracture under mechanical strain, 
flexible polymers typically degrade at elevated temperatures and fail to 
meet demanding sensing requirements.

To resolve this, one might consider integrating traditional high- 
performance relaxors, such as Pb(Mg1/3Nb2/3)O3-PbTiO3 (PMN-PT), 
onto flexible substrates. However, standard PMN-PT systems possess a 
relatively low Curie temperature (TC ≈ 130–150 ◦C) [12,13], severely 
restricting their operational window.

To bridge this gap and overcome the limitations of both flexible 
polymers and traditional PMN-PT, high-entropy systems have emerged 
as a uniquely suited solution that reconciles high piezoelectricity with 
environmental robustness. In this work, we introduce Hf and Zr ions into 
a PMN-PT-based system to create a high-entropy oxide, Pb 
(Mg0.15Nb0.3Ti0.05Hf0.25Zr0.25)O3 (PMNTHZO). This concept exploits the 
increase in configurational entropy that arises from mixing multiple 
elements, thereby lowering the free energy and promoting the formation 
of stable solid-solution phases [14]. The multi-elements with different 
ionic sizes introduce severe lattice distortion and a nonperiodic atomic 
distribution. Crucially, for flexible and harsh-environment applications, 
this severe distortion not only increases the activation energy for ion 
migration, thereby suppressing defect-mediated leakage, but also 
inherently impedes crack propagation and stress concentrations under 
mechanical deformation. The sluggish diffusion effect arises from 
competition among multiple atomic species, and lattice distortion hin
ders atomic diffusion, slowing phase transitions and the growth of ox
ygen vacancies, further stabilizing the perovskite structure against high- 
temperature degradation [14–16]. However, realizing such oxide films 
typically requires high-temperature processing, which is incompatible 
with conventional polymer substrates. To overcome this bottleneck, we 
utilize muscovite mica as the substrate. Mica offers exceptional thermal 
stability (Tm ≈ 1000 ◦C) [17] and mechanical flexibility at ultra-thin 
thicknesses [17,18], making it an ideal platform for realizing high- 
temperature-resilient, flexible high-entropy piezoelectric devices. 
Furthermore, compared to standard PMN-PT, PMNTHZO exhibits su
perior epitaxial quality and significantly reduced leakage currents when 
grown on mica. This makes PMNTHZO a far more comprehensive and 
preferred material for simultaneously addressing the challenges of 
thermal stability, mechanical flexibility, and high piezoelectric 
performance.

Recent studies have explored high-entropy oxides and perovskites as 
active layers in resistive switching [19], dielectric capacitors [20], and 
multifunctional coatings and thin films [21]. However, the integration 
of high-entropy oxides with flexible substrates remains largely unex
plored, and their operating temperatures are severely constrained by the 
softness of these substrates. For instance, Yang et al. reported that high- 
entropy TiVCrMoC3Tx MXene–PVA films deliver strong piezoresponse 
and mechanical compliance. Yet their polymer-bound crystallinity and 
limited thermal tolerance restrict device operating windows [22]. Pra
tihar et al. demonstrated (Bi0.2Na0.2Ba0.2K0.2La0.2)TiO3/PVDF sensors 
similarly enhance dipole activity (d33 ≈ 33 pm V− 1), though the soft 
polymer matrix imposes constraints on high-temperature stability [23]. 
Very limited studies have focused on integrating high-entropy oxides 
with flexible materials while simultaneously probing their electrome
chanical and thermal stability. To address this critical gap and bridge 
traditional rigid microsystems with emerging flexible electronics, we 
successfully grew the PMNTHZO high-entropy system on both silicon 
and flexible mica substrates. The integration on the Si substrate achieves 
an exceptionally high breakdown electric field and validates CMOS 

compatibility, demonstrating the strong potential and fundamental 
suitability of PMNTHZO for future integration into next-generation 
MEMS. Meanwhile, the mica substrate demonstrates remarkable resil
ience at high temperatures, serving as a tangible demonstration of 
flexible sensors. This confirms the robustness of high-entropy design 
across both rigid and flexible architectures.

