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SUMMARY

HfO2-based ferroelectrics attract considerable attention as their nanoscale ferroelectricity and CMOS 

compatibility, fulfilling demands of emerging memory technologies. However, as films scale down, resis

tive-switching behavior becomes increasingly pronounced, intertwining with polarization-switching process 

and affecting ferroelectric switching—factors often overlooked yet crucial for device optimization. Character

izing resistive-switching behavior and oxygen vacancy motion using tailored electric-pulse schemes, we 

decouple the resistive-switching behavior from the overall switching process in ultrathin Hf0.5Zr0.5O2 films, 

which would otherwise erroneously inflate polarization values and increase coercive fields. Building on 

this, we elucidate endurance degradation mechanisms from perspectives of resistive switching and defect 

migration. Furthermore, we demonstrate mitigated resistive-switching activity by designing HfO2-based 

PROGRESS AND POTENTIAL The growing demand for next-generation non-volatile memory technologies 

has spurred substantial interest in ultrathin HfO2-based ferroelectric materials, especially those with thick

nesses below 10 nm. As the film thickness decreases, resistive-switching phenomena, driven by oxygen 

vacancy migration, become more pronounced. However, the coexistence of ferroelectric polarization 

switching and resistive switching complicates the accurate assessment of intrinsic ferroelectric responses 

and leads to issues such as fatigue and breakdown. In this study, through carefully engineered electric 

pulse sequences, we successfully decouple the effects of resistive switching on ferroelectric polarization 

reversal—manifested as reduced polarization efficiency, exaggerated polarization values, and increased 

coercive fields. We further illustrate how resistive-switching induces asymmetric field distributions across 

the device during operation, resulting in directional oxygen vacancy migration. This analysis provides a 

resistive-switching-based explanation for the impaired endurance observed in ferroelectric devices. 

Although often overlooked, the interplay between ferroelectric and resistive switching is prevalent partic

ularly in ultrathin architectures, including emerging two-dimensional ferroelectrics with low band gaps. Us

ing ultrathin Hf0.5Zr0.5O2 ferroelectric devices as a model system, we quantitatively delineate the impact of 

resistive-switching on ferroelectric properties and propose effective strategies to mitigate its effects, 

thereby enhancing device stability. In the rapidly evolving landscape of ultrathin ferroelectric devices, 

this work provides critical insights into accurately evaluating intrinsic ferroelectric behavior and improving 

device reliability. 

Matter 9, 102726, June 3, 2026 © 2026 Elsevier Inc. 1 
All rights are reserved, including those for text and data mining, AI training, and similar technologies.
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devices with symmetric oxide electrodes, achieving reduced coercive fields and improved cycling perfor

mances. This work provides crucial insights into origins of inflated polarizations and reliability challenges 

in HfO2-based devices while offering a viable strategy to enhance ferroelectric properties for advanced 

applications.

INTRODUCTION

The ferroelectricity found in the HfO2-based thin films, a 

commercialized high-κ gate material,1 has been marked as a 

milestone for the development of low-power-consumption ferro

electric memories.2 The superior CMOS compatibility and scal

ability embodied in the HfO2-based ferroelectrics overcome 

the integration bottleneck of conventional ferroelectric materials 

and greatly facilitate the progress of emerging memory para

digms like in-memory computing and others.3 However, as 

research advances, it has become evident that the electrical 

properties and phase structure of HfO2-based films are intri

cately related to oxygen vacancies (VO).4–6 VO represent a pre

dominant type of defect in HfO2 materials, characterized by the 

prevalent oxygen-deficient compositions within HfO2-based 

films.7,8 Both the distribution condition and migration feature 

of VO would significantly influence electrical behaviors of HfO2- 

based devices.9–11 The drift of VO under electric fields imparts 

memristive attributes to HfO2-based devices.10,12,13 Meanwhile, 

the introduction of VO is found to be helpful for the stabilization of 

metastable polar phase.5,14,15 Nevertheless, the electric field- 

driven VO redistribution, homogenization, and migration,6,16–18

in conjunction with VO-related phase transformations,4,19,20

can also give rise to wake-up, split-up, fatigue, and breakdown 

phenomena of HfO2-based ferroelectric films. Furthermore, un

like conventional ferroelectrics, HfO2-based ferroelectric de

vices exhibit atypical switching characteristics, such as an 

anomalous increase in polarization values with rising tempera

tures21 and extraordinarily divergent reported polarization values 

across different literatures (5–387 μC/cm2).6,22–26 These atypical 

behaviors suggest a strong influence of VO migration on the 

ferroelectric response, highlighting the critical role of defect mo

tion in shaping the performance and reliability of HfO2-based 

ferroelectric devices.

