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Compositionally-graded ferroelectric thin
films by solution epitaxy produce excellent
dielectric stability
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The composition in ferroelectric oxide films is decisive for optimizing prop-
erties and device performances. Controlling a composition distribution in
these films by a facile approach is thus highly desired. In this work, we report a
solution epitaxy of PbZr,Ti;_O5 films with a continuous gradient of Zr con-
centration, realized by a competitive growth at ~220 °C. These intriguing films
demonstrate a frequency-independent of dielectric permittivity below

100 kHz from room-temperature to 280 °C. In particular, the permittivity of
the films can be largely regulated from 100 to 50 by slightly varying Zr com-
positional gradient. These results were revealed to arise from a built-in electric
field within the films due to a coupling between the composition gradient and
unidirectional spontaneous polarization. Our findings may pave a way to
prepare compositionally-graded ferroelectric films by a solution approach,
which is promising for practical dielectric, pyroelectric and photoelectric
technical applications.

Ferroelectric materials, characterized by switchable spontaneous
polarization, have been extensively explored for versatile applications
in high-density memory, transducers, and sensors'®. For many dec-
ades, chemical composition design, including doping or solid solution,
has been an irreplaceable approach to regulating microstructure and
physical properties of ferroelectric films®, ceramics’, and single
crystals®. In particular, introducing a composition gradient to

ferroelectrics allows the realized built-in electric field, dielectric
stability’, enhanced piezoelectricity®, pyroelectricity’, and geometric
frustration'®, further enhancing the functionality from vibrational
energy harvesting to thermal energy conversion’. These properties
have been discussed in theory to arise from a polarization gradient
(VP) that is generated by a coupling between the composition gradient
(Vc¢) and spontaneous polarization (P)""'%,
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More interestingly, composition gradient ferroelectric films with a
single domain have been predicted to be crucial for understanding the
above intriguing properties. To realize the polarization gradient, dif-
ferent approaches, including metalorganic decomposition, pulsed
laser deposition, and tape casting, have been employed to fabricate
compositionally-graded ferroelectric thin films and multilayer com-
posites, such as KTa,_,Nb,O3", PbZr,Ti;—, 05", Ba;_,Sr,Ti05', and
K.Na,_,NbO;"” systems. For these emerging systems, complex com-
ponent design and high-temperature (600-850 °C) crystallization are
necessary, resulting in multidomain films or polycrystalline products.
Moreover, component evaporation or interdiffusion at high tempera-
tures inevitably occurs, and the ability to produce a controlled com-
position gradient remains a big challenge. It is thus highly desired to
develop a new approach to facilely producing graded ferroelectrics by
a dedicated component control at a low temperature.

In this work, we propose that a synergistic effect of competitive
growth and interface polarization screening can drive the solution
epitaxial growth of compositionally-graded PbZr,Ti;—xO; (PZT)
films. A low-temperature (-220 °C, much lower than the T¢ of all
compositions of PZT) solution epitaxy of tetragonal single-crystal
(001)-oriented PZT films on cubic (100)-oriented Nb-doped SrTiO5
(Nb: STO) substrates, characterized by a compositionally-graded
structure in perovskite B-site (Zr/Ti molar ratio) and a single-
domain structure. Meanwhile, a competitive growth between the
homogeneous PZT particles and the heteroepitaxial PZT films on
the substrates can presumably account for the composition gra-
dient of the films during solution epitaxy. These compositionally-
graded and single-domain PZT films have been characterized to
adopt a polarization gradient and thus a built-in field where a stable
dielectric constant can be obtained, much lower than those of
single-domain non-graded PbZr,Tigg03 films'™ or multidomain
compositionally-graded PbZrg,Tios03 films", leading to an

increased pyroelectric current (-2.4 times) along with the change of
gradient under near-infrared light.