PMNTHZO is a prospective high-entropy relaxor ferroelectric mate
rial with superior thermal stability and epitaxial quality [24]. To further 
broaden the application landscape of this material, we epitaxially grew 
PMNTHZO on flexible mica and silicon substrates (Fig. 1c and d). Silicon 
was selected to validate CMOS compatibility with established MEMS 
technologies [25–27], while mica enables van der Waals epitaxy of high- 
quality oxides, ensuring mechanical compliance without sacrificing 
thermal limits [28,29]. In this work, the epitaxial thin films were 
characterized by X-ray diffraction (XRD) and transmission electron mi
croscopy (TEM). The ferroelectric and piezoelectric behaviors of 
PMNTHZO were characterized with thermal and bending tests. 
PMNTHZO exhibits a significantly enhanced piezoresponse (d33, eff ≈

118 ± 6 pm V− 1) and maintains over 80% performance of its ferro
electric polarization at 250 ◦C. Our results reveal that a high-entropy 
relaxor design can overcome the challenges of integrating flexibility, 
crystallinity, and functional performance, as the concept presented in 
Fig. 1a. We developed a new pathway toward multifunctional and 
thermally stable piezoelectric devices, thereby expanding the potential 
of high-entropy materials.

This table summarizes typical piezoelectric materials reported for 
MEMS and wearable applications [2–9,30–41]. Materials such as PZT 
and BaTiO3 exhibit decent piezoelectric performance but are inherently 
rigid, which limits their use in flexible devices. Polymer-based piezo
electrics, including PVDF, PLLA, and PHB, are mechanically compliant 
and biocompatible, but their weak electromechanical coupling restricts 
sensing performance. Acoustic MEMS materials such as AlN and LiNbO3 
are well established in RF and ultrasonic devices, yet they lack flexi
bility. In this work, PMNTHZO stands out by simultaneously offering 
high piezoelectricity, flexibility and CMOS compatibility, enabling new 
opportunities for both MEMS and wearable sensors.

2. Material and methods

2.1. Thin-film growth

Epitaxial PMNTHZO, SrRuO3 (SRO), and SrTiO3 (STO) thin films 
were deposited on silicon and mica using a pulsed laser deposition 
system equipped with a KrF excimer laser (λ = 248 nm). During the 
deposition process, the specific laser energy density was maintained at 
~2 J cm− 2, with a repetition rate of 10 Hz and a target-to-substrate 
distance of 4.5 cm. The PMNTHZO films were grown at an oxygen 
partial pressure of 100 mTorr and a substrate temperature of 600 ◦C, 
yielding film thicknesses of ~180 nm on Si (100) and ~ 300 nm on mica 
substrates. A 60 nm SRO bottom electrode layer was deposited at 680 ◦C 
under the same oxygen pressure. For mica-based samples, a 60 nm STO 
seed layer was first grown at 650 ◦C to facilitate van der Waals epitaxy 
and improve the crystallinity of the subsequent functional layers. After 
deposition, all samples were cooled to room temperature in oxygen (100 
mTorr) to promote full oxidation of the films.

2.2. Structural characterization

Room-temperature XRD measurements were performed to evaluate 
the crystallinity and epitaxial orientation of the thin films. θ–2θ scans 
were performed using a Bruker D2 diffractometer to identify out-of- 
plane orientations by measuring constructive interference under 
Bragg's law. ϕ-scans were carried out using a Rigaku diffractometer to 
probe the in-plane symmetry and epitaxial relationship between the 
films and substrates. Cross-sectional microstructural analyses were 
performed using TEM (JEOL JEM-F200). Samples were prepared via FIB 
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(Zeiss Crossbeam 550) milling, and TEM imaging was used to capture 
the heterostructure of thin-film interfaces and to obtain diffraction 
patterns via FFT, which provides a clear explanation of the epitaxial 
relationship between each film. Elemental distribution and high-entropy 
compositional uniformity were confirmed using EDS/TEM, as presented 
in the Supporting Information.

2.3. Ferroelectric measurements

P-E hysteresis loops were acquired using a TF Analyzer 3000 (aix
ACCT Systems). Measurements were performed under voltages from 
− 72 V to +72 V. To account for substrate- dependent dielectric prop
erties, AC excitation frequencies of 15 kHz for Si-based films and 10 kHz 
for mica-based films were employed. These measurement parameters 
allowed clear identification of relaxor ferroelectric behavior, including 
slim hysteresis loops and stable high-field switching.

