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Abstract
Resistive switching devices, particularly memristors, have attracted considerable interest due to their promising 
applications in neuromorphic computing and data storage. However, achieving high performance and reliability 
remains a significant challenge, especially in the optimization of their ferroelectric and switching properties. In this 
study, we report a substantial enhancement of both resistive switching and ferroelectric properties in NaNbO3 
(NNO)/PbTiO3 (PTO) multilayers, facilitated by interfacial modifications of the electronic structure induced by 
defects and strain. The well-defined interfaces and strain gradients within the PTO layers lead to substantial 
alterations in local electronic properties, including Ti 3d orbital hybridization and oxygen octahedral tilting. These 
structural modifications enhance charge trapping dynamics, resulting in an ON/OFF ratio of 104, compared with 102 
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in single-layer NNO films. The synergistic effects of enhanced polarization and electronic state modulation are 
shown to optimize both the ferroelectric and resistive switching behaviors, highlighting the pivotal role of interface 
engineering in achieving high-performance memristive devices.

Keywords: Pulsed laser deposition, transmission electron microscopy, ferroelectrics

INTRODUCTION
With the arrival of the 5G era and the rapid development of technologies such as artificial intelligence (AI) 
and big data, the requirements for information storage and data processing have become increasingly 
stringent, placing unprecedented demands on the performance of semiconductor memory[1-5]. A memristor 
is a nonlinear resistor with memory capabilities, enabling non-volatile multistate storage and finding 
widespread application in neuromorphic computing[6]. However, traditional memristors often suffer from 
poor storage stability, presenting significant challenges for use in information processing and artificial 
synapses. As a result, there has been growing interest in the development of advanced, flexible memristors. 
Among the various emerging memory devices, ferroelectric memristors, operating based on the reversal of 
ferroelectric polarization, have shown great promise, offering stable non-volatile information storage[7-10]. By 
integrating ferroelectric memristors with flexible substrates, flexible ferroelectric memristors can be 
developed and provide a range of advantages including low power consumption, high storage density, 
enhanced bend resistance, etc. These devices hold great merits for constructing artificial synaptic systems in 
neuromorphic computing, unlocking significant potential for new flexible information devices in the field 
of AI. For instance, Xue et al. demonstrated that the emerging van der Waals ferroelectric material α-In2Se3 
can be used to successfully implement heterosynaptic plasticity, achieving a resistance-switching ratio 
greater than 103 in heterosynaptic memristors - two orders of magnitude higher than in similar devices[11]. 
Ag/PbZr0.52Ti0.48O3/Nb:SrTiO3 ferroelectric tunnel junction realizes resistance switching under 
subnanosecond pulse voltages ≤ 5 V and achieves a high online learning accuracy of ~94.7% for recognizing 
different images[12]. These findings underscore the exceptional performance of ferroelectric resistive 
switching devices and highlight their vast potential for a wide range of applications in the AI-driven future.

The performance of ferroelectric memristors is mainly characterized by the ON/OFF ratio, operating speed, 
data storage capacity, and power consumption[13-16]. These fundamental properties are influenced not only 
by the magnitude of ferroelectric polarization but also by the spontaneous ferroelectric domain structure 
and its switching dynamics[17,18]. In recent years, various methods have been proposed to control the domain 
structure of ferroelectric thin films, including bandgap regulation[19], strain engineering[20], defect 
engineering[21-23] and interface engineering[24-26]. However, relying on a single approach often fails to yield 
optimal results. In comparison, Jeon et al. demonstrated that the synergistic effects of strain engineering and 
bending electric fields could effectively modulate domain configurations in BiFeO3 (BFO), facilitating the 
creation of ferroelectric diodes with enhanced resistive switching properties[27]. This demonstrates that 
combining multiple control methods can induce coupling between various order parameters, generating a 
complex set of factors that influence the configuration of ferroelectric domain structures. Factors such as 
the charge screening ability of electrodes[28], the electrostatic coupling between defect dipoles and 
polarization[29], and the interfacial band mismatch[30], have all been shown to play critical roles in tailoring 
the self-polarization state. Despite these advances, achieving controlled multiscale regulation of domain 
configurations via interface-induced methods remains a significant challenge, and the impact of such 
regulation on the performance of resistive switching devices is not yet fully understood.
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NaNbO3 (NNO) has attracted significant interest due to their promising ferro- and piezoelectric properties 
and is, thus, considered a possible candidate to replace hazardous lead-based materials in piezo-/
ferroelectric technological devices[31,32]. Its ability to undergo defect formation, particularly the generation of 
columnar defects such as antisite and Nb5+-related defects, provides a valuable tool for tuning the electronic 
and ferroelectric properties. These defects can introduce local strain and modify the electronic structure at 
the interface, thereby improving device performance. On the other hand, PbTiO3 (PTO) is a well-
established ferroelectric material with strong polarization characteristics, high Curie temperature, and 
excellent ferroelectric switching properties, which are crucial for the functioning of ferroelectric 
devices[33-35]. When integrated with NNO, ferroelectric properties of PTO can be enhanced by the electronic 
conductivity of NNO, making the NNO/PTO multilayer an ideal candidate for achieving superior resistive 
switching and polarization coupling.

