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Abstract: The direct growth of ferroelectric films onto flexible substrates has garnered significant
interest in the advancement of portable and wearable electronic devices. However, the search for
an optimized bottom electrode that can provide a large and stable remnant polarization is still
ongoing. In this study, we report the optimization of an oxide-based LaNiO3 (LNO) electrode for
high-quality Pb(Zr0.52Ti0.48)O3 (PZT) thick films. The surface morphology and electrical conductivity
of sol-gel-grown LNO films on a fluorophlogopite mica (F-mica) substrate were optimized at a
crystallization temperature of 800 ◦C and a film thickness of 120 nm. Our approach represents the
promising potential pairing between PZT and LNO electrodes. While LNO-coated F-mica maintains
stable electrical conductivity during 1.0%-strain and 104-bending cycles, the upper PZT films exhibit
a nearly square-like polarization–electric field behavior under those stress conditions. After 104

cycles at 0.5% strain, the remnant polarization shows decreases as small as ~14%. Under flat (bent)
conditions, the value decreases to just 81% (49%) after 1010 fatigue cycles and to 96% (85%) after 105 s
of a retention test, respectively.

Keywords: LaNiO3 bottom electrode; fluorophlogopite mica substrate; Pb(Zr0.52Ti0.48)O3 thick film;
flexible ferroelectric random access memory

1. Introduction

Ferroelectric oxide films have played an important role in modern electronic devices
due to their inherently large dielectric, piezoelectric, and pyroelectric coefficients compared
to other materials [1–3]. These superior properties have been applied in dielectric gates
for field effect transistors [4], microelectronic mechanical systems for robots [5], energy
harvesting systems from wasted mechanical vibrations [6], and non-volatile random access
memory applications [7]. Instead of conventional solid-state electronics, flexible film-based
electronic devices are currently in high demand, such as portable personal electronics and
skin-attachable health monitoring sensors [8–10]. To meet such demands, there have been
many efforts to fabricate flexible ferroelectric films with high crystalline quality.

Until now, there have been two representative approaches to obtain flexible ferro-
electric oxide films. One is the direct growth method, which uses flexible substrates with
high melting temperatures [11–13]. The other is the transfer method, in which films are
deposited onto soluble substrates or buffer layers and then removed to obtain free-standing
films. Such free-standing films are transferred onto polymer substrates to endow the
film with flexibility [14–16]. Of the two methods, the direct growth on flexible substrates
has frequently been adopted due to the advantages of its one-step growth capability and
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large-scale processing [17]. For example, Kingon et al. used a copper (Cu) foil substrate
for sol-gel-grown Pb(Zr,Ti)O3 (PZT) films with flexible functionality [18]. They annealed
the film at a high temperature of 650 ◦C and an extremely low oxygen partial pressure
of 10−16 atm to enhance the crystallinity of the PZT without oxidizing the Cu substrate.
The PZT film deposited on the Cu foil showed normal ferroelectric switching behavior
with a remnant polarization of 20 µC/cm2. Jiang et al. used a mica substrate for pulsed
laser-deposited PZT films with flexible functionality [19]. They employed a SrRuO3 bottom
electrode and a CoFe2O4 buffer layer to reduce the lattice mismatch between the film and
the substrate. The PZT film deposited on SrRuO3-coated mica substrate showed a remnant
polarization of 60 µC/cm2 and the robust operation of non-volatile memory devices in the
bent state. While the above two reports are innovative, an optimized electrode with facile
fabrication and high conductivity is required for the application of ferroelectric film-based
flexible electronic devices.

The perovskite structure (ABO3), with its distinctive arrangement of A and B cations
and oxygen anions, is crucial in materials science. PZT, a notable perovskite, is valued
for its piezoelectric properties, and used in sensors and actuators. Perovskite structures
play a vital role in advancing technology, spanning catalysis and electrochemistry [20–22].
Meanwhile, LaNiO3 (LNO) has a perovskite structure and a low resistance. In addition, it
is easy to manufacture in a solution and has a relatively tailorable lattice mismatch margin
with PZT [23]. Sol-gel deposition has the advantage of enabling large-area deposition and
a slightly lower importance of lattice mismatch compared to other deposition methods.
Therefore, we have selected LNO with sol-gel deposition as the candidate material for the
electrode optimized for PZT.

