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In principle, the configurational entropy inherent in High Entropy Oxides (HEOs) could facilitate large elec-
trocaloric effects (ECE) by promoting polar entropy. In this study, it is demonstrated that the time stability of the
remanent polarization can be tuned via B-site disorder in High Entropy Perovskite Oxides (HEPO) films. Eight
HEPO powders were synthesized; the propensity for perovskite phase formation was consistent with the Gold-
schmidt tolerance factor. While entropic contributions stabilize HEPO, they do not fully predict the stabilization.
Relative dielectric permittivities between 2000 and 600 can be achieved for the B-site disordered HEPO films
with loss tangents below 6 % at room temperature. All films showed similar polarization-electric field loops with
maximum polarization up to 48 yC cm ™2 and a remanent polarization > 20 4C cm™2 measured at room tem-
perature with applied electric field of 1100 kV cm ™! at a frequency of 10 kHz. The temperature of the dielectric
maximum (Tp,y) increased from 105 °C to 225 °C with increasing average ion size on the B-site. Polarization
stability of the HEPO films was investigated using Positive-Up-Negative-Down (PUND) measurements. It was
found that in some HEPO films, 24 % of the remanent polarization decayed within 2 s. By employing the time
stability of the remanent polarization, enhanced electrocaloric effects of HEPO film was predicted to be 14.9 K
and 11.5J Kg’1 K ! at an applied field of 1120 kV em ™}, for electrocaloric temperature change and entropy

change, respectively.

1. Introduction

The electrocaloric effect (ECE) describes the adiabatic temperature
change observed in ferroelectric materials originating from the entropy
change associated with electric field-induced polarization [1]. Since the
discovery of large ECE in 2006, the phenomenon has garnered increased
attention as a potential approach for energy-efficient cooling [2].
Thermodynamic simulations suggest that cooling devices utilizing the
ECE exhibit superior coefficients of performance relative to mechanical
vapor compression coolers, and can achieve a Carnot efficiency
exceeding 60 % [3]. Numerous studies have explored electrocaloric
materials for the development of advanced cooling devices such as
on-chip cooling and battery thermal management systems [4-6]. For
this technology to become practical, it will need to enable usefully large
adiabatic temperature changes (AT), reduced driving electric field (E) to
enable adequate cycling reliability, and a broad working temperature
range (Tspan) [7].
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Recently, multilayer ceramic capacitor-based electrocaloric pro-
totypes have shown directly measured electrocaloric temperature
changes of 5.5 K and a working temperature range of 13 K [8,9]. More
specifically, harnessing ferroelectric-to-ferroelectric field induced phase
transitions has emerged as a promising approach. Relaxor ferroelectrics
are also of interest for ECE applications due to large dipole entropy
associated with Nano-Polar Regions (NPRs) [10-14]. Relaxors are
typically characterized by short range ordering on one of the cation sites,
as has been previously shown in ABO3 perovskites [15,16]. However, in
some cases, the processing of relaxor materials is complicated by rela-
tively poor phase stability, which carries associated difficulties in pro-
cessing and reproducibility.

The use of configurational entropy to thermodynamically stabilize
solid solutions has garnered considerable attention since the discovery
of high entropy alloys in 2004 [17,18]. In 2015, Mg 2Nig 2C0q.2.
Cug 2Zng 20 was identified as a model rocksalt Entropy-Stabilized Oxide
(ESO) [19]. High Entropy Oxide (HEO) is more general term to describe
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multicomponent systems with near equimolar amounts; ESO, which
requires demonstration that a reversible phase transition can be driven
by entropy are a subset of HEO [20,21]. Numerous attempts to under-
stand the fundamental properties of these materials and to fabricate new
HEOs with different crystal structures have been established. The
structural disorder induced by the presence of multiple cations with
different sizes and charges on a single lattice site has been shown to
benefit various applications as catalysts, capacitors, thermal barriers,
batteries, and more. [22-27].

There are four principle influences that high entropy can have on
materials, namely high-entropy, lattice distortion, slow diffusion, and
cocktail effects [28]. It is speculated that HEO-type materials may
enhance the ECE, given that cooperative phenomena such as the polar
order inherent to ferroelectricity can be affected by HEO-like formula-
tions, especially through the local structural distortion and the cocktail
effect. More specifically, the complex compositions of HEOs are ex-
pected to introduce a competition between long-range polar order and
local fluctuations due to different atomic sizes and propensities for the
displacement from the center of the B-site octahedra. That is, local
structural distortion should produce the type of random-bond, ran-
dom-fields that favor relaxor ferroelectricity relative to normal ferro-
electricity [29,30]. This is turn, should favor polar disorder. This can be
augmented by a cocktail effect in which some of the ions favor long
range polar order, while others do not. While it is known that for ECE,
polar entropy plays a pivotal role; nonetheless, the investigation of ECE
of HEOs has been rarely reported [31-34].