2.4. Piezoelectric characterization

Macroscopic piezoelectric output currents were measured by a 
source meter (Keithley 2400) during controlled bending and tactile ex
periments to evaluate the strain-to-current signal. The piezoresponse 
under cyclic bending and hand deformation was recorded to assess 
mechanical robustness and fatigue stability. Nanoscale piezoelectric 
properties were further characterized by piezoresponse force micro
scopy (PFM) (cypher AFM), enabling direct extraction of the effective 
out-of-plane piezoelectric coefficient (d33, eff) under switching spec
troscopy in the dual AC resonance tracking (DART) PFM mode. Mean
while, the effective d33, eff vs DC bias loop curve was measured by a LDV 
system (OFV-5000, Polytec), where a sinusoidal AC drive (1 kHz, 1 Vpp) 
superimposed with a varying DC bias was applied. For these electrical 
and electromechanical evaluations, top electrodes were fabricated by 
sputtering Au (20 nm)/Pd (15 nm) and patterned via a shadow mask to 
achieve a 200 μm diameter. To ensure the high repeatability and 
reproducibility of our results, all quantitative electromechanical and 
electrical measurements were conducted on at least three different de
vices across three independently fabricated sample batches. In all cor
responding figures, the error bars represent the standard deviation.

3. Results

3.1. Structural characterization

Two distinct sets of heteroepitaxies were fabricated to investigate the 
properties of PMNTHZO thin films. The first architecture consists of 
PMNTHZO/SRO/STO/mica (Fig. 1c), representing a flexible device 
configuration. In contrast, the second set was grown on a rigid silicon 
substrate with the same multilayer stack (Fig. 1d). In both systems, a 
STO layer was introduced as the seed layer to facilitate high-quality 
epitaxial growth by mitigating lattice mismatch. Subsequently, a 
conductive SRO layer was deposited as the bottom electrode before the 
growth of the functional PMNTHZO film. Fig. 2a presents the θ–2θ 
diffraction profiles. The film grown on Si (001) displays distinct (00L) 
reflections, indicating a highly oriented out-of-plane texture guided by 
the crystalline Si surface. The absence of a secondary orientation signal 
confirms that the film adopts a single preferred texture, consistent with 
conventional epitaxial growth with strong interfacial bonding. In 
contrast, the film deposited on mica exhibits a single set of (111) and 
(222) reflections, demonstrating a pure (111) out-of-plane texture. Ac
cording to the previous PMNTHZO study, PMNTHZO is expected to have 
a pseudocubic structure [24]. To quantitatively evaluate the strain effect 
within the epitaxial films, reciprocal space mapping (RSM) was con
ducted to extract the in-plane (aip) and out-of-plane (aoop) lattice pa
rameters (Fig. S1 and Table S1). Because PMNTHZO is a novel high- 
entropy oxide system, a standardized bulk lattice parameter (a0) is not 
yet available in crystallographic databases to calculate absolute strain 
percentages. Therefore, dimensional relaxation was analyzed. The 
extracted lattice parameters are aip ≈ 0.414 nm and aoop ≈ 0.410 nm on 
a rigid STO substrate, and aip ≈ 0.416 nm and aoop ≈ 0.411 nm on the 
flexible mica substrate. No significant difference in lattice distortion was 
observed. The films are all relaxed due to a large lattice mismatch with 
STO (0.39 nm) and the van der Waals nature of mica. To examine in- 
plane crystallographic alignment, ϕ-scans (Fig. 2c and f) were per
formed on asymmetric {110}-type reflections. The ϕ-scan of the {110} 
reflections shows that PMNTHZO and SRO share the same fourfold 
symmetry, while the Si peaks appear rotated by 45◦. This rotation 
originates from the STO buffer layer adopting a 45◦ in-plane alignment 
[42], where the STO [100] axis matches the Si [110] direction to achieve 
a reduced lattice mismatch of 1.66% (0.391×

̅̅̅
2

√
= 0.552 nm vs. 0.543 

nm for Si) [42,43]. As a result, the rotated epitaxial relationship at the 

Fig. 1. (a) Applications for sensors and MEMS. (b) Perovskite structures of STO, SRO, PMNTHZO (c) Mica-based structure (d) Silicon-based structure and crystal 
stacking profiles.
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STO/Si interface is transferred upward, dictating the in-plane orienta
tion of the entire heterostructure. In contrast, the ϕ-scan from the film on 
mica shows sixfold rotational symmetry, characteristic of (111)-oriented 
perovskite films [44,45]. The crystalline quality was further evaluated 
via rocking-curve measurements (Fig. 2b and e). The Si-based film ex
hibits a narrow full width at half maximum (FWHM) of 0.43◦, indicative 
of excellent crystallinity and a coherent epitaxial interface. The mica- 
based film shows a slightly broader FWHM of 0.7◦. While wider than 
that of Si, this value is remarkably low given the substantial lattice 
mismatch (> 4%) between STO and mica [44,45]. This high-quality 
growth is attributed to van der Waals epitaxy (vdWE). Unlike conven
tional epitaxy, which relies on rigid interfacial chemical bonding [46], 
vdWE utilizes weak vdW interactions that tolerate significant lattice 
mismatches [28]. Consequently, even with considerable lattice 
mismatch, the PMNTHZO film on mica retains high structural integrity 
and relaxes interface-induced strain, both of which are critical for flex
ible applications.