In this paper, we used a LNO bottom electrode for the sol-gel-grown PZT films
with flexible functionality. On top of a flexible fluorophlogopite mica (F-mica) substrate,
the LNO bottom electrode and PZT ferroelectric films were sequentially grown using a
conventional spin-coating method. The crystallization temperature and thickness were
found to strongly influence the physical properties of LNO and were optimized at 800 ◦C
and 120 nm, respectively. A smooth surface with a root mean square roughness of Rrms =
1.7 nm and an electrical resistivity of ρ = 3.3 × 10−3 Ω cm (electrical conductivity of σ =
303 Ω−1 cm−1) was achieved for the optimized LNO film without losing its bendability
at up to 1.0% of strain and 104 repetitions of bending cycles. The optimized LNO bottom
electrode results in a high remnant polarization of 57.1 µC/cm2, high dielectric constant
of 746 at 1 kHz, and a low dielectric loss of 0.067 at 1 kHz for flexible PZT films. The 1010

cycle fatigue and 105 s retention tests demonstrate the relatively good ferroelectric random
access memory characteristics in flat and bent PZT films grown on optimized LNO-coated
F-mica substrates.

2. Experimental Details
2.1. Reagents

The LNO solution was prepared using lanthanum(III) nitrate hexahydrate
(La(NO3)3·6H2O) and nickel(II) acetate tetrahydrate (Ni(CH3CO2)2·4H2O) precursors (pu-
rity > 99.99%, Sigma Aldrich, Burlington, MA, USA). As schematically shown in Figure S1,
nickel(II) acetate tetrahydrate was mixed with acetic acid (CH3COOH) solvent (purity >
99.5%, Sigma Aldrich, Burlington, MA, USA) and stirred at room temperature for 30 min.
An equal molar amount of lanthanum(III) nitrate hexahydrate was then added, followed
by mixing and stirring at room temperature for 30 min. During the stirring, deionized
water (H2O) and formamide (CH3NO) (purity > 99.5%, SAMCHUN, Seoul, Republic of
Korea) were added to achieve a 0.1 M concentration of the solution and to prevent cracking
during annealing, respectively. Finally, the solution was filtered to enhance its purity. PZT
(Zr:Ti = 52:48) solution was commercially prepared. (Quintess Co., Ltd., Incheon, Republic
of Korea).
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2.2. Film Fabrication

The LNO solution was spin-coated onto a F-mica [KMg3(AlSi3O10)F2] (MTI, Rich-
mond, CA, USA) substrate at 3000 rpm for 30 s. The film was then dried at 300 ◦C for 5 min
to remove the solvent, annealed at 400 ◦C for 5 min to remove residual organic impurities,
and finally crystallized at 600~900 ◦C for 3 min. Note that the drying and annealing tem-
peratures were determined based on the results of thermogravimetric analysis (STA4098PC,
NETZSCH, Selb, Germany) and differential scanning calorimetry (404F1, NETZSCH, Selb,
Germany) results (Figure 1a,b). The sequential side view SEM revealed that 20 nm thick
LNO can be formed on the surface with a single coating process. Spin-coating and crystal-
lization were iterated to achieve the desired thickness of LNO. On the LNO-coated F-mica
substrate, a commercial PZT (Zr:Ti = 52:48) solution was spin-coated at 4000 rpm for 30 s
and pyrolyzed on a hot plate at 450 ◦C for 7 min to remove the solvent and organic residues.
Additional PZT solution was spin-coated and pyrolyzed under the same conditions. Two
layers of pyrolyzed PZT were crystallized in a box furnace (AJ-RTA, Ajeon Co., Namyangju,
Republic of Korea) at 650 ◦C for 30 min. Finally, the F-mica substrate was stripped to a
thickness of 10 µm using Kapton tape.
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Figure 1. (a) Thermogravimetric analysis and (b) differential scanning calorimetry results of LaNiO3