Results and discussions

We have epitaxially grown PZT films with different variants of Zr solid
solubilities (PbZr,Ti;—x03, 0<x < 0.15, Methods and Supplementary Fig. 1)
on 0.7wt% Nb: STO substrates (a single-crystal STO with Nb doping
concentration of 0.7wt% and (100) orientation, 10 x 10 x 0.5 mm®) by
hydrothermal methods, regarding PbZro;Tip 905 as the main research
object. Scanning electron microscope (SEM) images and energy dis-
perse spectroscopy (EDS) results reveal that the surface of PZT films is
smooth and continuous (Fig. 1a), and the Zr content in films is consistent
with the designed molar ratio (Supplementary Fig. 1). Cross-sectional
dark-field transmission electron microscopy (DFTEM) image of PZT/Nb:
STO shows a sharp interface and a flat surface (Fig. 1b). The film with a
thickness of ~900 nm has been characterized to adopt a perovskite
tetragonal structure (JCPDS #70-4259) by X-ray diffraction (XRD) (Sup-
plementary Figs. 2, 3), where an epitaxial relationship can be determined
to be <001 > pz1// <100>np,: sTo. (001) Orientation of the crystallographic
unit cell is known for every pixel within inverse pole figures (IPF) map
obtained from electron backscattered diffraction (EBSD) analysis (Fig. 1c
and its inset), which supports a single-crystal character of PZT film. In
addition, uniform contrast in the out-of-plane piezoelectric force
microscope (PFM) image demonstrates that PZT film adopts a single-
domain structure (Fig. 1d).

To understand the stability of the single-domain structure, the
electron microscopic characterization of the heterostructure has been
carried out. An atomic-level cross-sectional high-angle annular dark-
field scanning transmission electron microscopy (HAADF-STEM) ima-
ges of PZT/Nb: STO interface (Fig. 2a) and PZT surface (Fig. 2d) further
identify the high-quality epitaxy of PZT films, where the Zr/Ti ions
uniformly shift upwards relative to the center of the four nearest Pbion

180°
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2 um 0°

Fig. 1| Solution epitaxy of single-crystal and single-domain PbZr ;Ti.90; film
on Nb: STO. a SEM image of PZT film surface. b Cross-sectional DFTEM image of
PZT/Nb: STO. ¢ EBSD IPF-Z map of PZT film surface (step size =2 pm). The legend

for interpreting the IPF map is shown in the inset. d Out-of-plane PFM phase image
of PZT film surface.

Nature Communications | (2025)16:98


www.nature.com/naturecommunications

Article

https://doi.org/10.1038/s41467-024-55411-7

b [ PeakApeakB c
"::%ZQ::::::::: 2
n (]
= =
5 J\ﬂ\'\—v 5
=1 il S
o o
— e —
N N
> Iy >
= s =
(2] . n
C [
: JUW :
-— . -—
0-K

520 530 540 550 450 455 460 465
Energy loss (eV) Energy loss (eV)

Peak A  Peak B . o
€ f Vo Vo
—~

n

=

c

S

2 P, |E
e .
g S in
=

(2]

c

]

-

£

Fig. 2 | Single-domain structure of PZT films synergistically stabilized by the
oxygen vacancies at the surface and the electronic polarization screening at
the interface. a, d Atomic-level cross-sectional HAADF-STEM images of PZT/Nb:
STO interface (a) and PZT surface (d). b, c A series of O-K (b) and Ti-L 3 (c) spectra
across the interface from PZT to Nb: STO are plotted with colored solid lines, which
were acquired from the regions with corresponding colored dots in (a). The
reference spectra of Ti** and Ti** are shown at the bottom of (c). e A series of O-K

520 530 540 550
Energy loss (eV)

spectra across the surface region of PZT film are plotted with colored solid lines,
which were acquired from the regions with corresponding colored dots in (d).

f Schematic illustration of the polarization screening of PZT film. The positive polar
interface and the negative polarization surface of PZT are screened by negative
charges (electrons in Nb: STO substrate) and positive charges (oxygen vacancies
confined at PZT surface), respectively.

columns (Supplementary Fig. 4a-i) indicates the uniform downwards
polarization®. Core loss spectra of electron energy-loss spectroscopy
(EELS) with various colors in Fig. 2b, c, e were acquired from the
regions with the corresponding colored dots in Fig. 2a and d, respec-
tively. The relatively higher peak B compared to peak A in the upper
two O-K spectra (Fig. 2e) reveals that large-amount oxygen
vacancies”” were confined at several unit cells near the PZT film
surface, which gradually decreases from the surface to the inner part.
The O 1s X-ray photoelectron spectroscopy (XPS) spectrum of PZT film
further confirms that oxygen vacancies were confined near the surface
(Supplementary Fig. 5). In contrast, no obvious oxygen vacancies can
be detected near the interface (Fig. 2b). Meanwhile, the downwards
polarization and the +4-valence state of Ti ions near the interface
(Fig. 2¢). According to the reference spectra of Ti** and Ti*" at the
bottom of Fig. 2¢, £, and ez two peaks would merge to a single peak if
the Ti ions mainly exist with the +3-valence state”. These results
argued that the electrons from n-type Nb: STO substrates can elec-
trostatically screen the bound charges at the positive (001) polariza-
tion surface of PZT film, which is beneficial for lowering the interface
energy and driving the solution epitaxy, like that of PbTiO; films***,
Furthermore, the positively charged oxygen vacancies near the surface

