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Lead zirconate (PbZrOs) stands out as the prototypical antiferroelectric material, often studied for its
applications in link capacitors and actuators. However, the conventional fabrication of single crystal films
necessitates costly vacuum techniques and face scalability challenges. Exploiting scalable solution-based
methods could unlock their full potential at reduced costs. Here, a chemical route for the preparation of high-
quality single-crystal PbZrOs thin films on Nb-doped SrTiOz substrates is presented. Films with different
thicknesses were grown and their structure was characterized by X-ray diffraction and transmission electron
microscopy. Metal-insulator—metal capacitors were built to study their electrical switching characteristics. An
unexpected ferroelectric-like switching is observed in 170 nm-thick film, while antiferroelectric-like switching
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is observed in 680 nm-thick films. The presence of ferroelectric-like switching is associated with the defect

Open Access Article. Published on 24 March 2025. Downloaded on 2/10/2026 3:20:29 AM.

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

(cc)

rsc.li/materials-advances

1. Introduction

Antiferroelectrics (AFE) can be seen as materials where sublattices of
electric dipoles can be identified at the microscopic scale that are
aligned in opposite directions and cancel out, making them
macroscopically non-polar.* In addition, at a critical electric field
(Eare_rE), a reversible electric-field-induced phase transition from
the non-polar to a polar state takes place,” which is the most unique
property of antiferroelectric materials and opens exciting applica-
tions for link capacitors,”” electrocaloric cooling devices,® actuators’
and electro-optic devices.** Among the available antiferroelectric
materials, lead zirconate (PbZrO;) is known as the prototypical
system. Upon cooling down it undergoes a phase transition at
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formation during the high-temperature annealing of the films.

around 510 K from a cubic paraelectric to an orthorhombic antiferro-
electric phase where the Pb*" ions are displaced along the [100],
direction of the orthorhombic unit cell.">""

High-quality lead zirconate single crystal films can be grown by
pulsed laser deposition>® and metal organic chemical vapor
deposition."” However, these techniques require expensive vacuum
technologies and are not easily scalable.® On the other hand,
chemical solution deposition processes are a low-cost, scalable
alternative to manufacture functional thin films,'*** due to their
compatibility with roll-to-roll processing,”® direct patterning
methods® and low-temperature processing.® Some reports can
be found in the literature where high quality polycrystalline films
are prepared using these methods.**2® However, the achievement
of high quality single crystal films by solution deposition methods
can be challenging due to the formation of grains, secondary
phases, or defects during processing.

Here, a low-cost solution process for the fabrication of single
crystal PbZrO; films on SrTiO; substrates is reported. A classical
2-methoxyethanol-based chemistry is used to prepare the precursor
solution.” The films grow in (120), and (001), out-of-plane orthor-
hombic domains and are fully relaxed for all investigated thicknesses.
Macroscopic electrical characterization studies show that 170 nm-
thick films display ferroelectric-like switching, while 680 nm-thick
films display antiferroelectric-like switching behaviour. The
ferroelectric-like switching is explained by considering the formation
of pinning defect complexes during the high-temperature annealing
step, caused by sublimation of lead. Our results demonstrate the
potential of solution deposition processes for the synthesis of single
crystal thin PbZrO; films and highlight the role of defects on their
behaviour.

© 2025 The Author(s). Published by the Royal Society of Chemistry
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2. Experimental