(LNO) solution. The solution undergoes drying at ~285 ◦C and crystallization at ~377 ◦C, showing a
step-down and a bulb in the heat flow of (b), respectively. The red (and blue) arrow is used to indicate
the drying (crystallization) temperature in (a,b), respectively. Crystallization temperature-dependent
(c) X-ray diffraction pattern, (d) surface morphology, and (e) electrical resistivity at room temperature
of LNO films on F-mica substrate. In (c), the impurity peaks of La(OH)3 are marked with asterisks.
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2.3. Characterization

The crystalline structure of the films was characterized via high resolution X-ray
diffraction (XRD) using Cu-Kα radiation (X’Pert Powder Diffractometer, PANalytical,
Malvern, UK). Surface and cross-sectional morphologies were examined via atomic force
microscopy (NX10, PSIA, Suwon, Republic of Korea) and field emission scanning electron
microscopy (S-4300SE, HITACHI), respectively. The temperature-dependent resistivity
of the LNO films was measured using a physical property measurement system (PPMS-
9, Quantum Design, San Diego, CA, USA). For the resistivity measurements, a silver
conductive epoxy (Electron Microscopy Sciences, Radnor, PA, USA) was attached to the
film and subsequently cured at 120 ◦C using a hot plate for 1 h (DAIHAN Scientific, Wonju,
Republic of Korea). A high-purity (>99.995%) 0.002 inch-diameter gold wire (Alfa Aesar,
Ward Hill, MA, USA) was used for accurate resistivity measurements. The resistivity
measurement was conducted on three different films grown under the same conditions
to ensure statistical relevance. The ferroelectric hysteresis loop and complex dielectric
constant were obtained for PZT films using a ferroelectric tester (Precision Multiferroic
Tester, Radiant Technologies, Inc., Albuquerque, NM, USA) and an LCR meter (4284A,
Hewlett-Packard, Palo Alto, CA, USA), respectively. For the ferroelectric and dielectric
measurements, a 0.03 mm2 Pt top electrode was sputter deposited using a coater (Sputter
coater 108, Cressington, Watford, UK).

3. Results and Discussion

Figure 1a,b show the film manufacturing conditions of the LNO solution. Figure 1a
presents the thermogravimetric analysis, indicating a sharp decrease at 136 ◦C and a mild
decrease at 285 ◦C, above which the LNO solution can be dried, removing its solvent.
Furthermore, Figure 1b presents the result of the differential scanning calorimetry, where
crystallization, as well as the previously mentioned drying effect, were simultaneously
observable. From 377 ◦C, the heat flow tends to decrease as a negative number. Therefore,
the LNO solution was crystallized at subsequent temperatures of 600 ◦C, 700 ◦C, 800 ◦C,
and 900 ◦C.

Figure 1c shows the high-resolution X-ray diffraction pattern of LNO films on an
F-mica substrate. To clarify the diffraction peaks of LNO, the film is slightly tilted (~1◦). All
diffraction peaks can be well indexed using the Miller indices of LNO (green) and F-mica
(black) without any secondary peaks. As the temperature increases, the crystallinity of
LNO progressively improves, leading to more pronounced XRD characteristic peaks than in
other temperatures, referenced against those of F-mica. Due to the overall enhanced crystal
quality, even the tiny peak corresponding to the (021)/(003) peak became detectable. How-
ever, as the temperature further increased up to 900 ◦C, the crystal quality was degraded
with the creation of La(OH)3, indicated by asterisks in the figure. The polycrystalline LNO
film is grown on a single crystalline F-mica substrate with lattice constants of a = b = 3.970 Å
and c = 4.058 Å [24].

By analyzing the most pronounced peak of LNO, (110), using Gaussian fitting, we
assessed the crystallinity. As indicated in Table 1, as the crystallization temperature is
increased up to 800 ◦C; the diffraction peaks become sharp and clear. In particular, the
full width at half maximum (FWHM) of the (110) peak decreases with an increasing
crystallization temperature. Based on the Scherrer’s formula of d = 0.95λ/(Bcos θ), where
λ is the X-ray wavelength, B is the FWHM of the diffraction peak, and θ is the peak
position [25], we estimated the grain size (d) calculated from the main peak (110) of LNO
to be 7.9, 9.2, and 10.2 nm for the films grown at 600, 700, and 800 ◦C, respectively.