of the film could effectively compensate for the bound charges at the
negative (001) polarization surface. Hence, the above two mechanisms
are proposed in Fig. 2f to synergistically stabilize the single-domain
structure of PZT films, where solution epitaxy temperature (-220 °C) is
much lower than Curie temperature (7T.) of PZT with ferroelectric
phase transition occurring,.

Furthermore, it is interesting to find a smooth compositionally-
graded structure (for both Zr and Ti elements) throughout the film
thickness. Time-of-flight secondary ion mass spectrometry (TOF-SIMS)
analysis has been conducted for the depth profiling of Zr and Ti con-
centrations in PZT film, revealing their composition gradient from
surface to interface (Fig. 3a, Zr content gradually decreases from sur-
face to interface and vice versa for Ti). Such a gradient distribution of
the composition in the epitaxial perovskite oxide films of ferroelectrics
has been investigated as the compositionally-graded ferroelectrics,
which is usually obtained by vapor-phase epitaxy”'***. However, a
single-domain film is actually quite difficult to fabricate because of the
paraelectric-ferroelectric phase transition of the film during the cool-
ing process of the vapor-phase epitaxy. As a comparison,
compositionally-graded and single-domain PZT films have grown on
Nb: STO substrate via such a low-temperature solution epitaxy
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Fig. 3 | Characterization of compositionally-graded structure in PZT
epitaxial films. a TOF-SIMS for the depth profiling of PZT film, implying a B-site
compositionally-graded structure. b Parameters a and c as a function of the inci-
dent angle a of the X-ray beam determined by synchrotron-based GIWAXS. ¢ Off-

axis X-ray RSM study about the pseudocubic 103-diffraction condition of PZT/Nb:
STO showing that the PZT film with compositionally-graded structure is coherently
strained to the Nb: STO substrate. d Schematic of the compositionally-graded
structure of PZT epitaxial film.

method. In addition, a scanning transmission electron microscopy
with energy dispersive X-ray spectroscopy (STEM-EDS) has been used
to detect the Zr content in the B-site at the interface and the surface of
PZT film (Supplementary Fig. 6), where the film composition devel-
oped smoothly from nearly PbTiO3 (at the interface) to nearly
PbZrq,Tig503 (at the surface). Further, we utilized synchrotron-based
grazing incident wide-angle X-ray scattering (GIWAXS) to study the
thickness-dependent unit cell parameters of the PZT films. Reduced
GIWAXS profiles with the various incident angle @ shown in Supple-
mentary Fig. 7 indicate that the d-spacing of (112)pzr and (202)pt face
monotonously decreases with « increasing, implying a lattice gradient.
More specifically, the unit cell parameter ¢ has been calculated to
expand with the Zr content increasing, whereas a does not change
significantly (Fig. 3b). Supplementary Fig. 4 shows a detailed statistical
analysis of the polarization gradients within the compositionally-
graded ferroelectric films. From Supplementary Fig. 4i, the out-of-
plane displacements of Zr/Ti ions gradually developed from
0.079+0.013 A near the interface to 0.129+0.019 A at the surface,
further supporting the downwards polarization and the existence of
polarization gradient. Meanwhile, the lattice constant c increases from
the interface (4.160+0.002A) to the surface (4.168+0.004A) in
Supplementary Fig. 4j, whereas no obvious change in the lattice a can
be observed. These results agree well with the results of synchrotron-
based GIWAXS (Fig. 3b). Off-axis X-ray reciprocal-space mapping
(RSM) about the 103-diffraction condition of PZT film and Nb: STO
substrate supports that the PZT film is c-axis oriented without forming
a-domains (Fig. 3c). The 103-diffraction peak of PZT film distinctly
extends in Q,, verifying the existence of the lattice gradient, arising
from the composition gradient. Based on the above results, the
compositionally-graded PZT film could be schematically described
in Fig. 3d.