This paper represents exploratory research on the effect of HEO-like
formulations on the ECE and the stability of the induced polarization
with time. To do this, the A-sites and B-sites of an ABO3 perovskite were
individually disordered by introducing 5 different elements, while
maintaining charge balance and size compatibility. Pb was used as a
fixed A-site element for all B-site disordered compositions and Ti was
used as a fixed B-site element for all A-site disordered compositions.
Overall, eight different compositions were prepared. Table 1 lists the
designation and details of each High Entropy Perovskite Oxide (HEPO)
composition. Previous work demonstrated that Mnp was electrically
leaky, therefore further investigation was not performed here [34].

2. Experimental procedure

Powder and target preparation: All the investigated compositions
were fabricated via conventional solid-state reaction. The raw materials
used for this study were acquired from Sigma Aldrich: Pb3O4 (99 %),
ZrOy (99 %), TiO2 (99.8 %), HfOy (98 %), NbyOs (99.99 %), Al,O3
(99.99 %), Fex03 (99.995 %), Sc203 (99.9 %), Cra03 (99.9 %), NayCOs
(99.5 %), BirO3 (99.999 %), BaCO3 (99.98 %), StCO3 (99.9 %), CaCOs
(99.9 %), K2CO3 (99 %). For the B-site disordered compositions, all the
B-site cation precursors were pre-ball-milled with yttria stabilized zir-
conia media in ethanol for 24 h and heat-treated at 1300 °C for 4 h to
homogenize the cation distribution. After adding lead oxide, all the
powders were ball-milled again with yttria stabilized zirconia media in
ethanol followed by heat treatment at 800 °C for 4 h to achieve a single
phase.

A-site disordered compositions were treated in a different way. No

Table 1
Designation of 8 different HEPO compositions investigated for this study.

Designation A-site cations B-site cations

Alp Pb (Tig.2Zro 2Hf 2Nbg 2Alp 2)
Crp Pb (Tio 2Zro 2Hf 2Nbg 2Cro 2)
Fep Pb (Tig.2Zro 2 Hf 2Nbg 2Feg 2)
Mnp Pb (Tig.2Zro 2Hfp 2Nbo 2Mng 2)
Scp Pb (Tig.2Zro.2Hfp 2Nbg 2Sco.2)
Nap (Bio.2Bag 2Sro.2Cap.2Nag 2) Ti

Kp (Big.2Bag.2Sro.2Cap.2Ko.2) Ti

Pbp (Big.2Bap.2Sro.2Nag.2Pbg.2) Ti

Acta Materialia 283 (2025) 120576

pre-treatments were performed for the A-site precursors due to melting.
Instead, A-site precursors were mixed with TiO, powder and ball-milled
with yttria-stabilized zirconia media in ethanol for 24 h. Calcination was
performed at 1200 °C for Nap and Kp and 1050 °C for Pbp for 4 h,
respectively. After the calcination, 20 mol% excess lead oxide, 1 mol%
excess sodium, potassium, and bismuth oxide powder were added to the
powder batch to compensate for potential loss of those atoms either
during for the target processing or during subsequent film growth under
vacuum. The powders were vibratory milled with the zirconia media
using ethanol for 24 h. Then, the powders were uniaxially pressed into 1-
inch in diameter under 0.5 MPa, followed by Cold Isostatic Pressing
(CIP) at a pressure of 30 MPa for 1 min. Finally, the pressed ceramic
pellets were heat treated at different temperatures from 900 °C to 1300
°C depending on the compositions. All the prepared targets had a rela-
tive density >94 %.

Deposition of HEPO Films: All deposition of HEPO films was carried
out using a custom Pulsed Laser Deposition (PLD) system equipped with
248 nm KrF (102F, Coherent) and (100) SrRuO3/SrTiO3 crystal sub-
strates (MSE supplies). Prior to the deposition of the SrRuOs film, a
SrTiOg substrate was chemically etched with buffered-hydrofluoric acid
followed by annealing at 1200 °C for 30 min to obtain an atomically
smooth surface. A ceramic target of SrRuOs was purchased from
Kojundo, Co, Ltd. Details for the processing parameters and the quality
of the SrRuO3/SrTiO3 are shown in the supplementary material.

All HEPO film depositions were conducted after growth of the
SrRuOs3 bottom electrode without breaking the vacuum. For the B-site
disordered HEPO film, a laser energy of 1.5 J cm 2, a working distance
of 6.2 cm, a laser frequency of 6 Hz, an oxygen deposition pressure of 70
mTorr, and a substrate temperature of 595 °C were used. After the
deposition, all the films were immediately removed from the heater to
avoid loss of volatile species during the cooling process.

Deposition of PbZrg 52Tip 4803 film: A commercial solution (PZT-E1,
Mitsubishi Materials Corporation, Hyogo, Japan) was used to deposit a
PZT film on a Pt-coated SiOy/Si wafer (NOVA Wafers) by spin coating.
The solution was batched with 14 mol% excess Pb, Zr/Ti = 52/48, and 2
% Nb on the B-site. The solution was first dispensed onto the substrate,
then spun at 3000 rpm for 45 s, dried at 100 °C for 1 min, pyrolyzed at
400 °C for 4 min, and crystallized in a rapid thermal annealer (RTA)
ramping for 40 s from 300 °C to 700 °C with an oxygen partial pressure
at 2 standard liters per minute (SLPM). The process was repeated 9 times
to achieve a thickness of 770 nm. The processing and quality of the PZT
film are described in details elsewhere [35].