Figure 1d shows the crystallization temperature-dependent atomic force microscopy
images (500 × 500 nm2) of LNO. The surface morphology was measured in the non-contact
mode of AFM, and a probe with a force constant of 40 N/m was used. The surface
morphology of all films is rather similar, showing nano-sized peaks and valleys. The
surface roughness is determined from the root mean square value of height (Rrms) at each
pixel within the scanned area, which corresponds to the standard deviation of heights. All
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surfaces are rather smooth with a small root mean square roughness of Rrms = 0.9~2.8 nm,
probably due to the atomically flat F-mica surface, as shown in Figure S2.

Table 1. Crystallization temperature-dependent FWHM, grain size, surface roughness, and electrical
resistivity of LNO films. The thickness of LNO was fixed to 120 nm.

Crystallization Temperature (◦C) FWHM (deg.) Grain Size (nm) Surface Roughness (nm) Resistivity (Ω cm)

600 1.09 7.9 0.9 39.7

700 0.92 9.2 0.9 7.2 × 10−3

800 0.84 10.2 1.7 3.3 × 10−3

900 0.87 9.9 2.8 5.4 × 10−3

The crystalline temperature strongly influences the electrical properties of LNO
films. Figure 1e shows the electrical resistivity of LNO films at room temperature. (The
temperature-dependent resistivity of LNO films is shown in Figure S3.) The resistivity
dramatically decreases from 42 Ω cm to 8 × 10−3 Ω cm as the crystalline temperature in-
creases from 600 ◦C to 700 ◦C. The resistivity continues to decrease and then increases again
with the increasing crystallization temperature, so that the minimum resistivity occurs in
the LNO film grown at 800 ◦C. Table 1 summarizes the grain size, surface roughness, and
electrical resistivity of LNO grown at various crystallization temperatures.

Like the crystallization temperature, the thickness also strongly affects the resistivity
of LNO films. Figure S4 shows the resistivity of LNO films as a function of thickness. The
crystallization temperature was fixed at 800 ◦C. When the films are thin, i.e., 20~60 nm
thickness, the resistivity is high and almost temperature-independent. The upturn of
resistivity below 50 K can be attributed to the imperfection of the film, as frequently
reported in previous papers [26,27]. When the films are thick, i.e., 80~120 nm thickness, the
resistivity becomes low and decreases with lowering the temperature, like a conventional
metal. The minimum resistivity with clear metallic behavior occurs in the LNO film with a
thickness of 120 nm. Figure S5 demonstrates that the grain size increased with the improved
crystal quality in the 120 nm thick LNO. Accordingly, the enlarged grain interior and the
decreased grain boundaries are likely to have decreased the resistivity, as exhibited in
Figure S4. Table 2 summarizes the thickness-dependent electrical resistivity of LNO films
grown at 600, 700, and 800 ◦C.

The 120 nm thick LNO film grown at 800 ◦C is highly flexible. As depicted in Figure 2a,
the LNO film is bendable, with a bending radius of R = 26.2 mm without experiencing any
mechanical cracks. To quantify the flexibility of the LNO film, the strain is estimated as
schematically shown in Figure 2b. When the LNO film is placed over the F-mica substrate in
an outward bend, the film undergoes a tensile strain. The strain can be easily calculated as

Strain =
(tLNO + tMica)

2RMica
(1)

where tLNO, tMica, and RMica are the thicknesses of LNO and F-mica, and the bending radius
of the mica substrate, respectively [28].

Figure 2c shows the strain-dependent resistance of LNO films. It is evident that the
resistance increases almost linearly with strain. The increased resistance returns to its initial
value when the strain is removed. These results suggest that the electrical resistivity of LNO
should be almost the same, irrespective of strain, and that the mechanical crack should
not occur in LNO at least up to 1.0% strain. Mechanical cracks do not seem to occur, even
after at least up to 104 repetitions of bending. Considering that the response of resistance
was presented as a tangential curve in Figure 2c, we characterized the bending properties
of the system under a 0.5% strain, which corresponds to the midpoint between the onset
and saturation point. As shown in Figure 2d, the resistance is almost the same up to 103

repetitions of bending and slightly increased (~8.5%) up to 104 repetitions of bending.



