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Abstract

The electrocaloric effect in ferroelectric materials has gained significant interest for the development of solid-state cooling
devices. However, achieving a high electrocaloric effect near room temperature is still challenging. In the study, we employ a
phase-field simulation approach to investigate the impact of zirconium (Zr) doping on the electrocaloric behavior of barium
titanate zirconate, BaZr:TiixO3 (0% < x < 20%) ferroelectric thin films. Our results reveal that Zr doping significantly
modifies the domain structures and phase transition dynamics, thereby enhancing the electrocaloric performance,
particularly near room temperature. Isothermal entropy and adiabatic temperature variations are enhanced with increasing
Zr doping content in BaZrxTii1«Os thin films. The highest electrocaloric effect is observed in the BaZro:Tio.sOs thin film, at
near room temperature, corresponding to the transition from ferroelectric to paraelectric phase. Moreover, the
BaZro.2Tio.sOs thin film also indicates a large entropy change at a low electric field and thus a large electrocaloric strength,
which is beneficial for practical cooling at low voltages. These findings highlight the potential of Zr-doped BaTiOs thin films
as promising candidates for energy-efficient solid-state cooling applications operating near room temperature.
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1. Introduction

The electrocaloric (EC) effect, which refers to a
reversible adiabatic temperature change or isothermal
entropy change in a dielectric material upon application
of an electric field, has garnered significant interest as
an energy-efficient mechanism for solid-state cooling
[1]. Unlike  conventional  vapor-compression
refrigeration, EC-based devices offer numerous
advantages, including the absence of moving parts,
environmental friendliness, high energy efficiency, and
potential for miniaturization and integration into
electronic devices [1]. Consequently, the development
of ferroelectric materials exhibiting large EC responses
near room temperature has become a crucial research
focus for advancing EC-based refrigeration
technologies. A central challenge in this field is the
discovery of novel materials with enhanced EC
properties, such as large entropy change (AS),
significant adiabatic temperature change (AT), and low
operating electric fields. Furthermore, a deep
understanding and precise control of phase transitions,
polarization dynamics, and microstructural features are
essential for optimizing the EC performance of these
materials.

The EC effect is fundamentally associated with the
entropy change arising from the alignment of electric
dipoles under an applied electric field, a phenomenon
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particularly pronounced in ferroelectric materials with
spontaneous polarization [2]. Numerous studies have
demonstrated that the magnitude, directionality, and
reversibility of polarization under electric fields
directly govern the entropy change and, consequently,
the adiabatic temperature change observed during EC
processes. Unlike bulk materials, thin films often
exhibit altered polarization characteristics due to
substrate-induced strain, interface effects, and size
constraints. These factors can either enhance or
suppress the EC response. For example, epitaxial strain
in thin films has been successfully employed to
stabilize ferroelectric phases with higher spontaneous
polarization, leading to an amplified EC effect.
Significant advancements have been reported in PZT
and P(VDF-TTtFE) thin films [3], which exhibited giant
EC effects near room temperature under moderate
electric fields. Therefore, understanding and controlling
polarization behavior is paramount in tailoring the EC
performance of ferroelectric thin films.

It is widely recognized that the EC effect in
ferroelectrics reaches its peak near the Curie
temperature (7¢), where the rate of change in
polarization with temperature is at its maximum [4].
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A major challenge, however, is that the 7¢ of many
common ferroelectric materials is significantly above
room temperature, limiting their direct use in practical
cooling applications. As a result, substantial effort has
been directed toward developing methods to tailor the
EC properties to enhance the temperature change
around room temperature, including techniques such as
particle size reduction, strain engineering, rare-earth
doping, and compositional modification near
morphotropic phase boundaries [5, 6].