Capacitor fabrication: 100 nm thick platinum (Pt) top electrodes
were sputter-deposited (CMS-18 sputter system, Kurt J. Lesker Com-
pany, Pittsburgh, PA) over the photolithographically-defined double-
layer resist stack followed by lift-off. After lift-off, RTA at 500 °C for 15
min was performed in air to promote adhesion between the Pt electrode
and the HEPO films.

Structural Characterization: The structural phase and crystallo-
graphic orientation of the HEPO powders at room temperature were
examined using a PANalytical Empyrean diffractometer with Cu Ka X-
ray radiation. Temperature-dependent X-ray diffraction (XRD) data
were collected using a PANalytical Empyrean diffractometer and a
PANalytical X’Pert Pro MPD equipped with temperature stage HTK 1200
and TTK-450, respectively, both with Cu Ka X-ray radiation, from room
temperature to 400 °C. The structural quality of the HEPO films was
assessed using a 4-circle high-resolution XRD (Malvern Panalytical-
MRD) equipped with a hybrid Ge (220) 2-bounce monochromator and
a multilayer mirror for 2Theta and rocking curves or X-ray reflectivity
(XRR), respectively, using Cu Ka X-ray radiation. Transmission electron
microscopy (TEM) samples were prepared using the FEI Helios 660 Dual
Beam Focused Ion Beam (FIB). The FIB lamellae were thinned down at 5
kV followed by 2 kV to reduce FIB induced surface damage. X-ray energy
dispersive spectroscopy experiments were performed on the FEI Talos
200X at accelerating voltage of 200 kV. The atomic resolution STEM
images were acquired at 300 kV using aberration-corrected Titan G2
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microscope. X-ray photoelectron spectroscopy (XPS; Physical Elec-
tronics VersaProbe III) were performed using a monochromatic Al Ka X-
ray source and a concentric hemispherical analyzer. Charge neutrali-
zation was performed using both low energy electrons (<5 eV) and
argon ions. The binding energy axis was calibrated using sputter cleaned
Cu (Cu 2p3/3 = 932.62 eV, Cu 3ps,2 = 75.1 eV) and Au foils (Au 4f; 5 =
83.96 eV). Peaks were charge referenced to Pb?" band in the Pb 4f
spectra at 138.2 eV Measurements were made at a takeoff angle of 90°
with respect to the sample surface plane. This resulted in a typical
sampling depth of 5-7 nm (95 % of the signal originated from this depth
or shallower). Quantification was done using instrumental relative
sensitivity factors (RSFs) that account for the x-ray cross section and
inelastic mean free path of the electrons. The analysis size was ~200 pm
in diameter.

Electrical characterization: The dielectric properties of the films
were measured using an HP 4284 LCR meter coupled with a FormFactor
11,000 probe station. An applied voltage 30 mV and a frequency range
from 100 Hz to 100 kHz were used. Polarization-Electric field hysteresis
loops (P-E loops) were measured using a Precision Multiferroic Tester
(Radiant Technologies) using a bipolar triangular waveform. Leakage
current densities of the films were measured by 4140 pico-Ampere
meter/DC voltage source with a FormFactor 11,000 probe station.
Positive-Up-Negative-Down (PUND) measurements were performed
using the Precision Multiferroic Tester varying parameters of pulse
amplitude (voltage) and delay time. A customized PUND voltage profile
was generated using MATLAB and executed using the same tester.
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3. Results and discussion
3.1. Structure of high entropy perovskite oxide powders and films

3.1.1. High entropy perovskite oxide powders

As was discussed in the experimental procedure section, depending
on the intended stoichiometry, different synthesis strategies were
employed for the successful development of the perovskite phase in
powders. For the synthesis of the B-site disordered compositions, B-site
pre-treatment via a columbite-like route was adapted to discourage
formation of the pyrochlore phase during synthesis [36]. It was previ-
ously reported that this approach can be applied to HEO-like composi-
tions with compositional disorder on the B-site of the perovskite [34].
With this synthesis method, all B-site HEPO powders were prepared at
temperatures < 800 °C. However, the same technique could not be used
for the A-site disordered compositions with potassium, sodium, lead,
and bismuth, because the precursors melted during pre-treatment steps,
even at a temperature of 600 °C. Therefore, the calcination temperature
was increased to 1200 °C to stabilize the perovskite phase without ho-
mogenizing the A-site powders. The increased temperature compensates
for the larger diffusion length required for the non-pre-treated A-site
precursors.