Crystals 2023, 13, 1613 6 of 11

Crystals 2023, 13, x FOR PEER REVIEW 6 of 12 
 

 

Table 2. Thickness-dependent electrical resistivity of LNO films grown at different crystallization 

temperatures. 

Thickness (nm) 
Resistivity at Room Temperature (Ωcm) 

600 °C 700 °C 800 °C 

20 >5 M 48.7 24.4 × 10−3 

40 >5 MΩ 46.6 23.9 × 10−3 

60 >5 MΩ 23.4 × 10−3 10.2 × 10−3 

80 42 Ω 8.0 × 10−3 4.2 × 10−3 

100 41.3 Ω 7.6 × 10−3 3.9 × 10−3 

120 39.7 Ω 7.2 × 10−3 3.3 × 10−3 

 

Figure 2. (a) Digital image of a bent LNO film on the bending stage. (b) Schematic diagram of the 

strain calculation. Here RMica, tMica, and tLNO represent the bending radius of the mica, the mica thick-

ness, and the LNO thickness, respectively. (c) Strain- and (d) bending cycle-dependent resistance of 

LNO. 

Figure 2c shows the strain-dependent resistance of LNO films. It is evident that the 

resistance increases almost linearly with strain. The increased resistance returns to its ini-

tial value when the strain is removed. These results suggest that the electrical resistivity 

of LNO should be almost the same, irrespective of strain, and that the mechanical crack 

should not occur in LNO at least up to 1.0% strain. Mechanical cracks do not seem to 

occur, even after at least up to 104 repetitions of bending. Considering that the response 

of resistance was presented as a tangential curve in Figure 2c, we characterized the bend-

ing properties of the system under a 0.5% strain, which corresponds to the midpoint be-

tween the onset and saturation point. As shown in Figure 2d, the resistance is almost the 

same up to 103 repetitions of bending and slightly increased (~8.5%) up to 104 repetitions 

of bending. 

The optimized LNO bottom electrode was used to prepare the PZT film via a con-

ventional sol-gel method. Spin-coating and crystallization were performed twice, as for 

the standard thickness for thick films [29]. The PZT thick films deposited on the LNO-

coated F-mica substrate are highly flexible. As shown in Figure 3a, the PZT film is easily 

bent even by the tiny stress from human fingers. 

Figure 2. (a) Digital image of a bent LNO film on the bending stage. (b) Schematic diagram of the
strain calculation. Here RMica, tMica, and tLNO represent the bending radius of the mica, the mica
thickness, and the LNO thickness, respectively. (c) Strain- and (d) bending cycle-dependent resistance
of LNO.

Table 2. Thickness-dependent electrical resistivity of LNO films grown at different crystallization
temperatures.

Thickness (nm)
Resistivity at Room Temperature (Ω cm)

600 ◦C 700 ◦C 800 ◦C

20 >5 M 48.7 24.4 × 10−3

40 >5 MΩ 46.6 23.9 × 10−3

60 >5 MΩ 23.4 × 10−3 10.2 × 10−3

80 42 Ω 8.0 × 10−3 4.2 × 10−3

100 41.3 Ω 7.6 × 10−3 3.9 × 10−3

120 39.7 Ω 7.2 × 10−3 3.3 × 10−3

The optimized LNO bottom electrode was used to prepare the PZT film via a conven-
tional sol-gel method. Spin-coating and crystallization were performed twice, as for the
standard thickness for thick films [29]. The PZT thick films deposited on the LNO-coated
F-mica substrate are highly flexible. As shown in Figure 3a, the PZT film is easily bent even
by the tiny stress from human fingers.

Figure 3b shows the X-ray diffraction pattern of the PZT film on the LNO-coated
F-mica substrate. All the diffraction peaks can be indexed as PZT (purple) and LNO (green).
The peaks from F-mica are not visible, probably due to the attenuated intensity from the
thick film and electrode, and the tilted substrate. Based on the diffraction pattern and
Scherrer’s formula, the PZT lattice constants were estimated to be a = b = 4.076 Å and c =
4.103 Å [30], and the grain size, calculated using Scherrer’s formula based on the (101) peak
of PZT, to be 21.5 nm.