Doping is a highly effective method for tailoring the
ferroelectric and EC properties of materials. In
particular, doping barium titanate (BaTiO3) with
zirconium (Zr) has shown considerable promise for
reducing the phase transition temperature and
modifying polarization behavior [7]. The incorporation
of Zr into the BaTiOs lattice alters the energy landscape
of the ferroelectric domains, weakens long-range
dipole-dipole interactions, and can induce diffuse phase
transitions. These effects broaden the temperature
range of the EC response and enhance the EC
coefficient, especially at lower temperatures. Indeed,
experimental studies have confirmed that Zr doping in
BaTiO; not only shifts the Curie temperature toward
room temperature but also increases the dielectric
tunability and polarizability under an external electric
field [7, 8].

In addition, recent advancements have highlighted
the role of domain engineering in enhancing the
electrocaloric (EC) response of ferroelectric materials.
By tailoring domain configurations such as increasing
domain wall density, promoting closure domains, and
manipulating nanoscale domain structures significant
improvements in  polarization magnitude and
reversibility under electric fields have been achieved.
These microstructural optimizations are particularly
vital in ferroelectric thin films, where interface effects,
doping concentration, and size constraints strongly
influence domain stability and switching dynamics.
Consequently, understanding the interplay among
doping concentration, domain morphology, and phase
transition behavior is essential for designing
high-performance EC materials. Phase-field modeling
offers a powerful approach to simulate the
thermodynamic and kinetic processes governing
domain evolution and EC effects. By incorporating
composition-dependent parameters, the model can
accurately predict how Zr doping alters the ferroelectric
properties of BaTiOs thin films, offering a pathway for
systematic optimization of EC performance near room
temperature.

In this study, we systematically investigate the
influence of Zr doping on the EC properties of BaTiOs;
thin films using a phase-field simulation approach. We
demonstrate that increasing the Zr concentration
significantly modifies the ferroelectric domain structure
and phase transition behavior, leading to enhanced
isothermal entropy change (AS) and adiabatic

temperature change (AT). Notably, we find that the EC
effect is maximized near room temperature in films
with 20% Zr doping, where a broadened phase
transition and stabilized polar domains contribute to a
strong EC response. Our findings provide valuable
insights for optimizing lead-free ferroelectric materials
for advanced solid-state cooling technologies.

2. Methods
2.1. The Component Equations of Energy

A phase-field model is constructed for BaZr,Tii.<O3
(BZTx) thin films to simulate the evolution of
polarization domain structures and examine the
hysteresis loops for various film compositions. The
phase field model is described in the Cartesian
coordinate system x1x2x3, where vector components are
denoted by subscript indices (1, 2, 3). For example, p,
P2, and ps represent the components of the polarization
vector along the xi, x2, and x3 axes, respectively. In the
phas-field model, three primary variables are used to
describe the domain structures and their responses to
external fields, namely the spontaneous polarization p;
(7=1,2,3), the displacement u;, and the electric potential
@. Their gradients determine the polarization gradient
Dij» the strain tensor &;, and the electric field £;, as [9]:

9p;
pij = a—; (1)
_ 1fou 0w
gij T2 (ax]' + axi> (2)
0
Ei =15 3)

The electric enthalpy for BZTx is given by [9].

f = frandau(®@i) + fGrad(pi,j) + fElas(pi' Sij)
+ felec (@i, Ei)

where  fiandau(®@i)>  forad (pi,j)s fElas (pi' gij), and
felec(pi, E;) are Landau, gradient, elastic, and
electrostatic energy densities, respectively. The Landau
energy density of BZTx is described by an eighth-order
polynomial [9]:
frandau @) = a1 (P} + p3 +p3)
+ay; (pf +p3 +p3)

+ a(pfpF + Pip3 + pipi) ai (pf + 03 +p3)
+ayia[pt (03 +p3) + 3 (7 +p3) +p3 (¥ +p3)
+1 2307 PIPT + @111 (PF + D5 + DS + a1a3pipip?