Fig. 1(a) shows the XRD patterns of all HEPO powders that formed
single perovskite phases. However, despite the pre-treatment steps, Alp
and Crp powder were reluctant to form a single phase as shown in Fig. S1
in the supplementary material.
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Fig. 1. X-ray diffraction patterns of (a) HEPO powders that form a single perovskite phase, (b) Goldschmidt’s tolerance factor versus cation size maps of all HEPO
with several well known perovskite materials, (c) Rietveld refinement of Fep powder, and (d) Scp powder. Refinement revealed rhombohedral distortion with a =

89.93° and 89.81° for the Fep and Scp powders, respectively.
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The lattice parameters of the B-site HEPO powders were larger than
those of the A-site HEPOs, which was attributed to the larger averaged B-
site cation sizes compared to Ti (0.605 /o\) as well as the similar or
smaller size of A-site cations than Pb. This also has implications in terms
of the stability of the perovskite phase and any anticipated distortions to
the perovskite structure, as is expected based on Goldschmidt’s toler-
ance factor [37]. The tolerance factor was calculated via:

TA +Ix

V2(rg + 1x)

t (tolerance factor) =

where rp is the average radius of the cations on the A-site, rg is the
average radius of the cations on the B-site, and rx is the radius of the
anion [38]; Shannon-Prewitt ionic radii were utilized [38]. Fig. 1(b)
presents a map of the tolerance factor as a function of averaged disor-
dered cation size of the eight different HEPO compositions investigated
in this study. Several well-known perovskite materials such as PbTiOs3,
PbZrOs, SrTiOs, and BaTiOg are shown for comparison.

Table 2 shows the achievability of single phase, the powder lattice
parameter, and Goldschmidt’s tolerance factor. Previously, it was sug-
gested that HEPO materials with a tolerance factor of 0.97<t<1.03 are
readily prepared as a perovskite single phase [27,39]. This agrees well
with the investigation. However, Alp and Crp are exceptions. It is not
clear whether the failure to achieve a single phase in Alp and Crp pow-
ders is due to either a relatively large enthalpic contribution which ex-
ceeds the phase stabilization of the entropic contribution at the
processing conditions or to kinetic limitations associated with sluggish
diffusion of the given compositions.

Many HEPO compositions had pseudo-cubic-like XRD patterns.
However, the doublet in the {200} family peaks for Pbp suggests a
tetragonal distortion. This is consistent with the observation that the
perovskite tolerance factor exceeds 1 [40]. Fig. S4(b) shows the result of
the temperature dependent XRD for the Pbp powder; a phase transition
from tetragonal to cubic occurred around 250 °C, which is consistent
with previous findings [41]. Given this, it is intriguing that Kp with
tolerance factor of 1.02 which is larger than that of Pbp, shows no evi-
dence of the tetragonal structure. It is speculated that this ferroelectric
phase transition temperature of Kp is below room temperature, as is the
case for Bag 5Srg sTiO3, which has t = 1.03 and a phase transition tem-
perature below room temperature [42]. Neither Kp nor Nap exhibited an
obvious phase transition between room temperature and ~ 400 °C, as
shown in Fig. S4(a) and (c).

Fep and Scp powders were rhombohedrally distorted as evidenced by
the Rietveld refinement using JADE (as shown in Fig. 1(c) and (d),
respectively), and by the splitting of the {222} family peaks in Fig. S2(a)
and (b), respectively). Rhombohedral distortion from the cubic cell is
quantified in terms of the deviation of the unit cell angles from 90° The
larger deviation for Scp (89.81°) compared to Fep (89.93°), is presum-
ably due to the larger average cation size on the B-site decreasing the
tolerance factor. It may also indicate larger displacement of the B site
cations from the center of the B-site octahedron [43]. The local tolerance
factor accounting for individual B-site cations is shown in Fig. S5. It is
clear that the variation in tolerance factor is larger for Alp composition
than for the other B-site disordered compositions. This implies a larger
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magnitude of lattice distortion in the Alp composition.

Fig. S3(a) and (b) shows the result of temperature-dependent XRD of
the Fep and Scp powders, respectively, from room temperature to 400 °C.
With increasing temperature, the intensity of the {311} and {320}
family of perovskite peaks decreased, as the crystal symmetry changed
from R3 m to Pm3m.

3.1.2. High entropy perovskite oxide films

A 45 nm thick layer of SrRuO3 was deposited on (100) SrTiOg prior to
the deposition of any of the B-site HEPO films. Detailed processing in-
formation for the SRO/STO is discussed in supplementary material (see
Fig. S7). All HEPO films were ~300 nm thick as calibrated by XRR (see
Fig. S13(a)). Fig. 2(a), shows an enlarged view of XRD near the {200}
perovskite peaks for the B-site disordered HEPO films. A single phase Alp
film was achieved, possibly due to either epitaxial stabilization or to the
high effective temperature of the plasma in the PLD process, which
increased the entropic contribution (relative to Alp powder processing).
In Fig. S13(b), an AFM scan displays the surface morphology of the B-site
disordered HEPO films.