With the growing demand for miniaturized, high-density, and 

highly integrated memory devices,27,28 ultrathin HfO2-based fer

roelectrics are garnering increasing interest owing to their unique 

size effect, which is exemplified by their sustained ferroelectricity 

in reduced film thicknesses.29 Nevertheless, the synergy of ultra

thin dimensions and the inherently large coercive field (Ec) in 

HfO2-based ferroelectric devices facilitates a much more 

obvious oxygen ion/vacancy migration,6,8 simultaneously aggra

vating the resistive-switching phenomenon. Therefore, the 

coupling between polarization-switching and resistive-switching 

(hereafter CPR in short) emerges as a prevalent yet often over

looked issue when it comes to the ultrathin HfO2-based ferro

electric applications. Despite that, discussions about CPR are 

quite rare, and effects of CPR on ferroelectric switching charac

teristics have not been thoroughly studied either.

In this study, ultrathin Hf0.5Zr0.5O2 (HZO) ferroelectric films 

serve as a model system to systematically investigate the inter

play between resistive switching and polarization switching. 

By analyzing resistive-switching feature and oxygen defect 

migration behavior within the Pt/HZO/La0.67Sr0.33MnO3 (LSMO) 

metal-ferroelectric-metal (MFM) capacitors, we successfully 

decouple the resistive switching behavior from the overall 

switching process, clarifying the origin of spurious ‘‘large’’ polar

ization values as well as increased Ec frequently observed 

in ultrathin HfO2-based devices—both of which are often misin

terpreted in ferroelectric characterization. Based on these find

ings, we further reveal fatigue and endurance degradation mech

anisms in HZO-based devices from the oxygen defect drift view. 

Leveraging the characteristics of defect migration, a ‘‘dielectric 

training’’ process is introduced to suppress the resistive switch

ing effects, thereby enhancing polarization switching efficiency. 

Furthermore, an ultrathin HZO-based ferroelectric capacitor with 

symmetric LSMO oxide electrodes is fabricated, effectively miti

gating the adverse effects of the CPR phenomenon. This 

approach leads to improved polarization stability and enhanced 

cycling performance, demonstrating a viable strategy to opti

mize the reliability of HZO-based ferroelectric devices.

RESULTS

The structure and atypical electric behaviors of the 

ultrathin HZO device

Approximately 6-nm-thick ultrathin HZO films were synthesized 

on (001)-oriented LSMO-buffered SrTiO3 (STO) single crystal 

substrates using pulsed laser deposition (PLD) technique (details 

provided in the ‘‘methods’’ section). The thickness of the as- 

grown LSMO/HZO heterostructure was determined by X-ray 

reflection (XRR) and refined using the Nelder Mead algorithm 

(Figure S1A), which employs a least squares method. The struc

tural properties of the heterostructures were characterized using 

2θ-ω X-ray diffraction (XRD) (Figure S1B). The diffraction peak 

located at 29.94◦ corresponds to the (111) reflection of ferroelec

tric orthorhombic phase of HZO, with a d-spacing of 2.98 Å. The 

pronounced oscillations surrounding the diffraction peak for the 

ultrathin film indicates high crystalline quality and well-defined 

interfaces. Additionally, a weak peak observed at 34.2◦ is attrib

uted to the (002) reflection of the paraelectric phase, potentially 

indicative of monoclinic or tetragonal structure.30,31

Despite the high crystalline quality of the ultrathin films, Pt/ 

HZO/LSMO ferroelectric devices based on the 6 nm HZO film 

(Figure S1C) exhibit significant electric-response deviations 

compared to capacitors with thicker HZO layers. As depicted 

in Figure 1A, elevated fields were gradually applied to the 6 nm 

ultrathin HZO device. Interestingly, despite being measured 

below coercive field (Ec∼4 MV/cm), the nominal polarization- 

electric field (P-E) loops of the ferroelectric device (Figure 1A) 

exhibit typical lossy dielectric characteristics. The accompa

nying current response (Figure S2A) reveals a notable leakage 

current superimposed on dielectric contribution, contributing 

to the observed ‘‘fat’’ P-E loops. Quantitative analysis of the 
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leakage current density (Figures 1B and S2B) further confirms 

that the 6 nm HZO film demonstrates substantially higher 

leakage than conventional dielectric materials.32 Notably, the ul

trathin Pt/HZO/LSMO device manifests distinct clockwise I-E 

hysteresis as applied field reaches 3.33 MV/cm, unambiguously 

demonstrating the memristive resistive-switching behavior. The 

RESET (positive bias) and SET (negative bias) transitions occur 

distinctly in the ultrathin device, even without requiring an initial 

forming step.

When ultrathin ferroelectric devices are operated above Ec, 

resistive switching and polarization reversal occur simulta

neously, giving rise to a pronounced CPR phenomenon. This 

interplay profoundly alters the cycling characteristics, yielding 

anomalous behaviors distinct from conventional HfO2-based 

ferroelectric capacitors.11 While conventional HfO2-based de

vices typically follow a sequential progression of wake-up, stable 

switching, and eventual fatigue (Figure S3),11 the ultrathin HZO 

device demonstrates an unconventional polarization reduction 

during its initial cycling (Figures 1C and 1D) process. 

Figures 1E and 1F present the evolution of P-E hysteresis loops 

and corresponding current curves at different cycling stages, 

respectively. Initially, the ultrathin HZO device exhibits pro

nounced resistive-switching behavior without a well-defined 

ferroelectric response, despite the applied field exceeds Ec. 

