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Abstract: AgNbO3 antiferroelectric materials have become a hot topic due to their typical double
polarization–electric field loops. AgNbO3 films usually exhibit superior properties to bulks. In this
work, AgNbO3 films were fabricated via the pulsed laser deposition on (001) SrTiO3 substrate with
(La0.5Sr0.5)CoO3, LaNiO3 and SrRuO3 bottom electrodes, in which the (La0.5Sr0.5)CoO3, LaNiO3 and
SrRuO3 bottom electrodes were used to regulate the in-plane compressive stress of AgNbO3 films. It
is found that AgNbO3 films deposited on (La0.5Sr0.5)CoO3, LaNiO3 and SrRuO3 bottom electrodes are
epitaxial with dense microstructure. In changing the bottom electrodes from (La0.5Sr0.5)CoO3, LaNiO3

to SrRuO3, the in-plane compressive stress of AgNbO3 thin films becomes weaker, which leads to
increased relative dielectric permittivity and reduced antiferroelectric–ferroelectric phase transition
electric field EF from 272 kV/cm to 190 kV/cm. The reduced EF implies weakened antiferroelectric
stability in AgNbO3 films. It can be seen that the antiferroelectric stability of AgNbO3 films could be
regulated by changing the bottom electrodes.

Keywords: AgNbO3; antiferroelectric; film; in-plane compressive stress

1. Introduction

AgNbO3-based ceramics, as lead-free antiferroelectric (AFE) materials, have aroused
enormous interest in dielectric energy storage [1–6]. Besides its multifunctionality, AgNbO3
is an intriguing system due to its rich phase structures in sequence of:

M1
67 °C−−−→ M2

267 °C−−−→ M3
353 °C−−−→ O(O1, O2)

387 °C−−−→ T 579 °C−−−→ C

where, the cubic C phase, tetragonal T phase and orthorhombic O phase are high-temperature
paraelectric (PE) phases, both M2 and M3 phases are AFE, while M1 phase is ferrielectric
(FIE) phase dominated by the AFE phase caused by the non-centrosymmetric structure of
Pmc21 space group [7]. Since the M1-M2 phase transition temperature is normally above
room temperature, AgNbO3 ceramics usually show FIE M1 phase at room temperature,
which leads to a non-zero remnant polarization Pr and hysteresis in polarization–electric
field (P-E) loops. The AFE stability of AgNbO3-based ceramics can be enhanced by stabiliz-
ing M2 or M3 phase at room temperature via ions doping [8–10]. For example, Sm-doping
or La-doping can lead to M1-M2 phase transition at room temperature and thus enhance
the AFE stability in AgNbO3-based ceramics [8,9]. Higher AFE stability can be realized in
Ta-doped AgNbO3 ceramics due to the reduced polarizability of B-site cation and stabi-
lized M2 phase at room temperature [10]. While in contrast, Li-doping or K-doping can
enhance the ferroelectric (FE) property in AgNbO3 ceramics owing to the AFE-FE phase
transition [11,12]. For example, a strong local polarization can be effectively induced by Li-
substitution in AgNbO3 ceramics, which favor a rhombohedral distortion [11]. A strong FE
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state is realized in K-doped AgNbO3 ceramics [12]. Beside ions doping, the AFE/FE prop-
erty of the AgNbO3-based ceramics can be affected by pressure. AgNbO3 ceramic shows
enhanced AFE property as under an applied hydrostatic pressure, which is confirmed by
the increased AFE-FE phase transition electric field EF and FE-AFE phase transition electric
field EA [13]. (Ag0.935K0.065)NbO3 ceramics are FE state when the applied hydrostatic pres-
sure is 0 MPa and AFE state when the applied hydrostatic pressure is 300 MPa, indicating
a pressure-driven FE-AFE phase transition [14]. In addition, the AFE/FE property strongly
depends on the orientation in AgNbO3 films [15]. In 2010, Sakurai et al. prepared AgNbO3
films on (001), (110) and (111) SrTiO3 substrates with SrRuO3 bottom electrodes, but their
P-E loops are not symmetrical. It is found that the P-E hysteresis behaviors of the AgNbO3
films depend on the orientation directions. All AgNbO3 films show a weak FE property
under a very small applied electric field. AgNbO3 film deposited on (001) SrTiO3 shows
AFE property at 100–350 kV/cm. AgNbO3 film deposited on (110) SrTiO3 shows AFE
property at 150 kV/cm and FE property at above 200 kV/cm. AgNbO3 film deposited on
(111) SrTiO3 shows FE property at 100–350 kV/cm [15]. In 2021, Zhang et al. prepared
AgNbO3 films on (La0.5Sr0.5)CoO3/SrTiO3 substrates [5], in which obvious double P-E
loops were observed when the applied electric field is higher than 300 kV/cm, indicating
AFE property. In 2022, Shu et al. prepared AgNbO3 films on Pt/Ti/SiO2/Si substrates
via the chemical solution deposition, which revealed AFE M2 phase at room temperature.
Unfortunately, no double P-E loops were observed in these AgNbO3 films due to their small
breakdown strength Eb of less than 110 kV/cm [16]. Up to now, although AgNbO3 films
have been reported in some of the literature, it is still challenging to achieve typical double
P-E loops in AgNbO3 films. On the other hand, first-principle calculations proposed that
the AFE stability of epitaxial AgNbO3 films can be affected by the in-plane compressive
stress, which can be inferred by EA and EF [17]. The in-plane compressive stress comes from
the lattice mismatch between the AgNbO3 films and the bottom electrodes or substrates.
In other words, the in-plane compressive stress can be regulated by the bottom electrodes
or substrates. The enhanced AFE stability is conducive to obtaining the typical double
P-E loops and high energy storage performance in AgNbO3 films. Thus, it is necessary to
figure out the relationship between the in-plane compressive stress and the AFE stability in
AgNbO3 films.