Crp did not form a single phase in either a powder or a film. Crp films
exhibit a large surface roughness, ascribed to PbCrO3 segregation, as
seen via XRD (see Fig. S13(c)) and Field Emission Secondary Electron
Microscopy (FESEM) with Energy Dispersive Spectroscopy (EDS) map-
ping (Fig. S13(d)). The surface roughness of the Crp film was associated
with a well-organized structure aligned along orthogonal directions on
the SRO/STO substrate, as seen in the FESEM image. The structure was
confirmed to be predominantly PbCrO3 by EDS, which is consistent with
the XRD findings.

Fig. 2(c) shows the rocking curves of B-site disordered HEPO films
(excepting Crp), where the low full width at half maximum, FWHM
(<0.061°) demonstrates good film crystallinity. The FWHM of the B-site
disordered HEPO films are compared with several well-known relaxor
ferroelectric and other HEPO films in Table S1 of the supplementary
material. Fig. 2(d) shows the Phi scan for the 101 peaks; a cube-on-cube
epitaxial in-plane relationship between the HEPO films and the under-
lying SRO/STO growth templates can be seen. Table 3 shows the lattice
constants, FWHM of the rocking curves and film tetragonalities. In-plane

lattice constants were determined via a = 24/(d101)? — (doo2)?, where

dpy indicates the lattice spacing corresponding to the given hkl [44]. The
difference between the lattice constants for powder and deposited Fep
and Scp films may be due to film stress. It should be noted that all the
films are likely to be under compressive in-plane strain, which would
increase the out-of-plane lattice constant. In Fig. S15, the asymmetric
XRD scan along (101) is shown. It is noteworthy that the in-plane
crystallinity exhibits a lower level of crystal perfection compared to its
out-of-plane counterpart. This disparity might be attributed to the more
sensitive response for edge dislocations along the in-plane direction
[45].

The compositional uniformity of the Alp, Fep and Scp films were
assessed using STEM-EDS as revealed in Fig. S10 — Fig. S12, respectively.
We noted that no evident chemical segregation was confirmed at the
given length scale. Due to poor reproducibility and large sample-to-
sample variation associated with multiple volatile elements in the A-

Table 2
Achievability of single phase (temperature), lattice constant and tolerance factor of the PHEO powders based on XRD.
Alp Crp Fep Mnp Scp Nap Kp Pbp
Single No No Yes Yes Yes Yes Yes Yes
Phase (temp.) (800 °C) (750 °C) (800 °C) (1200 °C) (1200 °C) (1050 °C)
Lattice N/A N/A 4.062 4.060 4.078 3.915 3.925 3.913
constant (A) + 0.002 + 0.002 =+ 0.002 + 0.002 =+ 0.002 + 0.002 (a)
3.989
+ 0.002 (c)
Tolerance 1.000 0.993 0.990 1.001 0.981 1.004 1.021 1.014

factor
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Fig. 2. XRD of the B-site disordered HEPO, (a) enlarged view near (002) family of the perovskite peaks, (b) wider 2theta scan, (c) rocking curve, and (d) phi scan.

Table 3
Lattice constants, FWHM, and tetragonality of the B-site HEPO films determined
based on symmetric and asymmetric XRD scans.

Film Lattice constant (A) FWHM (o) Tetragonality (c/a)
Alp 4.104 £ 0.002 () 0.041 1.02
4.032 £ 0.002 (a)
Fep 4.105 =+ 0.002 (c) 0.046 1.01
4.052 £ 0.002 (a)
Scp 4.109 + 0.002 (c) 0.061 1.01
4.065 =+ 0.002 (a)
Crp N/A N/A N/A

site disordered film, property exploration was performed on the B-site
disordered films only. Details of structure, leakage current, dielectric,
and ferroelectric properties of the A-site disordered films at room tem-
perature are given in Fig. S8 of supplementary material.

3.2. Electrical characterizations of the B-site HEPO films

3.2.1. Room-temperature dielectric and ferroelectric properties

Fig. 3(a) — (c) shows room-temperature leakage current density,
dielectric permittivity, polarization-electric field hysteresis loops (P-E
loop) measurements of the HEPO films, respectively. Leakage current
measurements, Fig. 3(a), were made in the field up configuration that
caused charge injection from the top Pt electrode. These data were taken
with a wait time of 60 s after any change in voltage. It is evident that the
Fep film had a current density two orders of magnitude higher than the

Alp and Scp films. The relatively large leakage of the Fep film may be
attributed to charge hopping between multivalent Fe-ions, akin to the
behavior observed in Mnp [34]. Indeed, XPS of Fep supports the exis-
tence of a mixture of Fe>* and Fe?* ions that can induce charge hopping
(see Fig. S9). In contrast, Alp and Scp films exhibited relatively little
electrical conductivity due to the single valence state of the Al and Sc
ions. The dielectric permittivity of the Alp film was ~2000 with a loss
tangent of ~0.05, measured from 100 Hz to 100 kHz, as shown in Fig. 3
(b). Fep and Scp films showed relatively low dielectric permittivities of
~900 and ~700 with loss tangents of ~0.03 over the measured fre-
quency range. As expected, the Crp film displayed a low dielectric
permittivity of ~180 with a loss tangent of 0.02, presumably arising
from the poor structural properties discussed earlier.