However, after 100 switching cycles, the maximum current den

sities under positive and negative biases decreased markedly 

from 2.3 A/cm2 and − 4.4 A/cm2 to 0.8 A/cm2 and − 1.3 A/cm2, 

respectively (Figure 1F). This reduction in current density un

equivocally confirms the transition of the device from a low- 

resistance state (LRS) to a high-resistance state (HRS). Subse

quently, the intensity of the polarization switching current peak 

shows significant enhancement. Operating in the HRS with 

suppressed leakage, the device yields ‘‘thinner’’ P-E loops 

(Figure 1E) with pronounced polarization switching behavior 

(Figure 1F). The apparent polarization reduction observed in 

Figures 1C–1F underscores the competitive interaction between 

resistive switching and polarization switching, as their coexis

tence mutually suppresses independent characterization of 

each characteristic.

To investigate the origin of the lossy characteristic, conductive 

atomic force microscopy (C-AFM) was utilized to probe the local 

conductivity of the ultrathin film and elucidate the underlying 

mechanisms governing its resistive-switching behavior. The 

pristine HZO film exhibits atomic-scale flatness with a root- 

mean-square roughness of only ∼110 pm (Figure S4). Current 

mapping acquired under the − 2 V tip voltage reveals spatially 

inhomogeneous conduction (Figure 2A), indicating localized re

gions with distinct resistance states. Quantitative analysis of 

the current distribution (Figure 2C) along the white dotted line 

(Figure 2A) further confirms multiple LRS regions on the pristine 

surface. Given the resistive-switching characteristics of the film, 

the resistance state can be modulated by external electric stim

uli. Remarkably, these conductive sites vanish upon applying 

a +2 V voltage (Figures 2B and 2D), signifying a transition to 
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Figure 1. The electric performances and cycling behavior for the Pt/HZO/LSMO device 

(A) P-E loops of the pristine device measured beneath Ec. 

(B) leakage current-electric field (I-E) curves measured within 1.66 MV/cm and 3.33 MV/cm, respectively. 

(C) A brief sketch of the whole cycling performance for the ultrathin HZO ferroelectric device. The period labeled by the question mark represents a duration that 

differs from the initial cycling performances of conventional ferroelectric devices. 

(D) The specific cycling behavior of the ultrathin HZO device at the initial stage. 

(E and F) P-E loops (E) and corresponding switching currents (F) for the ultrathin Pt/HZO/LSMO device directly cycled above Ec.
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the HRS. These observations demonstrate that the resistive- 

switching behavior detected in ultrathin HZO arises from VO 

migration and the dynamic formation/disruption of VO conduc

tive filaments under electric fields (Figure 2E).33 Besides, VO in 

HfO2 films tend to be arranged in a structured and well-ordered 

manner, resembling chains7 or planes.34 Under this circum

stance, the probability of ordered VO filaments extending 

throughout the entire film is considerably higher for the ultrathin 

films compared to their thicker counterparts. This facilitates the 

electric-forming-free resistive-switching behavior observed in 

the ultrathin HZO devices and accounts for their pronounced 

lossy dielectric characteristics.

As schematically depicted in Figure 2F, the ultrathin Pt/ 

HZO/LSMO ferroelectric device can be modeled as a parallel 

circuit comprising a capacitor and a memristor, effectively 

capturing the intrinsic electrical characteristics of the system. 

This configuration can be represented as an active two-termi

nal network (Figures S5A and S5B), enabling a simplified elec

trical analysis. According to the Thevenin’s theorem,35,36 the 

system can be further simplified into an equivalent circuit, as 

A

B

C

D

E

F

G H

Figure 2. Mechanisms of the conductive 

states in the ultrathin HZO device 

(A and B) Current mapping of the HZO film under a 

− 2 V bias (A) and a +2 V bias (B). 

(C and D) Line profiles of current distribution along 

the white dotted lines in (A) and (B), respectively. 

(E) Schematics of VO distribution conditions within 

the HZO film under electric fields of different po

larities. 

(F) A simplified equivalent circuit model of the Pt/ 

HZO/LSMO device system. 

(G) Relationship among Uc, time, and memri

stance M. 

(H) Extracted Uc-M curve for a fixed time param

eter, derived from the curved surface in (G).

shown in Figure S5C, where the equiv

alent electromotive force (E) and inter

nal resistance (Re) are given by:

E = UM = (RP + M) (Equation 1) 

Re = MRP = (RP + M) (Equation 2) 

where U, M, and Rp are the electric 

voltage across the system, the memri

stance, and the parasitic resistor value, 

respectively. Accordingly, it can be 

calculated by the following equations:

iRe+Uc = E (Equation 3) 

ReC(d(Uc)=d(t) )+ Uc = E

(Equation 4) 

where i, C, Uc, and t represent the current 

of the circuit shown in Figure S5C, the 

capacitance of the capacitor, the voltage 

drop across the capacitor, and the time 

elapsed since the load of the voltage, respectively. Furthermore, 

regarding the voltage drop, it should be noted that the polariza

tion reversal occurs once Uc, rather than U, reaches the coercive 

force threshold of the device.