One should note that the formation of PZT particles is more
favorable thermodynamically than the film. To understand the
formation of composition gradient, a reaction time-dependent
microstructure evolution of PZT films and particles has been

systematically investigated (Fig. 4c-j). Energy disperse spectro-
scopy (EDS) by SEM analysis indicates an opposite tendency of Zr
content (Zr/(Zr+Ti)) in PZT particles and films upon the reaction
time prolonged (Fig. 4a), revealing a possible competitive rela-
tionship between a homogenous nucleation-growth of PZT particles
and heteroepitaxy of PZT films on the substrates in solution. The
epitaxial growth of PZT films appears to be suppressed during the
initial stage (-3 h). In contrast, the Zr content in particles at this
stage (-33%) is extremely higher than the designed molar ratio of
~10%. As the reaction time is prolonged, Zr content in the films
gradually increases to ~-10% after a reaction of 12 h and the corre-
sponding one decreases in the particles. In addition, XRD patterns
of PZT particles synthesized at 2, 4, 8, and 12 h (20 between 20.5°
and 23.5°) in Fig. 4b supports this result, where a and ¢ of PZT
particles decrease from 3.931 and 4.177 A at 2 h to 3.921 and 4.167 A
at 8 h, respectively. Since the ionic radius of Zr** (0.720 A) is larger
than that of Ti** (0.605A)*, the decrease of ¢ during the reaction
from 2 to 8 h agrees well with the gradual decrease of the Zr content
in PZT particles. As discussed theoretically and experimentally, the
Gibbs energy of the formation of Zr-rich PZT is lower than that of Ti-
rich PZT in the Pb-Zr-Ti hydrothermal system” and the pure-phase
PbZro 5,Tip4g03 particles could be obtained in 2h at -200 °C*,
Therefore, it can be inferred that the particles undergo a rapid
process of homogenous nucleation to form a pure phase of PZT
particles (Zr-rich PZT), where the molar ratio is much higher than
the designed molar ratio of 10%. Most of Zr raw in the hydrothermal
system has been consumed to form pure-phase particles, and only a
few of Pb and Ti raw have been sustained in the solution at this time,
which may largely limit the heteroepitaxy of PZT on the substrate.
During the subsequent growth of the particles, an Ostwald ripening
process drives the re-dissolution of metastable Zr-rich PZT nano-
particles. This will give rise to an increase of Zr content in solution
and thus enable the heteroepitaxy of PZT. Therefore, the compo-
sition gradient can be formed in the film before the dissolution
balance among the PZT particles, films, and the solution is achieved.
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Fig. 4 | Competitive growth kinetically driven the emergence of the
compositionally-graded structure. a Zr/(Zr + Ti) molar ratio of PZT films and
particles spontaneously synthesized in the same autoclaves measured by EDS,
which were synthesized for different times by hydrothermal reaction. Each error
bar denotes the s.d. of the Zr/(Zr + Ti) molar ratio of three parallel samples. b XRD
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patterns of PZT particles synthesized for different times by hydrothermal reaction.
c-j SEM images of PZT films and particles obtained in the same autoclaves by
hydrothermal synthesis for (c, g) 2 h, (d, h) 4 h, (e, i) 6 h, (£, j) 8 h, respectively.
k-n Schematic illustration of four steps of the competitive growth that kinetically
drive the emergence of the compositionally-graded structure.

Herein, the Zr content in the solution as a function of the hydro-
thermal reaction time is simply illustrated in Supplementary Fig. 8,
and the continuous variation of Zr molar ratio in solution behaved
like the targets with different compositions for the vaper-phase
epitaxy.

According to the above results, a growth mechanism was pro-
posed in Fig. 4k-n, where the competition growth between the films
and particles drives the appearance of compositionally-graded PZT
films. At the initial stage of hydrothermal reaction, it is thermo-
dynamically preferred that most of raw materials (especially for Zr)

homogenously nucleate and grow in particles, while the nucleation
and growth of epitaxial film on substrate is thus kinetically limited
(Fig. 4k, first 2-3 h). As the reaction proceeded, the dissolution of
particles dynamically changed the Zr/(Zr+Ti) molar ratio in solution,
providing varying Zr concentration for the epitaxy, resulting in the
compositionally-graded PZT film (Fig. 41-n, 4-12 h).