2.1. Thin-film fabrication

The PbZrO; precursor solution was synthesized from freeze-
dried lead(u) acetate (99.99%, Merck) and a zirconium(iv)
propoxide solution (70% in propanol, Merck). The precursors
were dissolved in anhydrous 2-methoxyethanol (99.8%, Merck).
Acetylacetone (99.5%, Merck) was used as a chelating agent.
The mixture was refluxed for two hours under an argon atmo-
sphere. The solution was then distilled and diluted with
2-methoxyethanol until it reached a concentration of 0.3 M. A
Pb excess of 20% was used to compensate for PbO sublimation.
PbZrO; films were deposited by spin coating technique. (100)-
oriented Nb-doped SrTiO; substrates (Crystal GmbH) were cleaned
first in acetone, isopropanol, and then in water. Subsequently, the
substrates were annealed at 400 °C for 10 minutes before deposition.
The precursor solution was spin-coated at 3000 rpm for 30 seconds,
followed by a drying step at 130 °C for 3 minutes and a pyrolysis step
at 350 °C for 3 minutes. The films were crystallized in a rapid thermal
annealing furnace (AS-Master, Annealsys) at 700 °C for 5 minutes in
air. A thickness of 170 nm is obtained for each annealing cycle and
thicker films were obtained by repeating those steps. PbZrO; thin
films with a thickness of 170 nm, 340 nm, and 680 nm were prepared.
To remove surface pyrochlore, a PbO capping layer was deposited on
the top and crystallized at 700 °C. The remaining PbO crystals were
removed (see Fig. S1, ESIf) with acetic acid (99.8%, Merck). To
measure the ferroelectric properties, parallel plate capacitors were
fabricated by lift-off photolithography and platinum sputtering.

2.2. Thin-film characterization

The crystal structure was analysed by X-ray diffraction (XRD) on a
Bruker D8 diffractometer (Bruker, USA) in locked-couple configuration
using Cu-Ko radiation. Lamella samples for scanning transmission
electron microscopy (STEM) analyses were prepared with a focused
ion-beam (FEI Nanolab Helios 650 - FIB). STEM studies were carried
out using a probe Cs-corrected Jeol ARM 200 CF operated at 200 kV
equipped with Centurio EDX system. The 4D-STEM dataset was
acquired with a Merlin pixelated detector (Quantum Detectors,
Oxford, UK). The center of mass and its derivatives were determined
using a self-written Python code. Ferroelectric measurements were
carried out at room temperature using a TF Analyzer 2000 (aixACCT,
Germany). P(E) loops were measured at a frequency of 100 Hz and a
field amplitude of 1250 kvV em™ . The measurement was performed
by contacting two top electrodes to minimize the presence of imprint
fields. This configuration is equivalent to measuring two capacitors in
series with the conductive Nb-doped SrTiO; substrate acting as the
common electrode between the two capacitors.

3. Results

3.1. Microstructure analysis

0—20 XRD patterns (Fig. 1(a)) reveal the perfect (001), orienta-
tion of PbZrO; films and the absence of pyrochlore peaks at all
thicknesses. The (002),. peak of the film (Fig. 1(b)) is split into
two peaks corresponding to the expected (240)o and (004)o
orthorhombic reflections. Their positions match well the

© 2025 The Author(s). Published by the Royal Society of Chemistry
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theoretical positions of the orthorhombic Pbam phase. Besides,
the peaks do not shift with increasing thickness, indicating that
there is no significant stress relaxation with increasing thick-
ness. In order to check the in-plane orientation, ¢-scans were
carried out for the (110)o and (042), oblique reflections of the
film and the (101)¢ reflection of the SrTiO; substrate (Fig. 1(c)).
All ¢-scans show a 4-fold symmetry. The (110), of the films are
found at the same ¢-angle as the substrate (101) and reveal the
presence of the 4 domain variants expected with a (120)o
direction out of plane (see Fig. S2 for the detailed depiction
of the orientations of all possible ferroelastic domains, ESIT).
The (042), reflections - corresponding to pseudo-cubic
(111),. — are observed, as expected, at ¢-angles shifted by 45°
with respect to the (101)¢ substrate peaks. Overall, this demon-
strates a single crystal, multidomain state with the presence of
all 6 possible ferroelastic domain variants. The presence of all
variants suggests that the film is not under any anisotropic
stress high enough to create a preference for any particular
domain orientation when the film is cooled down from the
cubic phase at the crystallization temperature of 700 °C to
below T¢.