When the pulse waveform (Figure S6) is applied to the system, 

the voltage drop Uc across the ferroelectric capacitor part can be 

described as:

Uc = (kMt)
/
(RP + M)-kRPM2C

/
(RP+M)

2
(
1-exp

(
-t(RP

+ M)
/(

MRpC
) ) )

(Equation 5) 

where k is the constant representing the changing rate of the 

applied driving force (Figure S6). As visualized in Figure 2G, 

which illustrates Equation 5, Uc varies with different values of 

M over time. For clarity, we extract a time-fixed cross-section 

from the 3D plot (Figure 2G) and present it in Figure 2H, which re

veals a monotonic positive correlation between Uc and M. 

Hence, a higher memristance M leads to a greater voltage 

drop Uc across the capacitor. Conversely, a smaller M results 
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in a lower Uc, which fails to meet the coercive force required for 

polarization reversal, thereby contributing to the initially 

observed lossy attribute and faint switching peaks in 

Figures 1E and 1F.

Effects of the CPR phenomenon on electric 

characterizations

The electric-field-driven migration of VO is an inherent and inev

itable process, directly influencing the resistive-switching 

behavior, which is intrinsically coupled with the polarization 

reversal in HfO2-based ferroelectric thin films. Therefore, beyond 

the aforementioned anomalous cycling behavior, the CPR phe

nomenon can significantly impact the ferroelectric switching 

characteristics of the ultrathin device. The DC current-field 

curves (Figure 1B) reveal the evolution of memristance during 

polarization reversal. Figure 3A presents a snapshot of the mem

ristance state throughout this process, allowing its variation to be 

systematically traced as a function of the applied voltage. It can 

be inferred that the device transitions from an HRS to an LRS as 

the electric field shifts from positive to negative bias, altering Uc 

accordingly through the resistive-switching process. As illus

trated in Figures 3A and 3B, point I marks the onset of polariza

tion switching. Despite points I and II experience identical 

applied voltages (i.e., |UII| = |UI|), the resultant capacitor voltage 

drop differs substantially (|Uc
II| < |Uc

I|) due to reduced memri

stance (MII < MI), a direct consequence of resistive-switching ef

fect. Therefore, according to Equation 5, the memristance 

decrease necessitates both extended switching duration (t) 

and elevated driving amplitude (U = kt) to achieve the coercive 

threshold (Uc), with position II’ marking this critical transition 

point. Consequently, polarization reversal under the negative 

bias requires a higher field. Similarly, unlike ideal insulating ferro

electrics, the pronounced lossy behavior and changed M values 

induced by the CPR effect substantially prolong the switching 

time for both polarization states, thereby increasing Ec. Addition

ally, as illustrated in Figure 3B, the leakage current, which ex

hibits resistive-switching behavior, also displays hysteresis 

characteristics, further complicating the accurate assessment 

of ferroelectric switching performances. It couples with the 

intrinsic polarization switching current, converting the ideal 

square-like polarization switching current loop into a broader, 

tilted one. As a result, extrinsic contributions derived from the 

resistive-switching effect distort the polarization hysteresis 

loops and inflate the apparent polarization values, a prevalent 

issue in the characterization of ultrathin ferroelectrics. It 

is important to note that, even the mere drift of VO can also 

generate a ferroelectric-switching-like current response,17

further obscuring the distinction between intrinsic and extrinsic 

ferroelectricity in ultrathin devices.37

The intrinsic ferroelectric properties of ultrathin HZO devices 

could be obscured due to their coupling with the resistive- 

switching behavior. The Positive-Up-Negative-Down (PUND) 

method has been widely employed to subtract dielectric and 

leakage contributions during polarization switching, enabling 

the extraction of intrinsic ferroelectric characteristics.38 Howev

er, its effectiveness is compromised in ferroelectric systems with 

CPR effect. The pronounced hysteresis in resistive-switching 

current curves prevents the complete elimination of extrinsic 

contributions through conventional PUND measurements, 

potentially leading to misinterpretations—most notably, inflated 

polarization values. As illustrated in Figure 4A, to investigate 

the variation in PUND responses across different memristive 

states, we employed a specially designed ‘‘PUNDPU’’ pulse 

sequence. This sequence combines a standard PUND (pulses 

1–4 with a pulse duration of 100 μs), an equivalent NDPU (pulses 

3–6 with a pulse duration of 100 μs), and a shorter write pulse 

(with a pulse duration of 50 μs). Due to varying electrical histories 

applied before points i (after a shorter SET write pulse) and ii 

(following two prolonged repeated SET ‘‘ND’’ pulses), the device 

exhibits different memristive states, enabling the analysis of their 

impact on polarization switching. As shown in Figure 4B, the Uc 

at position ii is smaller than that at position i. Therefore, the cur

rent response to pulse-5 exhibits a delayed switching peak, 

along with a pronounced contribution from the resistive-switch

ing hysteresis within the peak region, in stark contrast to the cur

rent response observed for pulse-1 (Figure 4C). Notably, this 
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Figure 3. Schematic illustration of the 

impact of the CPR phenomenon on the 

switching characteristics of the ultrathin 

HZO ferroelectric device 

(A) The snapshot of the memristance change and 

the variation in U and Uc during the polarization 

reversal process. T is the time of an electric pulse 

period and tI, tII, tII’ represent the time of the 

marked points I, II and II’, respectively. Addition

ally, the Mx, Ux, and Uc
x represent the specific 

memristance, voltage applied to the circle, and 

the voltage drop across the capacitor at the 

marked point x (x = I, II, and II’), respectively. 