+ay112[(pf 03 + p3) + 3 (07 +p3)
+p3 (07 + p3)]
+a1123(PIPIP3 + PIP3DP5 + PIP3D3) (5

where ai, aj, o, and oyw represent thermodynamic
(or Landau) coefficients. The total free energy
comprises the contribution of domain walls, which
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arises from the gradient of the polarization field. This
polarization gradient energy density is given by [9]:

1
ferad (pi,j) =5 G11(P12,1 +pi, + P.%,z)
+Glz(p12,1p%,2 + p%,ngs + p12,1p§,3)

1 (p1,2 + p2,1)2 + (pz,s + ps,z)z

+5 Gy
2 +(pos + p3,1)2
N %6‘14 [(PLZ - P2,1)2 + (p2,3 2_p3,2)2 + (6)
(P1,3 - p3,1)

where Gj are gradient coefficients. The elastic energy
density is expressed as [9]:

(7

where cju are elastic coefficients that are evaluated at
fixed eigenstrain. The alp]- eigenstrain caused by the
polarization field is expressed as [9]

1
frras (Pi, Ei) = 5 Cijra (@i — al)(a — agy)

af1 = Q11P12 + Q12(P12 + psz.)r ag3 = Q44D2D3
a3, = QiP5 + Qi2(pf +p3), afs = Quapips
ags = Q115 + Qi2(pf +p3), af; = Quupip2 (8)

where Qj; are the electrostrictive coefficients. The
electrostatic energy density is described by [9]:

1
friecWi E) = =5 xc(Ef + EZ + E3) —
(Eip1 + Ezpy + Esps)

where «. is the dielectric parameter.

®

The mechanical equilibrium condition is given by
[9]:
of

V'“%%(agi,-) =0 (10)

The electric equilibrium is given by [9]:
€€l ViV =Dy, (11)
where ¢, is the vacuum permittivity, and Ef’j

is the relative background permittivity. The temporal
evolution of the polarization field is determined by
solving the time-dependent Ginzburg—Landau (TDGL)
equation, as [9]:

aF
api(xpt)

Opi(xpt) _
at

12)
where M is the mobility coefficient, ¢ is the evolution
time, and F= fv fdV is the total energy of the
ferroelectric system with volume V.

2.2. Modeling and Simulation Methods

This work focuses on B-site substituted BZTx, a
solid solution system composed of the tetragonal
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ferroelectric BTO and the paraelectric BaZrO3 (BZO).
At room temperature, the BZTx solid solution exhibits
a composition-dependent single-phase transition from
the ferroelectric tetragonal phase to the paraelectric
cubic phase, with the Zr content (x) serving as a key
control parameter. Within this system, the lattice
parameters and the Curie temperature (7¢) display an
approximately linear variation between the values of
pure BTO and BZO end-members. Notably, the Curie
temperature of BZTx can be effectively tuned across a
broad temperature range by adjusting the Zr content.
As the Zr content is increased, the polarization
weakens, and T¢ is gradually decreased due to the
reduction of long-range dipolar interactions and the
enhancement of fluctuations originating from the BZO
composition. In addition, BZTx solid solutions exhibit
relatively high pyroelectric coefficients near the
morphotropic phase boundary, while maintaining low
dielectric losses, making them attractive candidates for
EC cooling applications. Taking advantage of the
inverse electrothermal conversion inherent to the
pyroelectric effect, large EC effects can be realized in
BZTx near room temperature.