Detailed microstructure was analysed using STEM. High-
angle annular dark-field (HAADF) and bright-field (BF) STEM
micrographs (Fig. 2(a) and (b)) of the 170 nm-thick films reveal
a dense film with some pores present at the interface between
the film and the substrate (see circles in Fig. 2(b)). A nano-
grained layer of approximately 10 nm is present at the top
surface. It is revealed to be Pb-deficient by energy-dispersive
X-ray spectroscopy (EDXS) (see Fig. S3, ESIT), pointing towards
the presence of a surface secondary phase. Additionally, a
gradient of the Pb/Zr ratio, with more Pb at the film/substrate
interface, is observed. Both are typical features of solution-
deposited Pb-based perovskites.”” The shaded areas indicate
the formation of different ferroelastic domains formed as the
film is cooled down below T after crystallisation. Fig. 2(c)
shows the selected area diffraction (SAED) of the area shown in
the miniature. It indicates that the PbZrO; is a single crystal,
oriented towards the [100]p direction, which corresponds to
the [120]o and [002], orientations in the orthorhombic nota-

tion. 1 superlattice spots from an antiferroelectric domain
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Fig. 2 Scanning transmission electron microscopy (STEM) images of 170 nm-thick film. High-angle annular dark-field (HAADF) (a) and bright-field (BF)
(b) STEM micrographs of 170 nm-thick film. White circles in (b) highlight pores. (c) Selected area diffraction pattern (SAED) of the PbZrOg film in [100],c
zone axis showing % superlattice spots in (110) directions. (d) High resolution HAADF micrograph of the film/substrate interface with corresponding (e)
Inverse filtered fast Fourier transform (i-FFT) image with marked dislocations and (f) Virtual low-angle-dark-field image of the film/substrate interface
created from a 4D-STEM dataset where higher contrast represent higher local strain at the film/substrate interface.

structure are also observed. A closer look at the interface quality
is shown in Fig. 2(d). The HAADF TEM micrograph shows an
atomically flat interface. At the film/substrate interface, a
greater number of dislocations can be observed (Fig. 2(e)), that
lead to a full relaxation of epitaxial strains within the first 5 nm
of the film, as shown in Fig. 2(f). This agrees with the absence
of strain seen in XRD diffractograms.

The detailed microstructure of the 680 nm-thick films is
shown in Fig. 3. The BF and HAADF STEM micrographs in
Fig. 3(a) and (b) reveal dense films with some pores present at
the interface between layers. A gradient in the Pb/Zr ratio can
be observed in Fig. 3(c), displaying a Zr-rich and Pb-deficient
interface between the successive layers. The four layers, corres-
ponding to each crystallization step, can be identified. The
SAED patterns in Fig. 3(d) reveal 1 superlattice spots in the
[110],. directions, which reveals both the antiparallel displace-

ments of Pb and domain coexistence, as previously
observed.**®
3.2. Electrical properties

Fig. 4 shows polarization-electric field (P(E)) loops as well as
the corresponding loops of current density (j(£)) for the films
with thicknesses between 170 nm and 680 nm. The absence of
notable leakage current even at high field indicates the high
quality of the films. Complex switching curves were observed
for all samples, with j(E) displaying multiple peaks indicating
poling and depoling processes.

For the 170 nm thick film, there appears to be two
main peaks for both positive and negative electric fields at

2650 | Mater. Adv, 2025, 6, 2648-2653

Fig. 3 STEM images of a 680 nm-thick film. High-angle annular dark-field
(HAADF) (a) and bright-field (BF) (b) STEM micrographs of 680 nm-thick
film. (c) Composite EDXS image of PbZrOs film using Zr K (green) and Pb M
lines (blue). (d) Selected area diffraction pattern (SAED) of the PbZrOs film
in [100],c zone axis showing %‘ superlattice spots in (110) directions.

950 kv em ™" and partial back-switching with decreasing field at
200 kv cm ™. The exact field is difficult to determine because of
the breadth of the peak. Two more peaks are observed at
300 kv cm ™! with increasing field, but appear only weakly.

© 2025 The Author(s). Published by the Royal Society of Chemistry


http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d4ma01155d

Open Access Article. Published on 24 March 2025. Downloaded on 2/10/2026 3:20:29 AM.

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

(cc)

View Article Online

Paper Materials Advances
S 45/170 nm T 340 nm 1 680 nm 1
g
5 30 - -
Q
= 15 + .
8 0 / 7 /

2 -15 1 E

=

= =30 1 .