The epitaxial relationship and microstructure of silicon and mica- 
based films were verified through TEM. Fig. 2g, h and i show the 
cross-sectional TEM images and corresponding diffraction patterns, 
taken in the direction of [110] Silicon and [010] mica. The corresponding 

FFT patterns exhibit well-defined diffraction spots without noticeable 
secondary phases, confirming an excellent epitaxial relationship be
tween each film. High-entropy composition in the PMNTHZO film was 
confirmed by energy-dispersive X-ray spectroscopy (EDS) (Fig. S2) [24], 
which reveals a spatially uniform distribution of all atomic species. This 
high-entropy configuration plays a vital role in the material's relaxor 
ferroelectric behavior. The random distribution of multiple cations (Mg, 
Nb, Ti, Hf, Zr) at the B-site induces severe lattice distortion and gener
ates local random electric fields. These random fields suppress the for
mation of long-range ferroelectric order, instead promoting the 
formation of polar nano-regions (PNRs), which is a signature of relaxor 
ferroelectrics [24,47–49]. PFM provides direct visualization of this 
phenomenon (Fig. S3). Unlike the macro-domains typical of classical 
ferroelectrics, the PMNTHZO films display a nanoscale domain structure 
(few nanometers) [49]. These highly dynamic PNRs facilitate easy po
larization rotation under external fields. Specifically, the high-entropy 
incorporation of multiple elements lowers local crystal symmetry and 
reduces the material's structural anisotropy, allowing previously con
strained polarization vectors to become far more flexible and easier to 
rotate [47,48]. This is the fundamental mechanism responsible for the 
enhanced piezoelectric response [50] and high thermal stability 

Fig. 2. Structural characteristic of PMNTHZO. (a) Out-of- plane XRD θ-2θ scan heterostructure of PMNTHZO on silicon. (b) Rocking curves of PMNTHZO (002) and 
SRO (002). (c)Φ-scan of silicon (220), SRO (220), and PMNTHZO (220). (d) Out-of- plane XRDθ-2θ scan heterostructure of PMNTHZO on mica. (e) Rocking curves of 
PMNTHZO (111). (f) Φ-scan of mica (202), SRO (110), STO (110), and PMNTHZO (110). (g) Cross-sectional TEM images of PMNTHZO on mica with corresponding 
FFT patterns. (h) (i) Cross-sectional TEM images of PMNTHZO on silicon with corresponding FFT patterns.
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discussed in the following sections (Table 1).

3.2. Enhanced breakdown electrical field and thermal stability

The measured polarization-electric field (P-E) hysteresis loops 
exhibit a characteristic slim and pinched shape, distinct from the square- 
like loops typically observed in conventional ferroelectrics. As shown in 
Fig. 3, the PMNTHZO films under an electric field of 0.8 MV cm− 1 

exhibit small remanent polarization (Pr ≈ 0.5 μC cm− 2) and coercive 
field (Ec ≈ 0.11 MV cm− 1), while maintaining a high saturated polari
zation (Ps ≈ 35 μC cm− 2). This hysteresis behavior is a hallmark of 
relaxor ferroelectrics, indicating the absence of stable long-range 
ferroelectric order at zero bias. Besides, owing to the high-entropy 
design, PMNTHZO relaxor films exhibit simultaneously enhanced 
breakdown strength (Eb), enabling reliable operation under high electric 
fields (Eb ≈ 4 MV cm− 1 on silicon and 2.21 MV cm− 1 on mica, Fig. 3a and 
b). In bulk high-entropy relaxor ceramics, multi-cation incorporation 
with diverse ionic radii and valences has been shown to disrupt long- 
range ferroelectric macrodomains [51], generate dense polar nano
regions, and refine grains, thereby increasing grain and grain-boundary 
activation energies, boosting breakdown strength, and reducing leakage 
[51,52]. The epitaxial film provides a dense structure with minimal 
defects, thereby intrinsically reducing leakage conduction [53]. With 
high-entropy design, the severe lattice distortion induced by the size and 
charge mismatch of the five B-site cations [15] acts as an effective 
scattering centers for charge carriers, which also intrinsically suppresses 
leakage conduction paths [52,54]. By leveraging these mechanisms, the 
high-entropy PMNTHZO films behave as superior relaxors, offering 
larger polarization, a slimmer hysteresis loop, and a higher breakdown 
electric field, all of which are favorable for achieving stronger piezo
electric responses in devices at high fields.