In this study, we investigate the (NNO/PTO)3 (NNO/PTO) multilayer heterostructure as a model system, 
combining the excellent metallic conductivity and oxygen ion mobility of NNO with the robust 
ferroelectricity and polarization tunability of PTO. These complementary properties make the NNO/PTO 
system an ideal platform for exploring the interfacial effects on resistive switching and ferroelectric 
behavior. We examine how defect-induced interfacial strain and lattice distortions influence the electronic 
structure and polarization coupling in NNO/PTO multilayers. Using advanced transmission electron 
microscopy (TEM) techniques, such as high-resolution high-angle annular dark-field scanning TEM 
(HAADF-STEM), geometric phase analysis (GPA), and electron energy loss spectroscopy (EELS), we reveal 
the critical role of oxygen octahedral distortions and orbital hybridization at the interface. These findings 
provide valuable insights into the mechanisms behind the enhanced ON/OFF resistive switching ratio (104) 
and improved polarization, paving the way for the design of high-performance resistive switching devices 
through precise interface engineering.

METHODS
Film growth and basic characterization
NNO and NNO/PTO multilayer films were grown on Nb-STO single-crystal substrates using pulsed laser 
deposition (PLD). The target materials used were commercially available NNO and PTO. Growth was 
carried out at a substrate temperature of 750 °C under an oxygen partial pressure of 70 mTorr. The laser 
energy density was maintained at 1.5 J/cm2, and the pulse repetition rate was 5 Hz. After the deposition, the 
temperature was cooled to 25 °C with an oxygen atmosphere of 200 Torr. The cooling rate is 5 °C/min. The 
crystallographic structure and phase purity of the films were examined by high-resolution X-ray diffraction 
(HRXRD) using a Bruker D8 Discover diffractometer. θ-2θ scans were conducted to confirm film quality, 
orientation, and phase formation.

Atomic-scale structural characterization
Aberration-corrected TEM was employed to investigate the local atomic structure. TEM analysis was 
performed using a Titan Themis microscope operated at 300 kV equipped with a probe corrector (CEOS, 
Gmbh). For the HAADF-STEM imaging, we adopted a probe size of < 1 Å. The convergent semi-angle and 
the collection semi-angle are 21.4 mrad and 37-200 mrad, respectively. Meanwhile, the spatial resolution 
was 60 pm. Energy-dispersive X-ray spectroscopy (EDS) and EELS were performed to analyze elemental 
composition and provide detailed chemical insights, particularly focusing on Ti 3d orbital hybridization and 
oxygen vacancy distribution. EELS of O-K and Ti-L2,3 was acquired with an energy resolution of 0.8 eV 
(determined by the full width of a zero-loss peak at half maximum) and a dispersion of 0.05 eV/ch. The 
entrance aperture was selected to be 5 mm. Two-dimensional Gaussian fitting of the HAADF-STEM images 
was performed using Matlab software to accurately determine the positions of the atomic columns.
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Piezoresponse force microscopy and resistive switching measurements
Piezoresponse force microscopy (PFM) was used to investigate domain configurations and reversal 
behavior under an applied electric field. Measurements were conducted on an Asylum Research Cypher S 
atomic force microscope (AFM), and the domain dynamics were observed under bipolar voltage pulses 
(±10 V). Resistive switching properties were characterized by current-voltage (I-V) measurements, using a 
Keysight 2636B semiconductor device analyzer. A sweeping voltage from -8 V to +8 V was applied, and the 
ON/OFF ratio of the resistive switching behavior was determined by measuring resistance at high and low 
bias voltages.