It has been predicted that large built-in electric fields could be
obtained in compositionally-graded ferroelectrics that give rise to a
polarization gradient®. Accordingly, a built-in electric field has been
identified in the compositionally-graded PZT films, supported by a
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Fig. 5 | Dielectric properties of the compositionally-graded single domain
PZT film. a, c Room temperature dielectric permittivity (a) and loss tangent (tan6)
(c) as a function of frequency for PTO film and the compositionally-graded PZT
(PbZrTi;—«03, x=0.03, 0.05, 0.10, and 0.15) films with an ac excitation voltage of
500 mV. b Dielectric constant of PZT (PbZr,Ti;—O3, x=0.0, 0.03, 0.05, 0.10, and
0.15) by phase-field method. d Room temperature dielectric (open data) and loss
tangent (filled data) as a function of ac voltage at 10 kHz for compositionally-

Frequency (kHz)

graded PbZr;Tip003. The linear fit of the dielectric constant versus applied ac
voltage using the Rayleigh law. e Dielectric permittivity as a function of tempera-
ture for PTO film and the compositionally-graded PZT films (PbZr,Ti;—xO3, x = 0.10,
and 0.15) measured with a 10 kHz ac excitation voltage of 500 mV. f Dielectric
permittivity change in the frequency range from 1 to 100 kHz for various films and
ceramics.

~1.36 V photovoltage (Supplementary Fig. 9). To determine the
dielectric and pyroelectric property possibly modified by the built-in
field, a sandwich structure capacitor of the films was fabricated, in
which Ag electrode (area: ~0.00785 cm?, thickness: ~40 nm) and 0.7 wt
% Nb: STO electrode were used, respectively.

Figure 5a shows the frequency-dependent permittivity of the pure
PbTiO; (PTO) film and the compositionally-graded PZT (PbZr,Ti1.403,
x=0.03, 0.05, 0.10, and 0.15) films that have a similar thickness
(Supplementary Fig. 1). Interestingly, these single-domain epitaxial
films exhibit a low permittivity that gradually decreases as Zr con-
centration grows, and their dielectric relaxation above 100 kHz is lar-
gely suppressed, resulting in a stable permittivity (<4% change) from
1kHz to 1MHz for PbZrq;Tig 903 and PbZrg sTip gs03, agreeing with
the result calculated by phase-field method in Fig. 5b. In particular, the
compositionally-graded PbZrq5Tiggs05 film yields a dielectric per-
mittivity of ~50 at 10 kHz. This value is much lower than the permit-
tivity (-90) of single-domain PbZr(,TipgOs film'®. In addition, the
present permittivity is also lower when the up-graded from
PbZr(,Tig.g03 to PbZrg sTig .05 film (-83)”Y, in which a built-in electric
field is up to ~200 kV/cm that efficiently diminishes the extrinsic con-
tribution of the 90° domain wall. Moreover, the permittivity is quite
stable in the frequency range from 1 to 100 kHz, which is superior to
that of other films and ceramics, as indicated in Fig. 5f*°~**, Such low
and stable permittivity is probably attributed to the single-domain
structure and built-in electric field that suppresses the small signal
susceptibility of dipoles'.

Correspondingly, the loss tangent (tand) of PbZr;Tipo03 and
PbZrg15Tip 8505 films is below 0.03 at 60 kHz (Fig. 5c). Furthermore, a
detailed Rayleigh behavior investigation has been used to verify the
intrinsic-extrinsic contributions to the dielectric properties of PZT
films, where Rayleigh law

& =& taky 1)
could greatly extract the extrinsic contribution of the dielectric

permittivity**. The linear fitting of dielectric permittivity versus applied
ac voltage at 10 kHz using the Rayleigh law, was shown in Fig. 5d

(PbZrg1Tip.003) and Supplementary Fig. 10 (PTO and PZT films). The
&nie indicates the part of intrinsic permittivity, while the Rayleigh
coefficient (a) gives a quantitative measurement of the extrinsic con-
tribution to the permittivity, such as the irreversible displacement of
the domain walls under an external field. The values of the Rayleigh
coefficient for PTO, PbZrg Tip003, and PbZrgsTigssO3 are 0.006,
0.042, and 0.051, respectively, which are almost an order of magnitude
smaller than the previous reports (Supplementary Table 1). This result
reveals a dominant and intrinsic contribution to the low and stable
permittivity. As predicted, the built-in field induced by the flexoelectric
effect could diminish a temperature dependence of the polarization
and susceptibility of ferroelectrics>. Therefore, we conducted
temperature-dependent permittivity measurements on the films in
Fig. 5d. It was found that PbZrq;Tip.003 and PbZrg 15Tip 8503 films yield
a stable permittivity from room temperature to 280 °C owing to the
composition gradient. In contrast, the permittivity of PTO abruptly
increased above 200°C, corresponding to a ferroelectric phase
transition®.