(B) Coupling effects of the resistive and ferro

electric switching. The red regions stand for the 

ferroelectric switching contributions and the yel

low places symbolize the resistive switching 

contributions.
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additional resistive-switching contribution cannot be eliminated 

by the up current associated with pulse-6 due to its hysteresis 

characteristic. Consequently, as exemplified in Figure S7, the 

CPR phenomenon causes the same device to exhibit varying po

larization values when measured using the ‘‘PUND’’ method.

It is worth mentioning that a higher applied field can exacer

bate the CPR effect, introducing more significant artificial contri

butions to the polarization values. As shown in Figure 4D, prior to 

performing the standard PUND measurement with an 8.33 MV/ 

cm peak field, the device was subjected to different set ampli

tudes to establish distinct resistance states. As a result, after be

ing programmed at − 8.33 MV/cm, the total switching current of 

the device contains a significantly enhanced contribution from 

the resistive switching, accompanied by a delayed switching 

current peak (Figure 4E). This leads to a noticeable increase in 

the nominal polarization value and a higher Ec (Figure 4F). 

Notably, the contribution of the resistive-switching effects can 

be further amplified under higher electric fields, provided the de

vice remains functional (i.e., without breakdown). For instance, 

under a PUND measurement with ±10 MV/cm and a − 10 MV/ 

cm SET amplitude, the nominal remnant polarization (2Pr) of 

the device reaches 50.5 μC/cm2 (Figure S8), representing a 

189% enhancement compared to its pristine state (Figure 4G). 

This phenomenon not only provides critical insights into the 

extrinsic origins underlying the large discrepancy between 

nominal Pr value obtained via conventional PUND technique 

(34 μC/cm2) and intrinsic Pr value (<9 μC/cm2) obtained from 

atomic displacements, as documented in prior investiga

tions,6,22 but also accounts for the exaggerated Pr value of up 

to 387 μC/cm2 observed in the HZO film.25 To further verify the 

role of VO drift, the Pt/HZO/LSMO device was characterized 

at liquid-nitrogen temperature (77 K), where VO diffusion is 

E F

G H I

D

A CB

Figure 4. Effects of CPR on the polarization switching performances of the Pt/HZO/LSMO device 

(A) The schematic of the design PUNDPU pulse sequence (numbered 1–6), the change of resistance conditions along with the applied electric fields. 

(B) The Uc conditions of the device located at i and ii points marked in (A). 

(C) Corresponding current curves generated by the PUNDPU pulses shown in (A), and the signals labeled 1–6 correspond to the current responses generated by 

electrical pulses 1–6 in (A), respectively. 

(D) The designed PUND pulse with various SET amplitudes. 

(E and F) The switching currents (E) and corresponding PUND curves (F) of the same device measured with different SET signals. 

(G) The change of nominal remnant polarization values with different SET and read pulses. 

(H and I) The switching currents (H) and corresponding PUND loops (I) measured with pulses shown in (D) at 77 K.
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significantly suppressed. The resulting PUND curves (Figures 4H 

and 4I) showed remarkable consistency across different set volt

ages. This further confirms the influence of CPR on the polariza

tion switching behaviors of HZO ultrathin devices.

Suppressing resistive-switching via VO migration 

control in ultrathin HZO films

The CPR phenomenon introduces artificial contributions to ferro

electric characterizations, increasing Ec and obscuring accurate 

assessment of the material’s intrinsic properties. Therefore, as 

discussed, the strong interplay between resistive-switching 

and polarization reversal necessitates effective mitigation strate

gies for the resistive-switching behavior in ultrathin HZO devices. 

Inspired by the unusual cycling behavior observed in Figure 1E 

and the pronounced migration of VO in ultrathin films 

(Figures 2A and 2B), it can be inferred that the resistance state 

of the ultrathin films can be modulated through VO migration. In 

thicker films, VO conductive filaments are typically formed via 

an electric-forming process induced by a DC pulse (Figure 5A). 

By contrast, in ultrathin films, tuning the magnitude and fre

quency of an alternating electric field continuously reorients 

VO, resembling an effective ‘‘shaking’’ motion. This process 
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Figure 5. Illustrations of dielectric-training process 

(A and B) Visualizations of the electric-forming (A) and dielectric-training processes (B), with accompanying depictions of VO migration under each condition. 

(C) The dielectric training process for the 6-nm thick Pt/HZO/LSMO device, showing the changing trend of the nominal polarizations under the 3.33 MV/cm, 5 kHz 

AC signal. 

(D) The leakage currents for the device measured before and after the dielectric training treatment. The figure inset shows currents with a logarithmic scale. 

(E) The nominal P-E loops and corresponding switching currents of the ultrathin HZO device during the D-training process. 