RESULTS AND DISCUSSION
We successfully fabricated single-layer NNO thin films and three-period NNO/PTO multilayer films on 
Nb-doped SrTiO3 (Nb-STO) (001) substrates using PLD. The thicknesses of the individual NNO and PTO 
layers in the multilayer structure were 20 and 10 nm, respectively. Figure 1A shows the HRXRD pattern of 
the single-layer NNO epitaxial film. The sharp and well-defined diffraction peaks indicate high crystallinity 
and excellent epitaxial alignment with the substrate. No secondary phases were detected, confirming the 
successful growth of a pure NNO film. Figure 1B presents the XRD patterns of the three-period NNO/PTO 
multilayer films.

Figure 1C shows the EDS mapping of the three-period NNO/PTO multilayer. The uniform spatial 
distribution of Na, Nb, Pb, and Ti elements confirms the compositional homogeneity within each layer. 
Additionally, no significant elemental interdiffusion was observed at the interfaces, indicating sharp and 
well-defined boundaries between the NNO and PTO layers. These results highlight the successful 
fabrication of high-quality NNO/PTO multilayers with precise periodicity and well-defined interfaces, 
which are essential for the intended functionalities of the heterostructure.

The ferroelectric and resistive switching properties of the single-layer NNO and NNO/PTO multilayer films 
were systematically investigated, as shown in Figure 2. Figure 2A and B presents the PFM phase-switching 
mappings for the single-layer NNO film and the NNO/PTO multilayer film, respectively. In both cases, a 
clear 180° phase reversal is observed within the written domains, demonstrating robust ferroelectric 
switching behavior. To further confirm the phase reversal, Figure 2C shows the phase profile across the 
switched regions, revealing a distinct 180° phase difference. Notably, the phase contrast is more pronounced 
in the multilayer film compared with the single-layer film, suggesting enhanced ferroelectric behavior due 
to interfacial interactions within the multilayer structure. The stable polarization state accounts for the 
minimal cycle and device variations, which are crucial for improving the performance of resistive switching 
devices. Additionally, local PFM hysteresis behavior, including the 180° phase reversal and the characteristic 
“butterfly-shaped” amplitude curves, further confirms the ferroelectric switching [Figure 2D and E]. 
Obviously, the NNO film exhibits a higher coercive force, requiring a higher switching voltage for 
polarization switching. The resistive switching performance of the films is further presented in 
Figure 2F and G. The ON/OFF ratio is extracted from the I-V curve by measuring the current at a specific 
voltage in both the high-resistance state (HRS) and the low-resistance state (LRS). The ratio is calculated as 
the current in the HRS divided by the current in the LRS. For the single-layer NNO film [Figure 2F], the 
device exhibits stable resistive switching with an ON/OFF ratio of approximately 102. In contrast, the NNO/
PTO multilayer [Figure 2G] achieves a significantly enhanced ON/OFF ratio of 104. This remarkable 
improvement may be attributed to defect-induced interfacial modifications, which enhance charge trapping 
dynamics and modulate the local electric field distribution. The higher ON/OFF ratio in the multilayer 
structure underscores the critical role of interface engineering in optimizing resistive switching 
performance. These results demonstrate that integrating NNO with PTO in a multilayer configuration 
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Figure 1. Crystal structure characterization of epitaxial NNO and (NNO/PTO)3 thin films. Out-of-plane XRD θ-2θ scans of NNO thin 
films (A) and (NNO/PTO) 3. (B) grown on (001) Nb-STO substrates. (C) Low-magnification HAADF-STEM image of the (NNO/PTO)3 
film grown on Nb-STO substrates and EDS mapping of the (NNO/PTO)3/Nb-STO heterointerface.

effectively harnesses defect-driven interfacial effects to improve both ferroelectric and resistive switching 
properties, paving the way for the development of high-performance resistive switching devices.