To explore these phenomena, we simulate the EC
response of BZTx with varying material compositions
using a three-dimensional phase-field model. The
simulation domain is a volume of 128 X 2 x 64nm3,
with periodic boundary conditions applied along the x;
and x, directions to mimic an extended thin film. The
system is spatially discretized using a regular grid with
a uniform grid spacing of Ax; = Ax; = Axz = 1.0 nm.
The coordinate axes, xi, x2, and x3, are aligned with the
[100], [010], and [001] crystallographic directions,
respectively. The compositionally dependent material
parameters for BZTx are taken from previous studies
[9] and listed in Table 1. The equilibrium domain
structures in BZTx are then obtained by iteratively
solving the TDGL equation. The simulations are
initiated from a random polarization configuration and
evolve until the total free energy converges to a stable
minimum. Equations (10) to (12) that govern the
phase-field model are numerically solved using a
spectral method based on fast Fourier transforms [9].
Note that the phase field model used in this study is
established by using our in-house subroutine, which is
developed from (10) to (12).

Once the polarization configuration achieves
thermodynamic equilibrium, we apply a quasi-static
electric field along the x; direction to probe the
polarization switching behavior as a function of
temperature.  Specifically, the temperature is
systematically varied from 0 °C to 150 °C in
increments of 10 °C to capture the full temperature
dependence of the polarization response.
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Table 1. Material coefficients of BZTx with various Zr concentrations [9], given in SI units and temperature 7 in

K)

Coefficients

Magnitudes

a1 (105 C™2 m2N)

5.0 x(160[Coth(160/T)~Coth(160/390)]+1.x)

ail (108 c* m6N)

~1.1542 (1 + Jax)

an (108 c* m6N)

6.5300 (1 + Aox)

ain1 (10° C¢ m!'N)

~2.1063 (1 + /3x)

o112 (109 Cc* m“’N)

~4.0909 (1 + J3x)

o123 (109 Cc* m“’N)

~6.6879 (1 + J3x)

aiin (101 C* m'N)

7.5896 (1 + Jax)

ain (1010 c® mlON)

~2.1927 (1 + Aax)

1122 (1010 c® mlON)

~2.2206 (1 + Aax)

ai123 (101 C"* m!°N)

2.4159 (1 + Agx)

~3.51— tanh[103(x — 0.175)](1694.50x> — 696.18x + 6.03)

& —3.51 + tanh[103(x — 0.175)](—1714.28x% + 264.59x — 56.88)

2 {2—917152 —11996.6x_ if 0<x <0.175
75 — x if 0.175<x <0.3

A3 0

A4 -9

e (1072 m?N™1 8 —3-4.87x

ci2 (1072 m2N™) —2.7+2.025x

cas (1072 m2N™) 9.24 +5.05x

O (C2m* 0.1 — 0.004x

012 (C?m* —0.034 - 0.005x

044(C2m*) 0.029 + 0.002x

The reversible change of internal energy in the
BZTx thin film is governed by the fundamental laws of
thermodynamics and can be related to the electrocaloric
effect through the appropriate Maxwell relations [10].
Thus, the isothermal entropy change (4S) and the
adiabatic temperature change (47) can be computed via
the following expressions [10].

_ _ (Ev1(op

AS = Eq p(aT)E dE, (13)
_ Ep T a_P

AT = Ea pcy (BT)E dE, (14)

where p is the density of material, ¢, denotes the specific
heat capacity at constant pressure, and E, and Ej
correspond to the initial and final value of the applied
electric fields, respectively. In the present study, we set
the initial field to zero (E, = 0). Given the calculated
variation of the polarization with temperature, the values
of AS and AT are then estimated by performing
numerical integration of (13) and (14).