(F and G) The ‘‘PUNDPU’’ measurement results (F) and P-E loops (G) for the trained device measured above Ec, with their corresponding switching currents shown 

alongside.
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causes continuous VO filaments to rupture at weak points and 

disperse into isolated clusters, ultimately restoring the high- 

resistance state of the high-κ film. This process, referred to the 

dielectric training (D-training), offers a promising approach to 

mitigating resistive-switching effects.

To optimize the D-training process, various parameters were 

systematically explored. Figure S9 demonstrates that AC pulses 

across different frequencies and amplitudes can effectively facil

itate D-training by driving VO migration. However, higher volt

ages or lower frequencies would increase the risk of breakdown 

in ultrathin devices, a phenomenon that aligns with the time- 

dependent dielectric-breakdown (TDDB) model.39,40 To sum 

up, the selection of electrical signals plays a crucial role in deter

mining the arrangement and distribution of defects within HZO 

thin films (Figure S10), which in turn dictates the electrical perfor

mance of HZO-based devices, encompassing aspects such as 

leakage, dielectric response, split-up behavior,41 breakdown, 

and endurance. Meanwhile, the thickness of HZO films also af

fects the training effect (Figure S11). For the 2.5 nm film, it dem

onstrates an enhanced probability for VO filaments extending 

through the entire film. Also, the ultrathin thickness favors the 

tunneling current. Both contribute to higher nominal polariza

tions and a prolonged training process in the 2.5 nm ultrathin de

vice. Conversely, VO filaments within the 10-nm thick HZO film 

show a reduced likelihood of connecting both interfaces, yielding 

a rapid training completion. Notably, due to the metastable na

ture of HfO2-based ferroelectrics29 and inherent process varia

tions, the thickness-dependent training process may be varying 

across different reports.25

In light of this, a 3.33 MV/cm (below Ec) pulse at 5 kHz 

was used to train the 6-nm-thick HZO film (Figure 5C), resulting 

in a three-order-of-magnitude reduction in leakage current 

and significant suppression of resistive-switching behavior 

(Figure 5D). This treatment effectively mitigated the CPR effect, 

enabling the film to recover its dielectric nature (Figure 5E). 

Moreover, the D-trained device was also characterized using 

the ‘‘PUNDPU’’ measurement, which follows a signal profile 

analogous to that shown in Figure 4A. Compared with the un

trained counterparts (Figure S7), the PUND and NDPU re

sponses of the D-trained sample (Figure 5F) exhibit better con

sistency, similar polarization values, and narrower hysteresis 

loops. Besides, as shown in Figure 5G, the D-trained sample ex

hibits better ferroelectric characteristics, including reduced 

leakage current, minimized extrinsic polarization contributions, 

and a lower Ec. In summary, the D-training process not only re

veals pronounced VO migration in ultrathin ferroelectric devices, 

but also provides a comprehensive understanding of the sub

stantially amplified impact of defect migration on electric perfor

mances—including resistive-switching characteristics, dielec

tric properties, and ferroelectric behaviors—in the ultrathin 

thickness condition.

Figure 6A compares the endurance performance of devices 

subjected to D-training and direct cycling (characterized using 

the pulse waveform shown in Figure S12A), respectively. The 

D-trained sample exhibits a sequential transition from stable 

cycling to a leaky state and eventually to fatigue. For the directly 

cycled device, Figure S12B provides an overall view of its cycling 

behavior. It is noteworthy that the device escapes from the 

breakdown behavior into the fatigue situation. Meanwhile, apart 

from the breakdown duration between the leaky and fatigue 

stages, it essentially shares the same cycling experience with 

the trained sample. This suggests that the D-training process 

effectively disrupts continuous VO filaments, which helps 

improve breakdown strength. Unexpectedly, both devices ulti

mately converged to the same final state, exhibiting dielectric 

characteristics in the fatigue region (Figure S12C).

As discussed above, due to the CPR effect, the device exhibits 

variability in its memristance states during polarization switch

ing. Similarly, under repeated rectangular endurance pulses, 

the Uc across the ferroelectric capacitor during the endurance 

measurement can be described as Equation 6 and seen in 

Figure S13.

Uc = E-E exp(-t=(ReC) ) = UM=(RP + M)

(1-exp(-t(RP + M)=(MRPC) ) )
(Equation 6) 