Low permittivity and high polarization are desirable for optimiz-
ing the pyroelectric effect, which can be discussed by figure of merit
(FoM)

K =mT/C .8 )
where m is the pyroelectric coefficient, T is the temperature of
operation, C, is the heat capacity, and &g is the permittivity of free
space’'*?¢, A pyroelectric response of the films under 1064 nm near-
infrared (NIR) laser irradiation has been investigated in Supplemen-
tary Fig. 11. The pyroelectric current (2.6 nA) of compositionally-
graded PbZrg 15Tio 5503 film is 2.4 times higher than that of pure PTO
film. In addition, a steady-state short-circuit current of ~12.0 pA
(1.527 mA/cm?) under 375 nm irradiation has been obtained, demon-
strating a quick switching-on light response (Supplementary Fig. 12).
By using a dynamic method”*” (Methods, Supplementary Fig. 13 and
Supplementary Table 2), the pyroelectric coefficients of
PbZrg1Tig 903 and PbZrg5Tig 8503 films have been determined to
be —265 and -274 pC/m’K, respectively. One should note that the low
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dielectric permittivities of the compositionally-graded PbZrq 1 Tig 905
and PbZrq 15Tig 503 films allow to obtain improved figures of merit
of 0.0139 and 0.0166, which are ~1.2 and ~1.5 times higher than that of
compositionally up-graded PbZr(,Tipg03 to PbZrygTip,0s3 film™,
respectively.

In summary, the solution epitaxial growth of single-domain PZT
(PbZr,Ti;—05, 0<x<0.15) films with smooth composition gradients
has been achieved on Nb: STO substrates. The competitive growth in a
closed solution system allows for kinetically driving the composition
gradient. Correspondingly, the single-domain structure of the film has
been revealed to be synergistically stabilized by the oxygen vacancies
on the surface and the electronic polarization screening from the
substrates, yielding a uniform and downward polarization pointing to
the substrates. These compositionally-graded PZT films demonstrate
an extremely low dielectric permittivity (-50) with excellent frequency
(1-100 kHz) and temperature (room temperature to 280 °C) stability.
Due to the composition gradient, a prominent photovoltaic effect and
pyroelectric current have been obtained in the ultraviolet and near-
infrared range. These findings would offer the opportunity to elucidate
intrinsic physic properties of the compositionally-graded ferro-
electrics and make them highly attractive for dielectric, pyroelectric,
and passive optoelectrical detection applications.

Methods

Materials

Lead nitrate (Pb(NO3),, 299.0%), zirconium oxychloride octahydrate
(ZrOCl,-8H,0, 299.9%), tetrabutyl titanate (TBOT, 298.0%), potassium
hydroxide (KOH, >85.0%), methyl cellosolve (=99.5%), ammonium
solution (the NH; content is 25-28%), acetone (=99.5%), and ethanol
(299.7%) were purchased from Sinopharm Chemical Reagent Co. Ltd.
and used without further purification. 0.7 wt% Nb: SrTiO; (Nb: STO)
single-crystal substrates with dimensions 10 x 10 x 0.5 mm?® and (100)
orientation were obtained from Shenyang Baijujie Corporation, and
they were two-side polished.

Film preparation

PZT (PbZr,Ti;—403, 0<x<0.15) films were synthesized by a solution
epitaxy consisting of co-precipitation and hydrothermal processes as
follows: ZrOCl,-8H,0, TBOT, and Pb(NO), were used as starting
materials. KOH was used as a mineralizer. Nb: STO substrates were
cleaned ultrasonically with acetone, ethanol, and deionized water
before use, and then they were placed in a Teflon holder for drying.
Firstly, 0.03-0.08 g ZrOCl,-8H,0, 0.75-0.98 g Pb(NO3), and corre-
sponding TBOT were dissolved in methyl cellosolve to synthesize the
precursor solution. Note that the Pb/(Zr + Ti) molar ratio was set as
1.2:1. Excess ammonium solution was dripped into the precursor
solution to obtain the co-precipitation of Pb, Zr, and Ti. The co-
precipitate was filtered out and cleaned five times with deionized
water. Secondly, the co-precipitation was added to a KOH solution, the
concentration of which was ~1.5 mol/L. After a 2-h continuous stirring
process at room temperature, the Nb: STO substrate was placed in the
solution of the autoclave in preparation for the hydrothermal treat-
ment under 220 °C for 3-24 h. During this period, the Nb: STO sub-
strate was held horizontally at a height of 15 mm above the bottom of
the autoclave. After the hydrothermal treatment, the resulting pro-
ducts underwent a thorough washing process using deionized water
and ethanol several times. Subsequently, they were dried in air at a
temperature of 60 °C to enable further characterization.