To evaluate the stability and reliability of the resistive switching behavior, we conducted fatigue and 
retention tests on the NNO/PTO multilayer devices. Figure 3A shows the fatigue performance, where the 
device undergoes repeated switching cycles. The results demonstrate excellent endurance, with no 
significant degradation in the ON/OFF ratio after up to 105 cycles, indicating that the device maintains 
stable switching performance over extended operation periods. This suggests that the resistive switching 
mechanism is highly reliable, with minimal impact from cycling fatigue. Additionally, the retention 
characteristics of the device were assessed and are presented in Figure 3B. The retention test was conducted 
by measuring the resistance of the device in both the HRS and LRS over a period of 103 s. The results show 
that both states remain stable, with no noticeable drift in resistance, confirming the excellent retention 
capability of the device. This long-term stability further highlights the potential of the NNO/PTO multilayer 
as a promising candidate for non-volatile memory applications.

To gain insight into the origin of the enhanced performance in the NNO/PTO multilayers, we conducted 
atomic-scale characterization of the interface region. Figure 4A presents a low-magnification HAADF-
STEM image of the three-period NNO/PTO multilayer, clearly revealing the periodicity of the NNO and 
PTO layers and confirming the successful growth of the multilayer structure. Figure 4B provides a 
magnified view of the interface region (marked by the orange box), where the interfacial coherence between 
the NNO and PTO layers is evident. The sharpness of the interface indicates minimal interdiffusion, which 
is crucial for preserving the desired material properties. Then, we found a vertically aligned nanopillar in the 
cross-sectional view of NNO [Figure 4C]. The nanopillar is embedded in the matrix of a regular perovskite 
structure. Inside the nanopillar regions, the Nb atoms occupy the original Na positions along both in-plane 
directions, and the Na atoms also occupy the original Nb positions along both in-plane directions. This kind 
of antisite NbNa defect is typical in the NNO perovskite oxides. The atomic-level EDS analysis shown in 
Figure 4D reveals the distribution of elements across the interface, with concentration profiles indicating a 
well-defined boundary between the NNO and PTO layers, and no significant elemental intermixing at the 
interface. This sharp interface is likely responsible for the improved charge transport and resistive switching 
behavior observed in the multilayer. Finally, Figure 4E displays the polarization distribution in the PTO 
layer near the interface. A significant enhancement of polarization is observed near the NNO/PTO 
interface, attributed to interfacial strain and defect-induced effects. Moreover, interfacial antisite defects 
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Figure 2. Scanning probe microscopy characterization and nonvolatile resistive switching of Nb-STO/(NNO/PTO)3/Au memristors. (A 
and B) PFM phase images with square domain patterns written by +10 V and -10 V for NNO and (NNO/PTO)3 film, respectively. (C) 
Position dependent phase changes along the while lines in (A and B), respectively. (D and E) Amplitude curves (D) and phase switching 
spectroscopy loops (E) collected with the cantilever for NNO and (NNO/PTO)3 films. (F and G) I-V characteristics for (F) NNO and (G) 
(NNO/PTO)3 devices.

help stabilize the single domain in PTO, potentially resulting in a gradient distribution of oxygen vacancies. 
The significant enhancement of polarization near the NNO/PTO interface can be attributed to the interplay 
between the interfacial strain and the polarization of the PTO layer. The presence of defects and strain at the 
NNO/PTO interface influences the local lattice structure of PTO, resulting in an increased polarization near 
the interface. This enhancement is due to the modification of the oxygen octahedral tilting and the strain-
induced distortion in the PTO layer, which stabilizes the ferroelectric dipoles and enhances the local 
polarization. The comparative explanation between the interface region and the bulk region of the PTO 
layer reveals that while the bulk exhibits a relatively uniform polarization distribution, the interface region 
shows a much stronger polarization response. This is likely due to the strain-induced polarization coupling 
between the NNO and PTO layers, which significantly alters the local polar orientation and strengthens the 
overall polarization in the interface region. This may explain the memristive behavior, with an outstanding 
ON/OFF ratio of 104. The strong polarization at the interface is believed to play a critical role in enhancing 
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Figure 3. Fatigue and retention characteristics for (NNO/PTO) 3. (A) Fatigue properties of the HRS and LRS for (NNO/PTO) 3. (B) 
Retention properties of the HRS and LRS with a pulse width of 1 s for (NNO/PTO)3.