P-E loops of all the B-site disordered films measured at room tem-
perature and 10 kHz are presented in Fig. 3(c). The loops for Alp, Fep,
and Scp films share a very similar shape, with Alp displaying a slightly
lower Py, ascribed to the lower propensity for the AI** to deviate from
the center of the octahedron, which would in turn decrease the
switchable polarization response [46]. Consistent with the structural
and dielectric properties, Crp film behaved more like a linear dielectric

than a ferroelectric material with a low Pp,x of < 8 uC cm 2.

3.2.2. Temperature-dependent dielectric properties

The temperature-dependent dielectric permittivity and loss tangent
for Alp, Fep, and Scp films are shown in Fig. 4(a), (b), and (c), respec-
tively. ATgis( = Tmax 1008z — Tmax,100kHz) Was utilized to quantify the
degree of dispersion of the dielectric maxima (Tmpax). The Alp film
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films showing the level of relaxor character (7).

exhibited strong dispersion of the dielectric permittivity below the Ty«
of 110 °C, with ATy of 15 °C. The dispersion collapses above Tpax, as is
expected in a relaxor ferroelectric. In the Fep film (Fig. 4(b)), a higher
Tmax Of 155 °C was achieved with a larger ATy of 30 °C. The abrupt
increase in the 100 Hz dielectric permittivity and loss tangent above 200
°C, is almost certainly associated with space charge polarizability. Such
non-negligible space charge at elevated temperature contributes to the
measured dielectric permittivity, resulting in a large ATg;s of 30 °C [47].
However, interestingly, dielectric dispersion was suppressed for the Scp

film (ATg; of O °C). The measured T, was 255 °C, the highest among
the B-site disordered HEPO films. This could be linked, at least in part, to
the larger rhombohedral distortion in Scp, compared to Alp and Fep
films. Furthermore, the small hump in the permittivity vs. temperature
curve near 35 °C looks like a ferroelectric-ferroelectric transition
(possibly a rhombohedral to tetragonal phase transformation), which
could provide an additional entropy change for the ECE. Comparing the
data for the sample shown, the Ty« of the HEPO films increased as the
average B-site cation size increased.



Y. Son et al.

In Fig. 4(d), the relative degree of relaxation is examined by means of
a modified Curie-Weiss law, as shown by:

1

&r

1

(T — Trmax)”
C

Emax

where ¢, is the dielectric permittivity, emax is the maximum dielectric
permittivity, C is the Curie-Weiss constant, and y is the degree of
relaxation. In an ideal relaxor ferroelectric, the value of y is likely to be
2; in an ideal normal ferroelectric, y is close to 1. The ATg;s of 0 °C is not
always correlated with y=1.00, as is shown in the case of K(Tag 55Nbg 45)
Os that has y=1.17, despite a sharp transition [48,49]. Furthermore, the
intermediate y=1.56+0.09 for Fep film is very close to that of 0.88Pb
(Znj1/3Nby/3)03-0.12PbTiO3 (y=1.58) which is between a relaxor and a
normal ferroelectric, while y=1.68+0.02 of Alp film is very similar to
that of Pb(Mg; ,3Nby,3)03 (PMN) (y=1.70). That is, there is a continuum
between relaxor and normal ferroelectric character [50]. Thus, Alp film
behaves more like a relaxor-ferroelectric with y of 1.68+0.02. Scp film
behaves more like a normal ferroelectric with y of 1.46+0.03. In com-
bination with the dielectric permittivity data above, the Sc ion may
promote a relatively longer length scale for polar order compared to the
other compositions.

3.2.3. Temperature-dependent ferroelectric properties and electrocaloric
effects

The P-E loops of Alp, Fep, and Scp films were measured at 10 kHz
from —35 °C to 275 °C. The applied voltage of 32 V (~1100 kV cm™1)
was <40 % of the breakdown voltage (~96 V, ~3400 kV cm™Y). This
was chosen to prevent unintentional sample failure during measure-
ment. The Alp and Scp films maintain slim P-E loops (shown in Fig. S16
(a) and (c)) over the measured temperature range. However, the P-E
loops for the Fep film become more “banana-like” at high temperatures,
due to increasing leakage contributions [51]. These changes were re-
flected in Fig. 5(a) - (c).