Characterization

The structures of the PZT/Nb: STO samples were comprehensively
characterized using a variety of advanced techniques. X-ray Diffraction
(XRD, Rigaku D/max-RA, Cu K radiation, A1 =1.5406 A) was employed
to analyze the crystalline structure. The surface morphology was
examined by a scanning electron microscope (SEM, Hitachi SU-70) and

a Scanning probe microscope (SPM, Asylum Research, Cypher S and
MFP-3D). The synchrotron radiation GIWAXS measurements of
PZT/Nb: STO samples were conducted at the beamline 17B1 of
Shanghai synchrotron radiation facility (SSRF), China, where the X-ray
wavelength is 0.6887 A and the area detector is Pilatus3 2M. The
Bruker D8 Discover Diffractometer was used to perform X-ray reci-
procal-space mapping (RSM). This diffractometer was equipped with a
high-brilliance rotational Cu X-ray source, DUO detectors of the Scin-
tillation counter, and LynxEye detector. The PZT/Nb: STO samples
were measured in a grazing-incidence mode, with an exposure time of
5's for each pattern. To extract thin-film lamellae from the bulk PZT/
Nb: STO sample, an integrated Focused lon Beam (FIB, Helios nanolab
600) and SEM (Hitachi S4700) were utilized. The Pt layer was depos-
ited on the film surface to protect it from damage. Subsequent cross-
sectional observations of the film were performed using a Transmis-
sion Electron microscope (TEM, FEI Tecnai G2 F20 S-TWIN) and an
aberration-corrected transmission electron microscope (FEI Titan G2
80-200 Chemi STEM). The depth profiling of the ion signals through-
out the films was characterized by Time-of-flight secondary ion mass
spectra (TOF-SIMS, lontof TOF.SIMS 5), with an experimental area of
200 pm x 200 um. In the TOF-SIMS depth profiling, which was in
positive polarity, a 30 keV primary-ion beam of Bi;" first impacted the
film surface, followed by a 2 keV sputtering beam of O,.

Polarization measurement

Both the oxygen octahedra and the Zr/Ti ions possess displacements
from the center of the Pb ions within the tetragonal cell, which sub-
sequently leads to the occurrence of spontaneous polarization. The
displacements of Zr/Ti ions can serve as a means to determine the
polarizations of PZT unit cells®®. Consequently, the shifts of the Zr/Ti
ions relative to the center of the four nearest Pb ion columns were
quantified in cross-sectional HAADF-STEM-based images of extracted
thin-film lamellae through the utilization of Digital Micrograph
software.

Electrical measurement

Measurements of dielectric, photovoltaic, and pyroelectric properties
were completed with a capacitor structure with Ag (Pt) as the top
electrode and Nb: STO substrates as the bottom electrode. Ag (Pt)
electrodes (area: ~0.00785 cm?, thickness: ~40 nm) were deposited on
the PTO or PZT surface by direct current (dc) sputtering (SD-3000).
The frequency-dependent and temperature-dependent small-signal
permittivity and the loss tangent were measured using a precision
impedance analyzer (Agilent 4294A).

Pyroelectric coefficient measurement

The stable pyroelectric current was measured using a Keithley 2636B
electrometer test system in the heating or cooling process with a
constant heating or cooling rate (10 °C/min) between 20 and 30 °C.
Pyroelectric coefficients analyzed by a dynamic method™* can be
calculated by

- p
”_Axdt (3)

-

j=¥

where  is the pyroelectric coefficient, /, is the pyroelectric current, A
is the area of electrode, d7/d¢ is the rate of temperature change.

Photovoltaic and pyroelectric measurement

Photovoltaic and pyroelectric properties of PZT films were collected
using optical units from Thorlabs and source measure units (Keithley
2450). The samples were tested for photovoltaic current by illumi-
nating with light from a continuous-wave 375-nm laser (MDL-III-375).
To further illustrate the pyroelectric sensibility, a continuous-wave
1064-nm laser (MIL-111-1064) was chosen as the heat source to irradiate
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the samples. The current oscillations were achieved by switching the
laser periodically on and off.