To clarify the physical origin of the enhanced breakdown strength, 
quantitative leakage current analyses were conducted, comparing the 
PMNTHZO film with a conventional epitaxial PZT control sample 
(detailed J-V characteristics and Poole-Frenkel emission fitting plots are 
shown in Figs. S4 and S5). The analysis reveals that the leakage mech
anism at high electric fields and temperatures is dominated by Poole- 
Frenkel emission. The extracted thermal activation energy for 
PMNTHZO is exceptionally high (≈ 0.98 eV), indicative of deep trap 
levels originating from the high-entropy configuration [55,56]. In stark 
contrast, the epitaxial PZT film exhibits significantly lower activation 
energy (≈ 0.26 eV), corresponding to shallow trap levels [57,58]. 
Because both films share high epitaxial quality, this substantial differ
ence provides direct evidence that the severe lattice distortion and 
sluggish diffusion inherent in the high-entropy design intrinsically alter 
the band structure. These robust deep traps effectively confine charge 
carriers, requiring significantly higher energy to trigger breakdown, 

which provides a physical explanation for the superior electrical and 
thermal stability of PMNTHZO up to 250 ◦C.

According to the previous study, similar relaxor ferroelectric systems 
exhibited promising thermal robustness [24], thereby motivating a 
detailed investigation into how high-entropy engineering enhances 
structural and functional stability at high temperatures. Both the silicon 
and mica-based films retain relaxor ferroelectric switching behavior at 
250 ◦C (Fig. 3c and d), as evidenced by the well-defined P-E loops, 
demonstrating their robust high-temperature stability. First, this 
behavior is consistent with the intrinsic characteristics of relaxor fer
roelectrics, in which the phase transition occurs via a diffuse, compo
sitionally driven process rather than the abrupt structural change typical 
of classical ferroelectrics [59,60]. Unlike traditional ferroelectrics that 
undergo sudden macroscopic depolarization at their Curie temperature, 
this highly diffuse transition effectively suppresses abrupt depolariza
tion [61]. This allows the material to retain its functional polarization 
over a much broader temperature window, making relaxor systems 
intrinsically more suitable for high-temperature piezoelectric operation 
[51,59,60,62]. Second, the high configurational entropy leads to slug
gish diffusion and severe local lattice distortion, enhancing the thermal 
resistance of PMNTHZO [14–16,19]. The sustained remanent polariza
tion and coercive field observed at elevated temperatures (Fig. 3c) are 
strongly consistent with the thermodynamic stabilization mechanisms 
characteristic of high-entropy engineering. Therefore, this high thermal 
limit is strongly attributed to the high-entropy relaxor design, ensuring 
reliable performance in harsh environment applications.

3.3. Ferroelectrics on flexible mica

To evaluate the mechanical robustness of the PMNTHZO film on 
mica, we conducted a series of bending-dependent electrical measure
ments, including polarization switching under different bending radii, 
and retention and fatigue cycling at a fixed bending radius of 5 mm. The 
P-E loops obtained under bending radii down to 15–3.5 mm (Fig. 3e and 
f) show negligible changes in saturated (1.72% variation), remnant 
polarization (0.61% variation), and coercive field (0.81% variation). 
This indicates that the epitaxial film maintains stable ferroelectric 
switching even under mechanical strain. To fully appreciate this flexi
bility, the position of the mechanical neutral plane should be taken into 
account. In this heterostructure, the total thickness of the functional 
epitaxial layers (PMNTHZO/SRO/STO) is approximately 420 nm, which 
is negligible compared to the thickness of the mica substrate (≈ 30 ± 10 
μm). Consequently, the mechanical neutral plane is located near the 
geometric center of the mica substrate, leaving the PMNTHZO film 
positioned at the outermost surface where it experiences the maximum 
tensile or compressive strain (ϵ3.5mm ≈ ±(0.43 ± 0.14)%) during 
bending. Despite being subjected to this maximum strain at a bending 

Table 1 
Comparison of representative piezoelectric materials for MEMS and wearable applications.

Materials d33 CMOS 
Compatibility

Flexibility Device Type MEMS Application Wearable Application Ref.