Polarization-Temperature curves (P-T curve) were extracted from
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the upper branch of the P-E loops. It is clear that the polarization
changes in Alp and Scp films from the P-T curve behave similarly.
However, bloated “banana-like” P-E loops in the Fep film (See Fig. S16
(b)) lead to overestimation of the polarization and misinterpretation of
the electrocaloric effects of the material [7,51,52]. From —30 °C to 180
°C, Prem for the Alp film dropped from 24.7 uC em 2 to 10.5 uC cm’z,
while Pyep, for Scp film decreased from 27.2 uC em 2 to 13.0 uC cm 2.
Interestingly, over this temperature range, Py of the Alp film was
roughly 85 % that of the Scp film. The difference in P, could be
attributed to non-ferroelectrically active Al ion which accounts for 20 %
of the B-site cations. To estimate the ECE of the films, an indirect method
(based on Maxwell’s relations), was employed. This can be expressed as:

Ea
AT= L (d_P) B
P CP Ey dT E
1 /Ez (dP)
AS = — dE
pJy \dT/g

where T is the temperature, p is the density of the material, C; is the
specific heat capacity, P is the polarization, and E; and E; are the initial
and final electric fields, respectively. Here, the theoretical density was
calculated for each composition; it was assumed that the heat capacity of
the films would be comparable to the well-known relaxor ferroelectric,
PbMg;5Nby;03 — PbTiO3 (PMN-PT) [53]. In Fig. 5(d) - (f), the elec-
trocaloric temperature changes are shown. The Alp film had a temper-
ature change of 7.39 K at 135 °C for an applied electric field of 1100 kV
cm~!. The magnitude of the temperature change was consistent with
previous studies, which showed a slightly higher temperature change
due to a larger applied field [34]. The other noticeable change was that
the maximum electrocaloric temperature change (Tmax gce) Occurred at
higher temperature, compared to the previous study of Alp on Si that has
Tmax ece of 180 °C. Typically, compressive strain shift Tpax gcr towards a
higher temperature, but the opposite happened here [54]. It is specu-
lated that differences in defect chemistry originating from different
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growth conditions triggered the change in Tpay, and ultimately in
electrocaloric responses [55].

The appearance of both negative and positive calculated electro-
caloric temperature changes for the Fep film over the measured tem-
perature range is an artifact associated with high field leakage [56,57].

In spite of the relatively smaller electrocaloric temperature change in
the Scp film (5.74 K), it had a Taxce of 50 °C, close to room temper-
ature [58,59]. The Scp film experienced what appears to be a
ferroelectric-ferroelectric phase transition measured at low field around
35 °C as shown in Fig. 4(c); this transition temperature could shift with
the magnitude of the applied field, and so may be the origin of the
electrocaloric temperature peak of 5.74 K near 50 °C. The negative
temperature change of Scp film above 175 °C is attributed to leakage, as
evidenced by a leakage-induced increase in the polarization at > 170 °C
(see Fig. S16(c)).

3.3. Polarization stability of the B-site disordered HEPO films

3.3.1. Polarization decay by Positive-up-Negative-down (PUND)
measurement

To study the polarization stability of the HEPO films, a voltage pulse
was applied as a function of delay time via PUND measurement. A
schematic of the PUND waveform can be seen in Fig. 6(a). Briefly, di-
poles switched by the first voltage pulse (P*) are likely to relax over time
(pulse delay). The second measurement (P") captures non-remanent
polarization and leakage. This remanent polarization is then dP = P*
— P, Here, the pulse delay was varied to quantify the dipole relaxation
as a function of time. As shown in Fig. 6(b), dP was measured from pulse
delays of 1 ms to 100,000 ms with an applied voltage of 32 V for Alp, Scp,
and 2 % Nb-doped PbZrg 5:Tig 4803 (PZT(52/48)) films. The Fep film
was not included for the polarization stability study due to its leaky
response. The magnitude of the change of dP over delay time was
calculated via AdP = dP; s — dP100,000 ms- The normal ferroelectric PZT
(52/48) film exhibits a small drop in remanent polarization (~1.5
yCcm_z). Likewise, other normal ferroelectrics such as doped-HfO,,
Alp 7Sco 3N, and BaTiOs films have negligible decay of dP over this time
scale [60-62]. In comparison, the polarization drop (AdP) for the Scp
film was 3.2 4C cm™2; in the Alp film it was 10.3 4C cm 2. It is noted that
this significant difference cannot be due to a difference in the structural
order, as the Scp and Alp films have very similar FWHM in the X-ray data.
Rather, this significant difference suggests that the Al ions break up the
long-range polar order, changing the local structural distortions, and
causing rapid decay of the dP in the Alp film (see Fig. S18). Converting
this into the frequency domain, 28.0 4C cm 2 of AdP can be achieved at
1 kHz, while approximately 21.8 4C cm 2 can be obtained for a 1 Hz
cycle, showing the time dependent polarization relaxation of the Alp
film. In contrast, Sc facilitates more long-range polar order, such that a
written polarization state is better preserved over time. The difference in
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polarization relaxation between a normal ferroelectric and a HEPO (or
high entropy ferroelectric) is schematically illustrated in Fig. S6. In
short, the compositional complexity of the HEPO film frustrates
long-range polar ordering, and leads to faster relaxation of the induced
polarization. The tendency of the AdP in the Alp film was similar to that
reported in PbZrO3 where the switching behavior was perturbed by
defect dipoles showing the metastability of remanent dipoles [63].