In this work, AgNbO3 films were deposited on (La0.5Sr0.5)CoO3, LaNiO3 and SrRuO3
bottom electrodes to investigate the effect of in-plane compressive stress on the AFE stability.
It is found that EF decreased from 272 kV/cm to 190 kV/cm when changing the bottom
electrodes from (La0.5Sr0.5)CoO3, LaNiO3 to SrRuO3, indicating weakened AFE stability,
which may be caused by the reduced in-plane compressive stress.

2. Experimental Procedure

AgNbO3 (ANO) epitaxial thin films were fabricated via pulsed laser deposition (PLD)
on (001) SrTiO3 (STO) substrates. Prior to the fabrication of ANO films, the epitaxial
(La0.5Sr0.5)CoO3 (LSCO), LaNiO3 (LNO) and SrRuO3 (SRO) layers, with a thickness of
about 40 nm, were deposited on STO substrates by radio frequency magnetron sputtering
as bottom electrodes. Firstly, the clean STO substrate was placed in the chamber of the
magnetron sputtering instrument, the gas was extracted to 2× 10−4 Pa, and then argon and
oxygen were filled with a volume ratio of 3:1. The deposition temperature, radio frequency
power and total pressure were 700 ◦C, 50 W and 3 Pa, respectively. The distance between
the target and the substrate was kept at 5.4 cm. LSCO, LNO and SRO films with ~40 nm
in thickness are deposited on (001) STO substrate, respectively. Then, the LSCO/STO,
LNO/STO and SRO/STO substrates were placed into a vacuum chamber; high-purity
oxygen was piped into the chamber till 7.6 Pa was achieved. A ~500 nm ANO film was
fabricated on the LSCO/STO, LNO/STO and SRO/STO substrates via the PLD with the
laser frequency and power of 3 Hz and 0.72 W. The distance between target and substrate
target was 4.5 cm; the growth temperature was 550 ◦C. After deposition, the as-grown film
was gradually cooled down to room temperature in 8 × 104 Pa oxygen pressure. The top
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LSCO, LNO and SRO symmetry electrodes and Pt electrode were prepared through a metal
shadow mask with a diameter of 100 mm by radio frequency magnetron sputtering at room
temperature. Then, the as-grown films were annealed at 550 ◦C in high-purity oxygen for 1 h.