3. Results and Discussion

27

3.1. Domain Structures in BaZr.Tii-xO3 Thin Films

Fig. 1. Spontaneous polarization domain structures of
BaZr,Ti;-O3 thin films at different Zr concentrations:
(a) x = 0%, (b) x = 5%, (c) x =10%, and (d) x =20%
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Fig. 1 depicts the domain structures of BZTx thin
films at room temperature, for a range of Zr contents
(x = 0%, 5%, 10%, and 20%). As the Zr content is
increased, significant evolution in the polarization
domain patterns is observed, reflecting the influence of
Zr on the underlying phase stability and polarization
behaviors. Specifically, the BZTx thin films exhibit a
progression of ferroelectric phases for x less than 20%,
transitioning from the tetragonal to orthorhombic, and
then to rhombohedral symmetry. At higher doping
levels, for x greater than 20%, the films adopt a cubic
or paraelectric phase, indicating the suppression of
long-range ferroelectric order. At x equal 0%, the film
forms regular, parallel 90° stripe domains, a
characteristic feature of the tetragonal ferroelectric
phase, as shown in Fig. la. The polarization vectors
within these domains are predominantly aligned along
the <100> directions, adopting a head-to-tail
configuration to minimize electrostatic energy. The
characteristics of the 90 stripe domain configuration
are in good agreement with previous experimental
reports and simulation studies for BTO thin films [11].
Increasing the Zr content to x equal 5% (Fig. 1b) leads
to a change in preferred polarization orientation, with
the polarization now aligning along the <110>
crystallographic axes. This indicates a phase transition
to the orthorhombic phase. The domain configurations
become more complex and disordered, with the initial
straight stripe domains exhibiting increased curvatures
and distortion. Furthermore, the domain walls become
less sharp, and regions with continuously varying
polarization begin to emerge. At a higher Zr content of
x equal 10% (Fig. lc), the domain structure further
evolves into a highly curved and irregular stripe
configuration and dispersion. This reflects the
dominance of the rhombohedral phase with a high
degree of polarization anisotropy, which is consistent
with the presence of relaxor-like behavior in the
material. Remarkably, when the Zr content is further
increased to x equal 20% (Fig. 1d), the ferroelectric
domain completely disappears, and the net polarization
vanishes throughout the film. This signifies a complete
transition to the cubic paraelectric phase, where
long-range ferroelectric order is no longer stable. Note
that a previous study [9] on the phase transition of
BZTx reported that the material undergoes a first-order
phase transition, characterized by an abrupt change
from the ferroelectric to the paraelectric phase. As a
result, the coexistence of ferroelectric and paraelectric
phases is unlikely to be observed at room temperature
in our simulation. These observations demonstrate that
precise control over the Zr doping concentration in
BZTx thin films provides a means to selectively
stabilize distinct crystallographic phases, namely the

tetragonal, orthorhombic, rhombohedral, and cubic
phases. These structural transformations, driven by
composition, have a profound impact on the

electrocaloric and dielectric properties of the BZTx
system.
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3.2. Polarization Behavior under External Fields