(=W

oAs ] ]

£ 0.10 ] ]

j‘;: 0.05 FEoARE|  AFEZFE ] J’k— 1
FE poling

) /s FEpoling:?:f— \r

2005 \/ ] -

g 0 10 AFE — FE

£ 0 - -

Q

-1.0 -05 0.0 05 1.0
Electric Field (MV cm™)

-1.0 -05 0.0 05 1.0
Electric Field MV cm™)

-1.0-05 00 05 1.0
Electric Field MV cm™)

Fig. 4 P(E) and j(E) loops of the PbZrOs films with different thicknesses. The measurements were performed at 100 Hz.

With increasing film thickness, the peaks become more pro-
nounced, in agreement with the increasing antiferro-
electric nature of the films. For the 340 nm thick films, the
Eare_ pe decreases to 744 kV em ™! and the Epg_, opg increases to
365 kv em ™.

The P(E) loop for the 680 nm thick film most closely
resembles that expected for an antiferroelectric, with an anti-
ferroelectric—ferroelectric transition field Eapg_ g, defined by
the maximum of the poling current, of 620 kV cm™ ' and the
reverse process occurring when the field drops again below
Epp_app at 380 kV cm™'. These peaks are interpreted as
indicating the build-up of polarization during the field-
induced transition of the AFE part of the films to a FE phase
(620 kv em™ ') and the return to the AFE phase after field
removal (380 kV cm™'). The peak splitting in the AFE — FE
transition indicate that different regions of the film transition
at slightly different electric fields. This may arise from dissim-
ilar domain nucleation and growth energies at the different
electrode/antiferroelectric interfaces.>®

Ferroelectric switching is evident even in the 680 nm thick
film, as indicated by the peaks in the j(E) loops below
200 kV cm™', resulting in a remanent polarization of P, =
4.7 uC cm 2. The continued existence of the peaks assigned
to the switching of FE domains indicates that the film is still a
mixture of both AFE and FE phase contents.

A transition from an antiferroelectric-like behavior to a more
ferroelectric-like behavior is also observed upon repetitive
cycling of the capacitor. This is shown on the example of the
P(E) and j(E) loops of the 340 nm thick film in Fig. 5. The
sample is cycled at a frequency of 100 Hz and an amplitude of

© 2025 The Author(s). Published by the Royal Society of Chemistry

1250 kV ecm . After a preset cycle number, cycling is inter-
rupted and a hysteresis measurement is taken. As already seen
in Fig. 4, the first hysteresis curve shows a mostly antiferro-
electric behavior, but still has a low but non-zero remanent
polarization indicative of ferroelectric contributions to the
hysteresis. Upon cycling, the antiferroelectric-like loops trans-
form into ferroelectric-like shaped loops: the clear maxima of
the current density indicating the poling/depoling processes
merge into a single broad maximum indicating ferroelectric
domain reversal, and the remanent polarization increases until
a stable state is reached after less than 500 cycles.

4. Discussion

The high quality and epitaxial nature of the PbZrO; films
synthesized by a low-cost solution deposition method is
demonstrated by the structural, microstructural, and electrical
characterization. The complex switching curves, with j(E) dis-
playing multiple peaks that indicate poling and depoling
processes, together with the presence of 1/4 superlattice spots
indicate the presence of AFE domains in all films. Note that the
stronger AFE character of the thicker films cannot be directly
correlated with the intensity of the 1/4 superlattice reflections
along the (110) directions, as the diffraction pattern intensity
can be influenced by the TEM sample thickness and domain
orientation within the analyzed area. The unexpected appear-
ance of ferroelectric-like characteristics in the 170 nm-thick
film, the gradual transition to more antiferroelectric-like beha-
vior with increasing thickness, and the transition from an

Mater. Adv., 2025, 6, 2648-2653 | 2651
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antiferroelectric-like behavior to a more ferroelectric-like beha-
vior upon repetitive electrical cycling for the thicker films
require closer analysis.