The crystallographic structure and orientation of the ANO films were checked by X-ray
diffraction (XRD, D8 Advance, Saarbruken, Germany) with Cu Ka radiation (λ = 0.15406 nm).
The angle range, rate and step size of the XRD are 20–80◦, 1.2◦/min and 0.02◦. The surface
morphology of the ANO films was examined by scanning electron microscopy (SEM,
NovaNano SEM450, Hillsborough, OR, USA). The SEM acceleration voltage was 15 kV.
The relative dielectric constant and dielectric loss of the ANO films were measured by
LCR tester (Radiant Technologies, Albuquerque, NM, USA). The dielectric spectroscopy
frequency range is from 103 Hz to 106 Hz, and the oscillation voltage is 1 V. A ferroelectric
tester (Precision LC II, Radiant Technologies, Albuquerque, NM, USA) was used to study
the AFE properties of the ANO films with a frequency of 104 Hz.

3. Results and Discussion

The crystal structures of ANO films grown on LSCO, LNO and SRO bottom electrodes
were measured by XRD, as shown in Figure 1. The ANO films grown on LSCO, LNO
and SRO bottom electrodes show (002) peak with no superfluous impurity peak in the
range of 20–80◦, as shown in Figure 1a, indicating that the ANO films are epitaxial growth.
In addition, the (002) ANO peak gradually moves to a high angle and approaches the
(002) STO peak by changing the bottom electrode from LSCO, LNO to SRO, indicating
decreased out-of-plane lattice constant c. On the other hand, the (002) LNO peak is much
closer to (002) STO peak than that of the LSCO bottom electrode, while no (002) SRO peak
is observed (Figure 1b), which may indicate that (002) SRO peak overlapped with the
(002) STO peak. The out-of-plane lattice constant c of LSCO bottom electrode, LNO bottom
electrode and ANO films is calculated and listed in Table 1.
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Table 1. Out-of-plane lattice constant c of LSCO, LNO and SRO bottom electrodes and ANO films.

Bottom Electrodes
Lattice Constant c

Bottom Electrodes ANO Films

LSCO 3.835 Å 3.983 Å

LNO 3.849 Å 3.964 Å

SRO 3.920 Å [15] 3.949 Å

It can be seen that the out-of-plane lattice constant c of ANO films deposited on LSCO,
LNO and SRO bottom electrodes is 3.983 Å, 3.964 Å and 3.949 Å. Since the STO substrates
are the same, the out-of-plane lattice constant c of ANO films shows strong dependence
on the bottom electrodes. The lattice parameter for pseudocubic SRO is 3.920 Å [15]. The
lattice parameters for ANO bulk with orthorhombic perovskite structure are apc = 3.936 Å,
bpc = 3.911 Å and cpc = 3.922 Å [15]. The out-of-plane lattice constants c of ANO films
deposited on LSCO, LNO and SRO bottom electrodes are 3.983 Å, 3.964 Å and 3.949 Å,
which are close to the cpc of 3.922 Å in orthorhombic ANO bulk. Thus, the ANO films may
be in orthorhombic phase. In addition, the out-of-plane lattice constants c of ANO films
deposited on LSCO, LNO and SRO bottom electrodes are larger than that of ANO bulk,
which is caused by the in-plane compression stress. Thus, the out-of-plane lattice constant c
of ANO films in turn can be used to determine the change of in-plane compression stress
qualitatively. The reduced out-of-plane lattice constant c in ANO films with varied LSCO,
LNO and SRO bottom electrodes corresponds to the reduced in-plane compression stress.
In detail, the in-plane compression stress in ANO films would be reduced by changing
the bottom electrode from LSCO, LNO to SRO. Zhu et al. proposed that the in-plane
compressive stress can enhance the AFE properties of epitaxial ANO thin films [17]. Thus,
it is speculated that the ANO films deposited on LSCO, LNO and SRO bottom electrodes
may show different AFE properties.