PZT 30–50 
pm V− 1

No No MEMS Actuators, pressure sensors, 
accelerometers, PMUTs, energy 
harvesters

Wearable pressure sensing, motion 
monitoring, voice recognition (transfer/ 
bonding only)

[2,3,30,31]

BaTiO3 10–70 
pm V− 1

Yes No MEMS Pressure sensors, micro-actuators, 
energy harvesters

Flexible composites with polymer matrices 
(strain/pressure sensing)

[32–34]

PVDF 24 to 34  
pC N− 1

Yes Yes MEMS & 
Wearable

MEMS resonators, acoustic 
microsensors

Strain/pressure, pulse, motion, HMI, tactile 
sensing

[7,8,35–37]

PLLA 3.1 pC 
N− 1

Yes Yes Wearable – Biocompatible strain sensing, implantable 
sensors

[9,39]

AlN 3.9 pm 
V− 1

Yes No MEMS FBAR/SMR RF filters, SAW devices, 
PMUTs, pressure sensors

– [40,41]

LiNbO3 16 pm 
V− 1

No No MEMS MEMS resonators, SAW/BAW RF 
filters,

– [40]

PMNTHZO ≈ 100 
pm V− 1

Yes Yes MEMS & 
Wearable

– – This work
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Fig. 3. Ferroelectric properties of PMNTHZO. The P-E results of PMNTHZO on (a) silicon and (b) mica at various electric fields. Varied temperature-PE results of 
PMNTHZO on (c) silicon and(d) mica. Flexibility test results of (e) tensile state and (f) compressive state P-E on mica. (g) Cycling fatigue test performed at the same 
radius over 10,000 bending cycles. (h) 10,000 min of continuous bending.
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radius of 3.5 mm, the device maintains its structural integrity and 
functional performance. This remarkable invariance highlights the me
chanical flexibility of the mica-based heterostructure. Mica was reported 
to bend at a radius of 0.3 mm with a thickness of 100 nm [17] or to 
remain stable at bending radii of 2.5 mm or 3.5 mm [29,63]. The weak 
vdW interfacial bonding and the atomically flat nature [28,29] of the 
substrate act as a mechanical buffer layer that permits slight interfacial 
sliding, mitigating the strain concentration and crack propagation 
mechanisms that frequently impair ferroelectric oxides grown on rigid 
substrates.

At a fixed bending radius of 5 mm, the device further demonstrates 
excellent retention stability. A cycling fatigue test (Fig. 3g) performed at 
the same radius shows that the film withstands over 10,000 bending 
cycles without changes in polarization. Fig. 3h shows nearly identical 
polarization values after 10,000 min of continuous bending. Such long- 
term reliability under repeated mechanical deformation is rarely 
observed in conventional perovskite ferroelectric systems grown on 
polymer substrates, where thermal mismatch, grain-boundary sliding, or 
interfacial delamination often limit electrical endurance. The superior 
stability observed here is attributed to mica's unique properties. It has 
high intrinsic flexibility and mechanical resilience, which preserves 
ferroelectric property even during cyclic deformation. Previous studies 
on oxide films grown on mica, such as epitaxial BaTiO3 [64], BiFeO3 
(BFO) [65], or PZT [66] systems, have also shown that the pseudo- 
hexagonal layered structure enables uniform strain distribution and 
robust structures during cyclic deformation, consistent with our obser
vations. These results confirm that the PMNTHZO/mica heterostructure 
can sustain prolonged dynamic stress while retaining its ferroelectric 
characteristics, highlighting the promise of mica-based van der Waals 
epitaxy for next-generation flexible ferroelectric and piezoelectric 
devices.

3.4. Piezoelectric PMNTHZO films

We utilized mica substrates with a thickness of 20–30 μm, which 
provides excellent flexibility for fabricating the piezoelectric device 