Figure 3c,d show the top view of the atomic force microscopy images and the side view
of the scanning electron microscopy images, respectively, of the PZT film grown on the LNO-
coated F-mica substrate. The PZT film is rather smooth with a root mean square roughness
of Rrms = 0.7 nm. In addition, the 500 nm thick PZT film is densely and homogeneously
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grown on a 120 nm thick LNO electrode. The perovskite structure of the LNO bottom
electrode should greatly reduce the lattice mismatch from the monoclinic structure of
F-mica, allowing the PZT film to homogeneously grow with the perovskite structure.
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Figure 3. (a) Digital image of a Pb(Zr,Ti)O3 (PZT) film bent by human fingers. (b) X-ray diffraction
pattern, (c) top view of atomic force microscopy, and (d) side view of scanning electron microscopy
images of PZT films on LNO-coated F-mica substrate. (e) Polarization–electric field (P–E) at 1 kHz
and (f) dielectric constant and loss tan δ of PZT films with different thicknesses of the LNO electrode.

Figure 3e shows the polarization–electric field (P–E) curves of flexible PZT films
obtained at 1 kHz. The film shows a clear square hysteresis loop with a large remnant
polarization of Pr = 57.1 µC/cm2 and asymmetric coercive fields. The Pr value of the flexible
PZT is quite close to that of sol-gel-grown rigid PZT of a similar chemical composition [31].
The asymmetric coercive field in flexible PZT should be related to the different amounts
of oxygen vacancies near the top Pt and bottom LNO electrodes, as has been frequently
reported in previous papers [32].

Remarkably, the LNO electrode affects the ferroelectric hysteresis loop of the PZT
films. As clearly shown in Figure 3e, both the remnant polarization and the coercive
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field decrease with decreasing LNO thickness. As confirmed in Figures S4 and S5, the
decreased thickness results in the decreased electrical conductivity and grain size of LNO.
The decreased electrical conductivity of LNO may cause the reduced remnant polarization
due to the imperfect screening of the surface charge of PZT. The reduced grain size of LNO
may also cause the reduced grain size of PZT (Figure S5), which reduces the coercive field
for polarization switching [33].

Figure 3f shows the dielectric constant and loss tan δ of flexible PZT films. The
dielectric constant is quite high (~746 at 1 kHz) and the loss tan δ is quite low (~0.067 at
1 kHz), similar to that observed for PZT films on rigid substrates [34]. Like the P–E loop,
the LNO electrode also affects the dielectric constant, rather than the loss tan δ, of PZT
films. The decreased electrical conductivity of LNO should result in a reduced dielectric
constant due to the reduced remnant polarization. Table 3 summarizes the LNO-thickness-
dependent remnant polarization, dielectric constant at 1 kHz, and dielectric loss at 1 kHz
of PZT films.

Table 3. LNO-thickness-dependent ferroelectric and dielectric properties of flexible PZT films.

LNO
Thickness (nm)

Remnant Polarization
(µC/cm2)

Dielectric Constant
at 1 kHz

Dielectric Loss
at 1 kHz

80 45.2 668 0.089
100 53.7 661 0.081
120 57.1 746 0.067

After investigating the ferroelectric and dielectric properties of flexible PZT thick
films grown on LNO-coated F-mica substrate, we characterized their performance for
non-volatile memory applications. Firstly, we performed a mechanical stability test of the
remnant polarization under successive bending and unbending. The bending strain was
fixed at 0.5%. Figure 4a shows the bending cycle-dependent Pr of flexible PZT films. The Pr
value is almost constant up to 102 cycles but slightly decreases (~14%) after 104 cycles of
successive bending. This result suggests that the polarization of the flexible PZT is quite
stable and durable under successive mechanical bending.