Figure 4. Structure and element analysis of NNO/PTO thin films grown on Nb-STO substrates. (A) Low-magnification HAADF-STEM 
image of (NNO/PTO)3 thin films and (B) enlarged image of the NNO/PTO interface marked by orange box in (A). (C) Cross-sectional 
atomically resolved HAADF image of NNO. Antisite NbNa defects can be clearly observed. (D) Atomic HAADF-STEM image and EDS 
mapping of the NNO/PTO heterointerface. (E) The enlarged atomic positions together with the atomic displacement mapping of Ti 
ions (yellow arrows) of typical regions near and away from the NNO/BTO interface.

resistive switching performance by facilitating charge trapping processes, which are key to the resistive 
switching mechanism.

The resistive switching phenomenon can be explained through mechanisms such as charge migration, 
defect-induced local electric fields, and ion movement. Under an applied electric field, electrons or ions in 
the material migrate, leading to local changes in the electric field and thus altering the material resistance. 
Specifically, under a positive electric field, oxygen vacancies or metal ions migrate toward the electrode, 
leading to an increase in local conductivity; under a negative electric field, these ions or defects migrate back 
or redistribute, restoring the initial HRS. By adjusting parameters such as field strength and pulse width, the 
resistance state of the material can be precisely controlled, enabling information storage and retrieval.
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The resistive switching in ferroelectric materials can be understood in terms of the interaction between the 
ferroelectric polarization and the local electric field at the interface. When a voltage is applied across a 
ferroelectric material, the polarization of the ferroelectric layer aligns with the electric field, causing a 
redistribution of charge carriers at the interface. This results in a significant variation in the electric field at 
the interface, which in turn affects the resistance of the material. The resistance can either increase or 
decrease depending on the direction of the applied voltage and the polarization state of the ferroelectric 
layer. In the "set" process (switching from HRS to LRS), the applied voltage causes the polarization to switch 
direction, which induces charge redistribution that reduces the resistance. Conversely, during the "reset" 
process (switching from LRS to HRS), the polarization is reversed, and the resistance increases.

The presence of defects, such as oxygen vacancies or metal ion migration, also significantly contributes to 
the resistive switching behavior in ferroelectric devices. These defects can modify the local electric field, 
leading to changes in the resistance of the device. For example, oxygen vacancies may migrate under an 
applied field, creating localized conductive paths that facilitate the LRS. In ferroelectric materials, the defects 
interact with the polarization, which can modulate the resistance switching characteristics by altering the 
interface properties. In addition to defects, the interface between the ferroelectric layer and the electrodes is 
crucial for resistive switching. The interface can significantly influence the voltage threshold and the 
switching dynamics due to the formation of depletion or accumulation regions at the interface. These 
regions can affect the ion migration and the distribution of charge carriers, further impacting the resistive 
switching behavior of devices.