To comprehensively assess the influence of Zr
doping on the EC behavior of BZTx thin films, we
examined the temperature-dependent polarization in
thin films with varying Zr concentrations (x = 0%, 5%,
10%, and 20%). Fig. 2 illustrates that the polarization-
temperature (P;—7) relationships obtained under
different electric fields (E3) for the first quadrant of the
Ps3-E5 hysteresis loops at various temperatures for the
BZTx thin films. All films exhibit a decreasing trend in
polarization with increasing temperature under applied
electric fields ranging from 0 to 100 kVem™!, consistent
with the expected thermal depolarization behavior of
ferroelectric materials. In the undoped BTO thin film
(x=0%), the polarization exhibits a sharp decrease with
increasing temperature in the absence of an electric
field, reaching near-zero values above 120 °C. This
indicates a sharp ferroelectric-to-paraclectric phase
transition, a characteristic behavior of classical
ferroelectrics. The near-zero polarization observed in
the undoped BTO thin film near 120 °C confirms the
appearance of the paraelectric phase, consistent with
previous reports [9]. Under an applied electric field of
E; = 30 kVem™!, a significant decrease in polarization
with increasing temperature is still observed, although
the polarization does not reach zero. This behavior
suggests the persistence of field-induced polarization
even above the Curie temperature, a common
phenomenon in ferroelectric systems where external
fields stabilize the ferroelectric state. When a higher
electric field is applied to the undoped BTO thin film,
the polarization becomes less sensitive to temperature,
and at any given temperature, the average polarization
increases with increasing electric field.
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Fig. 2. Temperature dependence of the polarization of
BZTx thin films with various Zr contents under
different electric fields: (a) x = 0%, (b) x 5%,
(c) x =10%, and (d) x =20%
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Similar trends in the temperature dependence of
polarization are observed in Fig. 2(b) to Fig. 2(d) for
the BZTx thin films with higher Zr contents. Notably,
as the Zr content increases, the Curie temperature (7¢),
defined as the temperature at which the polarization
magnitude approaches zero in the absence of an electric
field, shifts towards lower temperatures. Specifically,
as the Zr content increases from 5% to 20%, the
polarization-temperature  (P3-T) curves gradually
broaden, and the sharp phase transition becomes more
diffuse. This broadening of the transition and the shift
of Tc¢ toward lower values, approaching room
temperature, are characteristic features of ferroelectric
relaxor behavior. Such materials, due to local
compositional disorder and the presence of polar
nano-regions, exhibit a distribution of transition
temperatures rather than a single, well-defined 7¢. This
behavior is reflected in the increasingly smooth P3-T
curves observed at higher doping levels. Therefore,
increasing the Zr content in BZTx thin films effectively
reduces the Curie temperature of the material, bringing
it closer to room temperature. This result aligns with
experimental observations for BZTx thin films [12].
Furthermore, the reduced sensitivity of polarization to
temperature under higher electric fields in doped BZTx
films suggests improved thermal stability of the
ferroelectric state. This is advantageous for practical
EC cooling applications, as the ability to induce and
sustain polarization over a broad temperature range
enhances the potential cooling power and operating
temperature range of the EC effect.

3.3. Effect of Zr Contents on the Electrocaloric
Properties

To investigate the EC effect and evaluate the
influence of Zr doping on the thermo-electrical
response of BZTx thin films, we analyze the EC effect
in BZTx films with varying material compositions. The
isothermal entropy change (AS) and adiabatic
temperature change (AT) as functions of temperature
are calculated for the BZTx thin films under various
electric field changes, based on the polarization-
temperature curves and employing Maxwell's relations
(13) and (14). The electric field change was defined as
AE = Ej - E, (E, = 0). Fig. 3 and Fig. 4 present the
temperature dependences of AS and AT for different
applied electric fields (30, 60, 80, and 100 kVem™) for
the BZTx thin films doped with 0%, 5%, 10%, and
20% Zr. The EC effect exhibits a strong dependence on
both the Zr content and the applied electric field.