To further investigate polarization stability in the Alp and Scp films,
dP was investigated as a function of applied voltage with varying delay
times. A sharp increase of dP in the Scp film was observed around 5 V, as
highlighted by red arrow in the figure. It is speculated that this is
indicative of a field-induced rhombohedral to tetragonal-like phase
transition in the Scp film given the fact that Scp possesses a rhombohe-
dral structure from powder XRD as shown in Fig. 1(d) [64]. This result
supports the observation of the ECE peak of the Scp film at around 50 °C.
Furthermore, development of ferroelectricity in HEO-like formulation is
sensitive to specific elements, enabling engineerable ferroelectricity in
HEO-like materials.

3.3.2. Estimation of activation energy for depolarization of dipoles

The dP for the Alp film was measured up to 165 °C, and compared to
that of the PZT film. The dP was normalized against dProom temperature-
The temperature-dependent dP was fitted using an Arrhenius-like
equation In(AdP) = exp(— E, /RT) + In(A), where E, is the activation
energy for the depolarization with a 10,000 ms delay time, R is the gas
constant, T is temperature, and In(A) is the y-intercept, as shown in
Fig. 7(b). The energy required for the depolarization of dipoles in Alp
film is calculated to be ~87+5 meV while the energy for the PZT film is
~152+2 meV. A 70 nm PZT (25/75) normal ferroelectric capacitor used
for ferroelectric memory has been reported to exhibit an activation en-
ergy of 280 meV for the depolarization [65]. The comparatively high
activation energy for the PZT film is consistent with careful control of
the defect chemistry and the quality of the ferroelectric/electrode in-
terfaces essential to ensure retention in the memory. Obviously, the Alp
film has a much smaller activation energy for the depolarization. It is
speculated that the large local strain and electric fields created by dis-
order on the B-site of Alp film provoke instability of the dipoles, lowering
the activation energy for the depolarization.

3.3.3. Enhanced ECE by customized PUND measurement

The polarization decay in Alp film over time suggests a possible time-
dependent enhancement of the ECE. To assess this, PUND data were
taken to extract time-dependent P vs T curves. A pulse delay of 2000 ms
was chosen. Detailed information of the customized-PUND can be found
in the supplementary material (Fig. S19(a) and (b)). The remanent po-
larization measured via the customized-PUND is shown in Fig. 8(a) — (d)
for applied electric fields of 1123 kV cm’l, 807 kv cm’l, 491 kv cm’l,
210 kV cm™}, respectively; the data were fit with a 4th order
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Fig. 6. (a) Schematic of PUND voltage profile. (b) Remanent polarization of Alp (Orange), PZT (52/48) (Pink) and Scp (Purple) films measured by the PUND. (c)
Remanent polarization of Alp and Scp films as a function of voltage from 1 V to 37 V for varying pulse delays. The red arrow indicates an abrupt change in dP of Scp

film which could be associated with field-induced phase transition.
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polynomial. It was found that a significant polarization drop occurred
between 100 °C and 160 °C, as shown in Fig. S20. This range of tem-
perature is consistent with the Ty« of the Alp film (110 °C) as well as the
peak of ECE measured by standard bipolar P-E loops. However, the time
delay boosts relaxation of the polarization. A comparison between
standard bipolar P-E loops-induced ECE and the customized PUND-
induced ECE is shown in Fig. 8(e) and (f). The electrocaloric tempera-
ture and entropy change extracted from the customized-PUND were
14.9 K and 11.52 J Kg~! K~! respectively, an enhancement of 7.5 K and
7.20 J Kg~! K~!. That is, a delay time of 2000 ms was long enough to
randomize dipoles aligned by a voltage pulse so that the polar entropy

was markedly enhanced. This ultimately resulted in a larger change in
the polarization response, which could double the ECE of the Alp films.
These results provide insights into the development of ferroelectricity in
HEO-like materials, including the influence of polarization stability on
the functional properties such as ECE.

4. Conclusions
The structural and electrical properties of several different HEPO

films were investigated, with an emphasis on the electrocaloric effect
and polarization stability. Structural analysis of the HEPO powders
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revealed the perovskite tolerance factor controls the ferroelectric
distortion observed. HEPO films with disorder on the B-site can be
fabricated by pulsed laser deposition with good structural quality on
SRO/STO, excepting the Crp composition. Fep films show high leakage,
presumably due to charge hopping. Alp and Scp films displayed relaxor-
like and ferroelectric-like behaviors based on dielectric properties,
respectively. The electrocaloric temperature change in Alp and Scp films
extracted by Maxwell-relations were 7.39 K at 135 °C and 5.74 K at 50
°C, respectively. PUND measurements were employed to study the po-
larization stability of the films. It showed rapid polarization decay for
Alp films due to the relaxor-like properties associated with the Al ion. A
field-induced phase transition for the Scp film was observed, which
could be a useful source of ECE. The activation energy for the depolar-
ization of the Alp film was ~ 87 meV. An enhanced ECE temperature
change of 14.9 K was observed for the Alp film via a customized-PUND
that allowed 2000 ms of rest between measurement pulses to promote
dipole randomization.
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