To further investigate the atomic-scale mechanisms underlying the enhanced performance of the NNO/
PTO multilayer, we performed GPA and EELS near the interface. Figure 5A presents a HAADF-STEM 
image of the NNO/PTO multilayer, where the atomic arrangement and periodicity of the layers are clearly 
visible. Figure 5B and C shows the in-plane and out-of-plane strain maps derived from GPA. The strain 
maps reveal a significant strain gradient in the out-of-plane direction near the interface, with a marked 
increase in strains at the PTO layer adjacent to the NNO/PTO interface. This observation suggests that 
antisite defects at the interface play a key role in modulating the strain distribution within the PTO layer, 
which can influence the local electronic structure and ferroelectric properties. The large out-of-plane strain 
near the interface is expected to promote polarization enhancement and contribute to improved resistive 
switching performance. Figure 5D shows the Ti-L and O-K EELS spectra from the interface region. The Ti 
L-edge EELS indicates a noticeable shift in the ratio of the eg and t2g peaks near the interface, suggesting a 
modification in the local Ti 3d orbital configuration. This change is indicative of a shift in the coupling 
mechanism of the oxygen octahedra at the interface, consistent with the results from the GPA. These 
alterations in Ti-O bond hybridization are likely to affect the charge transfer dynamics and electronic 
structure of the PTO layer, thereby influencing both the ferroelectric and resistive switching properties[36,37]. 
Additionally, the O K-edge EELS shows distinct differences near the interface, further supporting the idea of 
altered oxygen octahedral coupling. These oxygen-related spectral features indicate that the local 
environment of oxygen ions at the interface is significantly modified due to strain and antisite defects, 
potentially enhancing polarization and facilitating charge transport at the NNO/PTO interface. Together, 
these atomic-scale analyses provide strong evidence that the enhanced resistive switching and ferroelectric 
properties in the NNO/PTO multilayers are driven by antisite defect-induced strain and modified electronic 
structure at the interface. The changes in Ti-O bonding and polarization distribution at the interface play a 
critical role in optimizing the performance of multilayers.

The resistive switching behavior in NNO/PTO multilayers is driven by the synergistic effects of interface 
strain and polarization coupling. Oxygen vacancies, as a crucial factor influencing memristive devices, are 
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Figure 5. Atomic-scale STEM and EELS analysis of the (NNO/PTO)3 thin films. (A) Cross-sectional HAADF-STEM image of the 
(NNO/PTO)3 film. (B) IP strain εxx and (C) OOP strain εyy mappings from the corresponding HAADF-STEM image shown in (A) using 
GPA. Bar = 10 nm. (D) EELS Ti-L and O-K edges of the scanning range from the inside to the interface in the PTO.

redistributed through interface engineering and defect modulation, which in turn affects the barrier height 
at the material interface and consequently regulates the macroscopic electrical properties of the material. 
Additionally, oxygen vacancies, primarily in the NNO layer, play a key role in modulating the local 
resistance under an applied electric field. As vacancies migrate and accumulate at the interface, they alter 
the electronic structure, facilitating the transition between the HRS and LRS. This process is further 
influenced by the strain at the NNO/PTO interface, which results from the lattice mismatch between the 
two materials. The strain not only affects the polarization of the PTO layer but also alters the local charge 
distribution, promoting enhanced resistive switching. The polarization coupling between NNO and PTO at 
the interface further stabilizes the high and low resistance states, contributing to the observed high ON/OFF 
ratio. The modified electronic structure at the interface, as revealed by techniques such as EELS and GPA, 
shows that oxygen vacancies and strain significantly alter the local electronic states, creating localized states 
near the Fermi level that facilitate charge trapping dynamics. This leads to improved switching stability and 
speed, making the NNO/PTO multilayer a promising candidate for non-volatile memory applications. 
These results highlight the critical role of defect engineering and interface modulation in achieving high-
performance resistive switching, offering a pathway for future device optimization through further 
exploration of interface effects, defect density, and material composition.

CONCLUSION
In conclusion, our study demonstrates that the enhanced resistive switching and ferroelectric properties in 
NNO/PTO multilayers are primarily driven by interfacial electronic structure modifications induced by 
antisite defects and strain. The well-defined interface and strain gradient within the PTO layers significantly 
alter the local electronic structure, particularly the Ti 3d orbital hybridization and oxygen octahedral tilting, 
as revealed by EELS and GPA. These changes enhance charge trapping dynamics, leading to a marked 
improvement in resistive switching performance, with the multilayer exhibiting an ON/OFF ratio of 104, 
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compared with 102 in the single-layer NNO film. Additionally, the enhanced polarization near the interface, 
along with the modulation of electronic states, plays a crucial role in optimizing both the ferroelectric and 
resistive switching behaviors. This work underscores the importance of interface engineering in controlling 
electronic structure to achieve high-performance resistive switching devices and provides valuable insights 
for future device optimization.
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