In Fig. 3a, the undoped BTO thin film displays a
sharp peak in AS as a function of temperature, centered
around 120 °C, corresponding to its Curie temperature
(Tc = 393 K). When the electric field change by
30 kVem™!, the maximum entropy change reaches a
value of 2.85 Jkg'K™'. In the BZTS5 film, multiple
peaks in AS are observed (Fig.  3b).
At AE; = 30 kVem'!, AS reaches a first peak value of
1.38 Jkg'K™ at 55 °C. Subsequent peak values are
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1.05 Jkg'K™* at 70 °C, 1.18 Jkg'K™ at 85 °C, and
244 Jkg'K™ at 115 °C, respectively. Notably, a
negative entropy change (AS < 0) appears near 75 °C at
higher electric fields, reflecting the instability of the
polar domains as the material undergoes intermediate
phase transitions. It is important to note that the AS
peak observed near 115 °C, close to the phase transition
temperature, is present in both undoped BTO and
BZTS5 films. At this temperature, the magnitude of the
AS peak is higher in the undoped BTO film than in the
BZTS5 film. In the BZT10 film (Fig. 3c), AS gradually
increases with increasing temperature for 7 < 85 °C
(except for the temperature range from 70 to 85 °C),
but decreases when 7> 85 °C. Under AE; =30 kVem™!,
AS reaches a maximum value of 2.15 Jkg 'K ! at 85 °C.
Compared to both the undoped BTO film and the BZT5
film, the BZT10 film exhibits smaller AS values at
lower temperatures. Remarkably, for the BZT20 film
(Fig. 3d), the isothermal entropy change reaches a
maximum value of 5.3 Jkg'K™ at 20 °C under an
electric field change of 30 kVem™ and 7.5 Jkg 'K
under an electric field change of 100 kVem™!, indicating
a significant shift of the EC peak toward lower
temperatures. This result is expected, as the entropy
change is typically highest near the phase transition
temperature, and the Curie temperature decreases as the
Zr content increases. The high entropy change at
near-room temperature is a desirable feature for
solid-state cooling applications and confirms that Zr
doping effectively enhances the EC response at lower
temperatures.
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For all films, increasing the applied electric field
change (AE) leads to an increase in AS. Notably, the
peak values of AS occur at the same temperature,
regardless of the applied electric field. A larger AE also
improves the stability of AS over a range of
temperatures. In Fig. 4(a), for the undoped BTO film
under AE = 30 kVcm'!, the adiabatic temperature
change (AT) peaks at 2.82 K at 115 °C, then gradually
decreases with increasing temperature. At a larger
electric field change of AE = 60 kVcem™!, AT peaks at
3.82 K at 115 °C. Comparing AT under different
electric field changes, a larger AE enhances the stability
of AT over temperature, which is crucial for utilizing
the EC effect in varying operating temperature ranges.
The temperature at which AT reaches its maximum
value remains constant, irrespective of the applied
electric field. Similar trends in AS and AT are observed
in the other BZTx thin films, as shown in Figs. 4(b) to
Fig. 4(d). Remarkably, the highest peak value of AT,
occurring at the lowest temperature (near room
temperature), is observed in the films with higher Zr
content (x = 20%). Furthermore, increasing the applied
electric field change (AE) leads to a higher AT.
Specifically, under AE = 30 kVcem'!, the AT of BZT5
and BZT20 achieves magnitudes of 2.39 K and 3.96 K,
respectively. Under AE = 60 kVem™!, AT of BZTS5 and
BZT20 achieves magnitudes of 3.34 K and 4.89 K,
respectively. Therefore, increasing the Zr doping
concentration in the BZTx thin films not only reduces
the Curie temperature but also increases the adiabatic
temperature change, making these materials more
suitable for room-temperature electrocaloric cooling
applications.
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Although the temperature dependence of AS and AT
exhibits similar trends, they represent distinct
thermodynamic processes. AS quantifies the change in
entropy when an electric field is applied under
isothermal conditions, providing insight into the
amount of heat absorbed or released by the system. In
contrast, AT denotes the change in temperature during
an adiabatic application or removal of the electric field,
directly reflecting the cooling performance of
electrocaloric materials in solid-state cooling devices.

4. Conclusion

In summary, this study demonstrates that zirconium
doping significantly enhances the electrocaloric effect
in barium titanate ferroelectric thin films. The
substitution of Zr*" ions into the Ti*" sites effectively
modifies the domain structure, broadens the
ferroelectric-paraelectric phase transition, and enhances
polarization dynamics under applied electric fields.
Consequently, Zr-doped BaTiO; films exhibit a larger
adiabatic temperature change and entropy variation
compared to undoped BaTiOs, particularly near room
temperature, making them promising candidates for
practical solid-state cooling applications. Furthermore,
zirconium doping improves the isothermal entropy
change at low electric fields, enhancing the suitability
of these films for integration into microscale cooling
devices. Our findings highlight the potential of
compositional engineering, specifically Zr doping, as
an effective strategy to optimize the electrocaloric
performance of ferroelectric thin films. This work
provides a valuable foundation for further development
of high-efficiency, lead-free electrocaloric materials
and devices, paving the way for advanced solid-state
cooling technologies.
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