(Fig. 4a). To fully evaluate the piezoelectricity of PMNTHZO, the 
piezoelectric performance was comprehensively characterized through 
both macroscopic mechanical measurements and nanoscale analysis. 
First, the device maintained nearly identical output after 1000 repeated 
bending cycles (Fig. 4b), confirming the mechanical robustness and fa
tigue resistance of the PMNTHZO/mica heterostructure. Fig. 4c illus
trates the output current response of the PMNTHZO film on mica 
subjected to the external bending stage. As the bending radius decreased 
from 17 mm to 6 mm, this reduction in the radius of curvature resulted 
in a proportionally increased output current density, reaching a 
maximum of 9.47 × 10− 10 (A cm− 2) at the highest strain state. A similar 
trend was observed under tactile pressure. Stronger finger-pressing 
forces (Fig. 4d) and smaller hand-bending curvatures (Fig. 4e) pro
duced higher piezoelectric currents, demonstrating a clear strain-to- 
current transduction relationship. These observations establish that 
the film exhibits a stable, efficient macroscopic piezoelectric effect 
suitable for flexible sensing applications. In contrast to macroscopic 
measurements, PFM and laser Doppler vibrometer (LDV) were employed 
to probe the piezoelectric response of the PMNTHZO films. Due to the 
inherent nature of epitaxial thin films, the out-of-plane electromechan
ical expansion is inevitably influenced by the mechanical constraint of 
the underlying substrates. Therefore, all nanoscale piezoelectric values 
reported here represent the effective response (d33, eff) rather than the 
absolute intrinsic bulk property. The film deposited on mica exhibited 
strong out-of-plane piezoresponse, with an effective piezoelectric coef
ficient d33, eff of 98 pm V− 1 (measured via PFM and calibrated using a 
standard BiFeO3 (BFO) reference, as detailed in the following section). 
The exact characterization has been performed on PMNTHZO/Si sys
tems, yielding a d33, eff value of 99 pm V− 1, delivering a promising 
performance for MEMS applications. This high d33, eff value stems from 
active nanoscale dipole reorientation, confirming the material's excel
lent intrinsic piezoelectricity. To validate these nanoscale findings at the 
macroscopic level, the effective out-of-plane piezoelectric coefficient 
(d33, eff) versus DC bias loop curves were directly measured using a LDV. 
The LDV results (Fig. 5e) reveal that the PMNTHZO film on the rigid STO 
substrate exhibits a saturated d33, eff of approximately 40 ± 5 pm V− 1. 

Fig. 4. (a) Schematic of PMNTHZO on mica as a piezoelectric sensor and the experiment method. (b) Bending cycles and stable output current. (c) Output current 
with varied bending radii. (d) The current signal is produced by finger pressure. (e) The current signal generated by bending the sample manually. (f) The electrical 
signal output mechanism operates in three stages: an instantaneous negative current pulse is generated immediately upon pressing the sample (Phase 1); the current 
then returns to an electrically neutral state during sustained pressure (Phase 2); and finally, an instantaneous positive current pulse is generated upon the release of 
the pressure (Phase 3).
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Strikingly, the film grown on the flexible mica substrate (Fig. 5e) dem
onstrates a significantly enhanced macroscopic piezoresponse, 
achieving an exceptionally high d33, eff of 118 ± 6 pm V− 1 at the satu
rated polarization state. Further discussion of the influence of high en
tropy in piezoelectric systems shows that PNRs induce lattice instability 
and enhance electromechanical coupling, serving as the primary origin 
of the exceptional piezoelectricity in relaxor ferroelectrics [48]. Guided 
by this mechanism, our high-entropy design strengthens relaxor 
behavior by promoting denser and more dynamic PNRs through the 
high-entropy concept, thereby enabling a “more relaxor-like relaxor” 
with enhanced piezoelectric performance [47–49,51].

To illustrate the advantage of adopting a mica substrate, we focused 
on the impact of substrate clamping on the piezoelectric response of thin 
films. According to the existing literature [67,68] and theoretical cal
culations [69,70], films grown on rigid substrates suffer from severe 
clamping effects at extremely thin thicknesses. We used focused ion 
beam (FIB) milling to define size 1 μm2 island structures on the 
continuous PMNTHZO film. The piezoelectric coefficient d33, eff of these 
islands was then measured by PFM and compared to the d33, eff of the 
surrounding continuous film to quantify the release of lateral con
straints. In PFM measurements, where the electric field at the probe tip is 
divergent, the distribution differs significantly from the uniform field 
generated by parallel electrodes in LDV. Furthermore, issues such as 
potential decay and an imaging mechanism dominated by the “dielectric 
gap effect” [71] have been reported. Some studies indicate that micro
scopic measurements may be lower than macroscopic measurements 
[72]. Consequently, to mitigate experimental variability, including 
probe degradation and laser alignment inconsistencies, the PFM mea
surements were analyzed using a comparative calibration method. Both 
the target PMNTHZO films and a standard BFO reference sample (with a 
known d33 of ≈ 60 pm V− 1) were measured under identical instrumental 
conditions (e.g., AFM probe, AC driving voltage, and contact force). By 
extracting the PFM amplitude signals, the d33, eff of PMNTHZO was 
quantitatively determined based on its proportionality to the BFO 