Consequently, based on the memristive characteristic of the 

device, the M at 5.83 MV/cm is larger than that at − 5.83 MV/ 

cm, leading to a higher |Uc| under positive bias. As illustrated in 

Figure S13C, the variation in |Uc| induces asymmetrical VO 

migration velocities under opposite bias polarities per cycle, re

sulting in a net drift of VO toward the bottom electrode over mul

tiple cycles. The oriented migration of VO during endurance 

testing ultimately leads to the complete rupture of VO filaments 

and the progressive oxidation of HZO near the Pt/HZO interface 

region. This transition shifts the devices from a leaky or break

down state to a predominantly dielectric state. Meanwhile, the 

oxygenated Pt/HZO interface region can no longer sustain the 

oxygen-deficient environment required to stabilize the polar 

phase of HZO, potentially inducing a phase transition from the 

metastable ferroelectric structure to the energetically favored 

monoclinic paraelectric phase, as evidenced by the increased 

interplanar spacing42 after cycling (Figures 6B and 6C). In addi

tion, micro-area XRD (Figures S15A–S15C) was employed to 

track the macroscopic structural evolution of the ultrathin HZO 

device in its initial, D-trained, and fatigued states (Figures 

S15D–S15F).43 The structural profiles remain nearly identical be

tween the initial and D-trained states, whereas a pronounced in

crease in the paraelectric phase fraction is observed in the 

fatigued situation. These results corroborate the micro-structural 

findings observed by STEM. This structural transformation ac

counts for the reduction in polarization in the fatigue stage. As 

schematically depicted in Figure 6D, based on the cycling be

haviors of the device, the migration trajectory of VO at different 

cycling stages can be traced within the ultrathin HZO film. As 

shown, different applied fields lead to distinct migration dy

namics, directional displacement, and diverse distribution of 

VO, which in turn alter the electrical response of the device. 

The D-training process effectively disrupts conductive VO path

ways, thereby reducing leakage current and improving cycling 

endurance. In contrast, the direct cycling process induces stron

ger directional VO migration, resulting in less effective leakage 

suppression and higher vulnerability to breakdown and fatigue. 

In this context, the CPR phenomenon fundamentally reflects 

the interplay between polarization switching and oxygen defect 

migration. Although D-training mitigates resistive-switching 
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effects, it cannot eliminate defect migration under electrical field. 

Consequently, polarization fatigue remains inevitable in the Pt/ 

HZO/LSMO device over extended cycling.

Mitigated resistive-switching and improved 

ferroelectric performances through the symmetric 

interface

The competitive interplay between polarization reversal and 

resistive switching would result in exaggerated polarization 

values, increased Ec, and degraded device reliability, represent

ing a critical bottleneck in developing high-performance ultrathin 

HfO2-based ferroelectric devices. Apart from the D-training 

method, we mitigate the resistive-switching behavior from multi

ple perspectives. Previous studies have demonstrated that ox

ide films sandwiched between asymmetric electrodes with 

different work functions, such as the Pt/HZO/LSMO heterostruc

tures, tend to exhibit more pronounced resistive-switching 

behaviors.44–46 To address this, the Pt top electrode has been re

placed with an LSMO layer to construct the symmetric LSMO/ 

HZO/LSMO device, thereby increasing both the SET and 

RESET threshold voltages within the device system. Meanwhile, 

considering the mobile nature of oxygen defects in HfO2-based 

films, LSMO symmetric oxide electrodes can serve as oxygen 

reservoirs,43,47 enabling the reversible acceptance and donation 

of VO. This helps alleviate the accumulation of defects like VO at 

the HZO-electrode interface.48–50

As shown in Figure 7A, when subjected to the same pulse 

signal shown in Figure 4A, the PUND and NDPU curves for the 

LSMO/HZO/LSMO device are substantially identical, indicating 

effective suppression of resistive-switching behavior. This 

diminished CPR effect markedly improves polarization effi

ciency, yielding a lower Ec in the symmetric capacitor. The syn

ergistic combination of suppressed resistive-switching, sym

metric architecture, and oxide electrodes effectively restricts 

directional VO migration and prevents oxygen defect accumula

tion at the HZO-electrode interfaces. This leads to impressive 

endurance performance (Figure 7B), characterized by mild fa

tigue behavior and remarkable endurance life exceeding 1010 

A B C

D

Figure 6. Demonstration of the influence of CPR on cycling performances of the Pt/HZO/LSMO devices 

(A) Endurance performance for samples subjected to D-training and direct cycling, respectively. 

(B and C) The HAADF-STEM images for the sample before (B) and after (C) the endurance measurement, with the inset figures demonstrating the variation of 

d-spacings before and after the endurance measurement. 

(D) Schematics for the migration trails of VO within the HZO device under different electric measurement.
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cycles. Moreover, leakage current (Figure 7C) in the symmetric 

device is significantly reduced compared to the Pt/HZO/LSMO 

device, with no discernible resistive-switching behavior. Further

more, synchrotron micro-area XRD studies were performed to 

probe the phase transformation of HZO before and after the 

endurance test. Benefiting from the design outlined above, the 

ferroelectric orthorhombic phase remains extremely stable, 

with only a slight increase in the monoclinic phase signature after 

108 cycles (Figures 7D and 7E), which explains the exceptional 

endurance from a phase-stability perspective. Similarly, VO 

migration behavior can be inferred from the switching character

istics. As shown in Figure 7F, the device with symmetric oxide 

electrodes shows a more homogeneous distribution of VO and 

less segregation of oxygen defects during cycling compared to 

the Pt/HZO/LSMO device.

DISCUSSION

Our study thoroughly investigates the resistive-switching 

behavior and its intricate relationship with polarization switching 

performance in ultrathin HZO ferroelectric device. A simplified 

model is developed to delineate the resistive-switching process 

and the alterations in memristance states during electrical 

switching. By which means, we have successfully decoupled 

the intrinsic polarization switching from the resistive switching. 