Next, we carried out a stability test on the remnant polarization after long-term opera-
tion. Figure 4b,c show the switching cycle and retention-time-dependent Pr of flexible PZT
films. The measurements were performed in the flat and bent conditions. For the fatigue
measurement, we continuously measured the P–E hysteresis loop for up to 1010 cycles. For
the retention measurement, we applied a write pulse of −12 V and a read pulse of ±12 V
with a width of 1 ms over a period of 105 s. The flexible PZT film in the flat state shows
excellent fatigue and retention characteristics, similar to rigid films of the same composi-
tion [33]. The remnant polarization after 1010 cycles and 105 s is 81% and 96% relative to the
initial values, respectively. On the other hand, the flexible PZT film in the bent state shows
rather weaker fatigue and retention characteristics. Namely, the remnant polarization after
1010 cycles and 105 s is 49% and 85% relative to the initial values, respectively. However,
these performances are within the acceptable range for memory applications [35].

Notably, the asymmetry of the coercive field is mitigated after long-term switching
(inset of Figure 4b). The asymmetric coercive field becomes more symmetric, and these
changes are evident for the bent condition. Although further studies are required, such
behavior should be related to the migration of oxygen vacancies and their acceleration due
to strain, as similarly observed in previous reports [36,37]. With a decrease in polarization
density caused by volume distortion under the tensile stress condition, P-E behavior was
influenced by the strain effect. In Tables 4 and 5, we summarize the fatigue and retention
characteristics, respectively, of the flexible PZT film under flat and bent conditions.
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Figure 4. (a) Bending cycle-dependent remnant polarization. (b) Fatigue and (c) retention character-
istics of flexible PZT films in flat and bent (convex) conditions. To characterize the imprint properties,
the left and right inset of (b) present the initial and the post-1010 cycle P-E hysteresis loops under the
flat and bent condition, respectively.

Table 4. Fatigue characteristics of flexible PZT film on LNO-coated F-mica substrate under flat and
bent conditions.

Fatigue
Remnant Polarization (µC/cm2)

Initial Final

Flat 57.1 46.5
Bent 41.9 20.5

Table 5. Retention characteristics of flexible PZT film on LNO-coated F-mica substrate under flat and
bent conditions.

Retention
Remnant Polarization (µC/cm2)

Initial Final

Flat 57.1 52.2
Bent 41.9 36.0

4. Summary

In summary, we systematically investigated the effects of crystallization temperature
and thickness on the crystallinity, surface morphology, and electrical properties of sol-



Crystals 2023, 13, 1613 10 of 11

gel-grown LNO films on an F-mica substrate. The grain size and electrical resistivity
are significantly varied and optimized at a crystallization temperature of 800 ◦C and a
thickness of 120 nm. Quite smooth (a roughness of 1.7 nm), highly crystalline (a grain
size of 10.2 nm), and highly conductive (a resistivity of 3.3 × 10−3 Ω cm) LNO film with
a thickness of 120 nm is mechanically stable against 1.0% of stain and 104 repetitions of
successive bending. The PZT film grown on LNO-coated F-mica substrate shows a clear
hysteresis loop with a remnant polarization of 57.1 µC/cm2, a high dielectric constant
of 746 at 1 kHz, and a low dielectric loss of 0.067 at 1 kHz, which are close to the values
for rigid PZT film. The PZT film on the LNO-coated F-mica substrate also shows quite
good ferroelectric random access memory characteristics in flat and bent conditions. The
remnant polarization in the flat (bent) state is decreased to 81% (49%) after 1010 cycles in
the fatigue test and 96% (85%) after 105 s in the retention test. These results suggest that the
optimized LNO bottom electrode plays an important role in the application of flexible PZT
film-based ferroelectric random access memory.

Supplementary Materials: The following are available online at https://www.mdpi.com/article/
10.3390/cryst13121613/s1, Figure S1: synthesis flowchart of the LNO solution, Figure S2: Atomic
force microscopy images (scan areas of 1 × 1 µm2) of the F-mica substrate. The right panel shows
the variations of height along with the lateral (red line) and vertical (blue line) scans, Figure S3:
Temperature-dependent resistivity of LNO films, grown at different crystallization temperatures.
The thickness was fixed to 120 nm, Figure S4: Temperature-dependent resistivity of LNO films with
different thicknesses. The crystallization temperature was fixed to 800 ◦C, Figure S5: The LNO-
thickness-dependent X-ray diffraction pattern of PZT (101) and LNO (110). Estimated grain sizes
from the Scherrer’s formula were shown for PZT and LNO.
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