The Phi scanning images of (110) plane for ANO films grown on LSCO, LNO and
SRO bottom electrodes are shown in Figure 2a. It can be seen that ANO films grown on
LSCO, LNO and SRO bottom electrodes have four diffraction peaks with a difference of 90◦,
showing quadruple symmetry, indicating that the ANO films have an epitaxial structure.
All of the ANO films exhibit dense microstructure with different morphologies, as shown
in Figure 2b–d, which is conducive to the high electric performance. The grain size of ANO
film grown on SRO and LNO bottom electrodes is estimated to be 0.32 µm and 0.75 µm,
respectively. By contrast, no obvious grain boundary is observed in the ANO film grown
on the LSCO bottom electrode. The varied morphologies in ANO films may be caused by
the gradual decreased in-phase compressive stress.

The dielectric properties of ANO films deposited on LSCO, LNO and SRO bottom
electrodes are measured in the frequency range of 103–106 Hz, as shown in Figure 3. The
relative dielectric permittivity of all ANO films remains almost unchanged as the frequency
increases from 103 Hz to 105 Hz and decreases as the frequency is further increased to
106 Hz, which is attributed to the polarization relaxation since the dipole reversal is slower
than that of the high-frequency applied electric field. Meanwhile, the dielectric loss of all
ANO films is relatively stable when the frequency is below 105 Hz and increases gradually
when the frequency is above 105 Hz. Interestingly, the relative dielectric permittivity of
ANO film grown on SRO bottom electrode is much higher than those of ANO films grown
on LSCO and LNO bottom electrodes over the whole test frequency range. Generally
speaking, the relative dielectric permittivity of thin films can be affected by the orientation,
stress, and so on [18]. The ANO films grown on LSCO, LNO and SRO bottom electrodes
are all (001) oriented, indicating that the effect of orientation on the relative dielectric
permittivity is small and can be ignored. Hao et al. found that STO thin films under either
tensile or compressive stress exhibit reduced relative dielectric permittivity compared to the
near homoepitaxial STO film. It is proposed that stress and/or rough substrate surface may
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be associated with the degraded relative dielectric permittivity [19]. Thus, we speculate
that the changed relative dielectric permittivity of ANO films grown on LSCO, LNO and
SRO bottom electrodes is caused by the varied in-phase compressive stress. Together with
XRD, it can be seen that the lattice mismatch between SRO bottom electrode and ANO film
is the smallest, which leads to relatively small in-phase compressive stress in ANO film.
Thus, ANO film grown on SRO bottom electrode has higher relative dielectric permittivity.
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Figure 2. Phi scanning of ANO films (a); surface and cross-section SEM images of ANO films grown
on SRO (b,e), LNO (c,f) and LSCO (d,g) bottom electrodes.

The leakage current densities of ANO films grown on LSCO, LNO and SRO bottom
electrodes under 200 kV/cm are in the range of 10−2~10−1 A/cm2, as shown in Figure 4a–c. The
conductive mechanisms of ANO films grown on LSCO, LNO and SRO bottom electrodes
are investigated by lnJ-lnE, as shown in the insets of Figure 4a–c. The slope of ANO film
grown on LSCO bottom electrode is three when the applied electric field is lower than
40 kV/cm, which is consistent with the Schottky emission mechanism [16]. When the
applied electric field is higher than 40 kV/cm, the slope of the fitting line is approximately
equal to 1, which conforms to the Ohmic conduction mechanism. It can be seen that the
Schottky emission mechanism is dominant. The slopes of the fitting lines for ANO films
grown on LNO and SRO bottom electrodes are approximately equal to one in the entire
range of applied electric fields, which is consistent with the Ohmic conduction mechanism.
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Figure 3. Frequency stability of relative dielectric permittivity and dielectric loss of ANO films grown
on LSCO, LNO and SRO bottom electrodes.
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Figure 4. Leakage current density of ANO films grown on LSCO (a), LNO (b) and SRO (c) bottom
electrodes. The insets show the conductive mechanisms of ANO films corresponding to (a–c).