Several mechanisms that can induce ferroelectricity in anti-
ferroelectric materials have been proposed in literature. First,
there is the emergence and stabilization of ferroelectric or even
ferrielectric phases through epitaxial strain as reported by
Chaudhuri et al.* and Liu et al®*® This, however, is rather
observed in ultrathin films at critical thicknesses below 20 nm,
which is an order of magnitude below the thicknesses reported
here. Besides, as revealed by TEM, the strain in our films is
relaxed within the first few nanometers and the positions of the
XRD peaks do not shift with thickness, also indicating identical
strain states in all the films. We also note that the appearance
of new polar phases by epitaxial strain have been shown to
cause a small remanent polarization in the double-hysteresis
loop and do not induce a full transition from antiferroelectric-
like to ferroelectric-like hysteresis loops. Therefore, this mecha-
nism is discarded as an explanation for the present results.

A more plausible scenario is a transition driven by the
formation of structural defects that interact with the
antiferroelectric-to-ferroelectric phase boundaries. Pan et al.*'
observed similar electrical characteristics in their PbZrO;
deposited by pulsed laser deposition using different O, partial
pressures, and therefore creating films with different point
defect concentrations. Their films deposited with low O, partial
pressure exhibit similar transitions from antiferroelectric-like
to ferroelectric-like hysteresis loops, both under high electric
fields as well as under repetitive cycling, highlighting the role of
defect formation in the hysteresis characteristics.

In the present case, the variation of oxygen vacancy concen-
tration results from the high-temperature processing. During
annealing of the amorphous films at 700 °C, PbO is prone to

2652 | Mater. Adv, 2025, 6, 2648-2653
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sublimation. As crystallization proceeds from the SrTiOs/
PbZrO; interface, this leads to a compositional gradient of
the Pb/Zr ratio through the thickness of the films, as evidenced
by the EDXS measurements. Pb vacancies are formed and
compensated by the creation of oxygen vacancies or the change
of valence state of the cations. If the off-stoichiometry becomes
too severe, a pyrochlore phase is stabilized. Indeed, TEM
reveals Zr-rich secondary phase on the surface, which could
be pyrochlore. The oxygen vacancies result in a stabilization of
the ferroelectric phase against the antiferroelectric phase. As
the films grow thicker, the specific surface, and with it the
influence of Pb sublimation, is decreased, so the films
approach the antiferroelectric behavior expected for PbZrOj;
in the bulk limit.

This leaves the question why the ferroelectric character
increases with cycling. As this phenomenon is already observed
within the first few cycles, diffusion or drift of the ionic defects
can be excluded as a possible cause. We propose a hypothesis
based on the existing defects hindering the AFE — FE transi-
tion during field decrease. During the first loop, the fraction of
sample volume in the antiferroelectric phase is still relatively
large, and as a consequence the character of the hysteresis is
still largely antiferroelectric. With each field excursion, some of
this volume is switched to the ferroelectric phase and prevented
to return to the antiferroelectric phase by the defects; as a
result, the ferroelectric character increases with each cycle,
until practically the entire volume is ferroelectric.

5. Conclusion

In summary, a method to prepare epitaxial single crystal
PbZrO; films by solution deposition is described. Epitaxial
strain is relaxed due to the formation of dislocation in the first
5 nm of the films. The films with a thickness of 680 nm display
antiferroelectric switching properties. However, an unexpected
ferroelectric-like switching is observed as the film thickness is
reduced and is even dominant in the 170 nm films. This
behaviour is associated with defect formation during the
high-temperature annealing of the films, e.g., lead gradients
within the film, whereby pinning defects prevent the back-
switching, i.e. the antiferroelectric-to-ferroelectric phase transi-
tion. Thicker films minimize the impact of lead-deficiency
gradients and the defect-induced stabilization of ferroelectric
domains. The control of these defects, both by controlling the
stoichiometry during film synthesis or later by electrical cycling
opens the opportunity to manipulate the switching properties
of antiferroelectric PbZrO;.

Data availability

The raw data generated in this study have been deposited in the
Zenodo repository under DOI: 10.5281/zenodo.15084379.
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