Our findings further reveal that resistive-switching behavior is 

closely linked to more pronounced VO migration behavior in ul

trathin films, leading to reduced polarization efficiency, exagger

ated polarization values, increased Ec, and inferior cycling stabil

ity. In view of this, a symmetric HZO-based device, sandwiched 

between two LSMO electrodes, is fabricated to suppress resis

tive-switching behavior in the ultrathin HZO film. This configura

tion mitigates the side effects of the CPR phenomenon, resulting 

in significantly improved performance, including reduced Ec, 

enhanced phase stability, and superior endurance. Our findings 

offer valuable insights in the abnormally high polarization values 

and poor cycling performances observed in ultrathin ferroelectric 

devices and provide a feasible solution to alleviate these issues.

METHODS

Sample fabrication

HZO ferroelectric films were prepared by PLD (Arrayed Materials 

RP-B) method using a KrF excimer laser with a wavelength of 

248 nm. The substrate and bottom electrode are SrTiO3 (001) 

single crystal (STO) and La0.67Sr0.33MnO3 (LSMO), respectively. 

Among them, the LSMO bottom electrode was grown at 700 ◦C 

surrounded by 20 Pa O2 atmosphere and the laser fluence and 

frequency were 0.85 J/cm2 and 3 Hz. After the deposition of 

LSMO, the temperature was cooled to 600 ◦C and O2 pressure 

decreased to 15 Pa for the preparation of HZO films. The laser 

energy density and frequency for HZO are 1.35 J/cm2 and 2 

Hz, respectively. As for the LSMO/HZO/LSMO symmetric archi

tecture, the top LSMO layer was deposited under the 20 Pa O2 

A

B

C

D

E

F

Figure 7. The switching characteristics for the HZO-based device with symmetric LSMO electrodes 

(A) The switching currents and corresponding hysteresis loops measured with PUND and NDPU signals. 

(B) The endurance performances of the LSMO/HZO/LSMO device, measured across various frequencies, exhibit a high degree of consistency. 

(C) Leakage currents for the LSMO/HZO/LSMO device. 

(D and E) The micro-area hard XRD patterns for the LSMO/HZO/LSMO sample before (D) and after (E) the endurance test, measured at the BL15U1 beamline 

station in Shanghai Synchrotron Radiation Facility (SSRF) with a wavelength of 1 Å. 

(F) The description of VO movement condition in the Pt/HZO/LSMO and LSMO/HZO/LSMO devices at different stages.
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atmosphere at 600 ◦C. The laser fluence and frequency used for 

the top electrode deposition were 0.85 J/cm2 and 5 Hz. The MFM 

devices of HZO with 100 nm Pt as top electrodes were fabricated 

by magnetron sputtering (Arrayed Materials RS-M) after the 

patterning by photolithography.

Structural characterizations

The structure and thickness of HZO films were examined by XRD 

and XRR using a Rigaku-Smartlab (9 kW) diffractometer with 

Cu Kα1 radiation. The micro-area XRD was measured at the 

BL15U1 beamline station in Shanghai Synchrotron Radiation Fa

cility (SSRF). The wavelength and diameter of the X-ray is 1 Å and 

5 μm, respectively. The obtained data were analyzed using the Di

optas program.51 Samples for STEM observations were prepared 

by the focused-ion-beam (FIB) lift-out method. The C and W 

coating were deposited on the devices to protect the surface of 

devices prior to the cutting process. First, the voltage of 30 kV 

and current of 0.44 nA for the ion beam were used to polish the 

TEM samples. Afterward, the current was gradually reduced to 

41 pA. Finally, the voltage of 5 kV, 2 kV, and 1 kV for ion beam 

were used to clean the surface amorphous. Cross-section view 

of HAADF-STEM images were acquired by a double-aberration- 

corrected scanning transmission electron microscope (Spectra 

300, ThermoFisher Scientific) equipped with a monochromator, 

a Gatan 1069 EELS system, and K3 camera operated at 300 kV.

Electric performance characterization

The Oxford instrument MFP-3D Infinity was used to detect the 

surface morphology and conductive state of the prepared sam

ple. Specifically, the C-AFM measurement was performed 

directly on the bare HZO surface without top electrode, and plat

inum-coated conductive AFM probes were used to ensure 

reliable electrical contact. The electrical properties of the HZO 

ferroelectric films—including polarization-electric field (P-E) 

hysteresis loops, pulse-based measurements (PUND and other 

custom pulse sequences), leakage current, and endurance char

acteristics—were characterized using an aixacct TF3000 

analyzer in the MFM capacitor configuration with a top electrode 

diameter of 25 μm. For PUND and other custom pulse se

quences, the time interval between consecutive pulses is set 

to 200 μs. The signals used for the P-E test and the pulse mea

surement are 5 kHz triangle pulses. The endurance tests were 

cycled with the 100 kHz rectangle pulse and sensed with the 

5 kHz triangle signal. During the electrical test, Pt electrodes or 

top electrodes were connected to the positive bias while the 

LSMO bottom electrodes were grounded.
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