Phase-field method

In the present work, the domain structure uses spontaneous polar-
ization P=(P,, P, P,) as the order parameter’ ", The temporal evo-
lution of the polarization field is solved by the time-dependent
Ginzburg-Landau (TDGL) equation:

oPr,y) __, OF
ot 6P(r,t)

=X,z 4

where ris the spatial coordinate, t is the evolution time, L is the kinetic
coefficient that is related to the domain evolution. F is the total free
energy of the system, the thermodynamic driving force for polariza-
tion evolution. The total free energy of a bulk system can be defined as
follows

fF= /V [fbulk *+fvail *f elastic +fe|ec} av ©)]

Here, F includes the bulk free energy density f,,,, domain-wall energy
density f, elastic energy density f..qic, and electrostatic energy
density f jec-

The bulk free-energy density is expressed for zero strain as a six-
order polynomial expansion, that is

Sou= "’1(P1+P2+P3)“‘0‘11(P1+ z*P)*“12(P2P2+P2P2+P2P3)*am(P1+P2+P6)

+0(112[P‘1‘(P§+P§)+ (P2+P2) (Pf”Pg)}*“mPlePs

(6)

where a;, a;, and agy are the Landau parameters that can be obtained
from the experiment.
The specific expression of the elastic energy density is as follows

1

f elastic ~ l_/kl (‘9 g/(()[) (7)

0
— €j)(Ex —

where Cy, is the elastic stiffness tensor, & is the total strain, and g;° is

the spontaneous strain during the phase transformation. The sponta-

neous strain is related to the polarization by the electrostrictive

coefficients &;° = QuuPxP;, where Qjy is the electrostrictive coefficient.
The domain-wall energy density is written as

Swan = yk[P 1Pk, 1 3

where Gy, is the gradient coefficient.

The electrostatic energy can be expressed as**

f elec = appl P— 2E dipole P (9)

where £, is the applied electric field, £ g0 is the dipole-dipole
interaction field. The potential is obtained through the electrostatic
equilibrium equation®,

For PZT", parameters in detail are provided as,

a,=(T — T)/2wyCo)C2m2N (10)

ay =(10.612 — 22.655x +10.955x%) x 101 /C,C*m®N (11

ap=m/3 - auC_4m6N (12)

gy = (12.026 — 17.296x +9.179x%) x 102 /C,C*m!°N  (13)

ay, =(4.2904 — 3.3754x +58.804e22397%) x 10 /C,C°*m'°N  (14)

A3 =11; — 3ay; — 6a;,C°m°N (15)

N, =[2.6213 + 0.42743x — (9.6 + 0.01250Lx)e 2% x 10" /C,  (16)

=[0.887 — 0.76973x + (16.225 — 0.08865Lx)e 21 >*x 105 /C,

17)
When 0<x<0.5,
Co- 21716 4 o131e+2.01] x10° (18)
1+500.05(x — 0.5)
When 0.5<x <1,
Co= |28 . 14132|x10° 19)
1+126.56(x — 0.5)

X is the mole fraction of PbTiO;3 in PZT and w is the dielectric per-
mittivity of a vacuum. The electrostrictive coefficients*” and elastic
constants*®;

Q= %782 +0.042796x +0.045624 C*m*  (20)
1+200(x — 0.5)

Q= 2026568 4 412093x - 0.013386 C2m*  (21)
1+200(x+0.5)

Qu= 2| 09235 4 00857x+0.046147|C 2t (22)

2{1+200(x — 0.5/

s1=8.0x102m?NY, 5;,=-2.5%x10 2 m*N}, 54, =9.0 x 102 m?N L. The
gradient energy coefficients” are Gu/Guo=0.6, Gp/Guo=0,
G44/G110= 0.3, where Gy10=1.73 x10™® C> m* N. The simulation scale is
64 x 64 x 64, and the grid scales are 1 nm. We employed periodic
boundary conditions. The semi-implicit Fourier-spectral method was
used for solving the equations.

Reporting summary
Further information on research design is available in the Nature
Portfolio Reporting Summary linked to this article.

Data availability

The data generated in this study are provided in the Supplementary
Information/ Source Data files. Source data are provided with
this paper.
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