The P-E loops of ANO films grown on LSCO, LNO and SRO bottom electrodes are
shown in Figure 5. The applied electric fields are set to be 200 kV/cm, 300 kV/cm and
400 kV/cm. It can be seen that ANO film grown on LSCO bottom electrode shows linear
P-E loops at 200–300 kV/cm and double P-E loops at 400 kV/cm. When ANO films
are grown on LNO and SRO, bottom electrodes show slim P-E loops at 200 kV/cm and
double P-E loops at 300–400 kV/cm. These results indicate that all ANO films are of AFE
nature, and the AFE stability of ANO film grown on LSCO bottom electrode is stronger
than those grown on LNO and SRO bottom electrodes. More importantly, the ANO films
show symmetrical double P-E loops, which are much better than those reported in the
literature [15,16]. In Sakurai’s work, the shapes of ANO films prepared by PLD are not
very good [15]. And no double P-E loops were observed in AFE ANO films prepared via
the chemical solution deposition due to their small Eb [16]. Compared to these reports, our
results show some progress. The different AFE stability of ANO films grown on LSCO,
LNO and SRO bottom electrodes is attributed to the varied in-phase compressive stress.
Detailed properties of the ANO films, including Pr, Pmax, ∆P (∆P = Pmax − Pr), EF, EA, and
∆E (∆E = EF − EA), are summarized in Table 2. Pmax (Pr) of ANO films grown on LSCO,
LNO and SRO bottom electrodes are 27.1 µC/cm2 (6.2 µC/cm2), 26.1 µC/cm2 (6.0 µC/cm2)
and 24.0 µC/cm2 (2.9 µC/cm2), respectively. It can be found that the EF decreased from



Coatings 2022, 12, 1826 7 of 9

272 kV/cm to 190 kV/cm by changing the LSCO, LNO and SRO bottom electrodes, and the
EF of ANO film grown on SRO bottom electrode is the smallest, indicating that the AFE-FE
phase transition occurs more easily in the ANO film grown on SRO bottom electrode than
those grown on LSCO and LNO bottom electrodes. This may be due to the fact that the
ANO film grown on the SRO bottom electrode is subjected to less in-phase compressive
stress, which leads to the weakness of AFE stability.
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Figure 5. P-E loops of ANO films grown on LSCO (a), LNO (b) and SRO (c) bottom electrodes under
200 kV/cm, 300 kV/cm and 400 kV/cm.

Table 2. Properties of ANO films grown on LSCO, LNO and SRO bottom electrodes.

Bottom
Electrodes EF (kV/cm) EA (kV/cm) Pmax

(µC/cm2) Pr (µC/cm2) J (A/cm2)

LSCO 272 20 27.1 6.2 <0.050

LNO 217 25 26.1 6.0 <0.059

SRO 190 41 24.0 2.9 <0.030

4. Conclusions

In summary, ANO thin films were deposited by PLD on LSCO, LNO and SRO bottom
electrodes and (001) STO substrate, in which the in-plane compressive stress of ANO films
was regulated by changing the bottom electrodes from LSCO, LNO to SRO. The effects of
bottom electrodes on the dielectric properties and AFE stability of ANO films were studied.
It was found that the ANO films grown on LSCO, LNO and SRO bottom electrodes are
epitaxial with dense microstructure. With the change of LSCO, LNO to SRO bottom
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electrode, the out-of-plane lattice constant c of ANO films gradually decreased, implying
the weakened in-plane compressive stress in ANO films. The relative dielectric permittivity
of ANO films becomes higher by changing the bottom electrodes from LSCO, LNO to SRO.
In addition, the EF decreased from 272 kV/cm to 190 kV/cm with varied bottom electrodes,
indicating weakened AFE stability, which makes the electric field-induced AFE-FE phase
transition easier in ANO films. These results offer a new strategy to regulate and control
the AFE stability in ANO materials.
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