reference, thereby effectively canceling systematic machine errors. The 
d33, eff values presented below have been converted using the ratio 
derived from this method (as explained in Fig. S6). Force mapping 
(Fig. S6) was performed to calculate d33, eff using statistical methods. As 
shown in Fig. 5, measurement of the island revealed a d33, eff of 66 pm 
V− 1, a 47.1% increase compared to the continuous film (d33, eff ≈ 45 
pmV− 1), directly confirming the presence of substrate clamping. More
over, the island on mica shows a d33, eff of 99 pm V− 1, which is higher 
than the continuous region of mica (≈ 65 pm V− 1). This result reveals 
that the films on mica are less constrained by the substrate, highlighting 
a critical feature of 2D-layered muscovite. In parallel, a series of 
PMNTHZO films with varying thicknesses was grown on the STO and 
mica substrates (Fig. 5e). As film thickness increases, the structure is 
expected to approach that of bulk material, leading to a corresponding 
increase in the piezoelectric response [67,72]. This thickness depen
dence can be rationalized by stronger substrate clamping in thinner 
films, which suppresses the effective out-of-plane electromechanical 
response and reduces extrinsic contributions. Some research reported 
that the piezoresponse of thin films is constrained by the substrate 
clamping effect [62,68] (e.g. d33 ≈ 130 pm V− 1 for PZT thin film, but ≈
600 pm V− 1 for bulk PZT [68].) As thickness increases, the effective 
mechanical constraint relaxes, and the measured d33, eff recovers. The 
results strongly support this thickness-dependent release mechanism. By 
increasing the thickness of the PMNTHZO film regardless of the sub
strates used, we observed a significant enhancement in the piezoelectric 
response. For the same thickness, films on mica consistently perform 
better than those on the STO substrate. This substantial difference 
confirms that the mica-substrate constraint is reduced relative to the 
rigid substrate, allowing the intrinsic piezoelectric potential of 
PMNTHZO to be more fully expressed.

As shown in Fig. S7 and Table S2 [23,73–85], this study demon
strates that the PMNTHZO/mica film achieves a robust piezoelectric 
coefficient d33, eff of up to 124 pm V− 1, significantly out- performing 
flexible polymers (e.g., PVDF-TrFE, ≈ 25.8 pm V-1 [81]) and BTO-based 

Fig. 5. (a) Explanation of the clamping effect and island structure. Island structures (b) on mica (c) on STO through FIB method. (d) Piezoelectric coefficient of 
PMNTHZO on STO/Silicon and STO/mica through PFM measurements. (e) Effective d33 vs DC bias curve measured from PMNTHZO on STO and mica. Thickness 
dependent d33, eff of PMNTHZO thin film on STO substrate compared with PMNTHZO on mica.
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composites (< 50 pm V-1 [82,83]). While its d33, eff is lower than that of 
some epitaxial PZT-based films, it maintains high performance with a 
bending radius of 3.5 mm. The most significant advantage of this work is 
its exceptional thermal robustness. By maintaining a stable ferroelectric 
polar state up to 250 ◦C, it far exceeds the thermal limits of traditional 
relaxors (e.g., Sm:PMN-PT at 80 ◦C and PZT/mica at 170 ◦C). Because 
macroscopic electromechanical coupling originates directly from these 
polar nanoregions, this sustained ferroelectric stability provides strong 
indirect evidence for its piezoelectric reliability at elevated tempera
tures. This makes PMNTHZO/mica an ideal materials platform with the 
potential for flexible MEMS and sensors operating in harsh, high- 
temperature environments where conventional flexible materials typi
cally fail.

4. Conclusions

In summary, this work demonstrates that high-entropy relaxor 
PMNTHZO thin films effectively combine excellent crystalline quality, 
thermal robustness, and mechanical flexibility. Through successful 
epitaxial integration on both silicon and mica, the films exhibit highly 
coherent structural alignment. The enhanced breakdown strength and 
sustained ferroelectric stability under extreme thermal stress are 
strongly attributed to high-entropy engineering, which stabilizes polar 
nanoregions and suppresses leakage. Furthermore, the mica-based het
erostructures exhibit outstanding fatigue resistance under severe 
bending. By significantly reducing substrate clamping through van der 
Waals epitaxy, these flexible films achieve an exceptionally high effec
tive piezoelectric response. These findings establish PMNTHZO as a 
robust material, showing strong potential for future multifunctional 
flexible sensors and next-generation MEMS technologies.
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