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Abstract

The conventional static imprint effect in HfyZr;_O, (HZO) ferroelectric (FE) devices,
which degrades data retention, is generally characterized by a shift in the hysteresis loop
along the electric field axis. Unlike the static imprint effect, the dynamic imprint effect
emerges under dynamic electric fields or actual operating conditions, making the FE film
exceptionally sensitive to switching pulse parameters and domain history. In HZO anti-
ferroelectric (AFE) devices, this dynamic imprint effect alters the coercive field distribution
associated with domain switching and poses a significant challenge to long-term stable
device operation. This study systematically investigates the dynamic imprint effect and its
recovery process using a comprehensive integration of first-order reversal curve (FORC)
analysis, transient current-voltage (I-V), and polarization-voltage (P-V) characterization.
By analyzing localized imprint behavior under sub-cycling conditions, mechanisms and
recovery pathways of imprint in AFE devices are proposed. Finally, possible physics-based
mechanisms describing imprint behaviors and recovery behaviors are discussed, providing
insights for optimizing AFE memory technology performance and reliability.

Keywords: anti-ferroelectric; FORC; sub-cycling; split-up; imprint; recovery

1. Introduction

In emerging non-volatile memory (NVM) technologies, Hf-based ferroelectric memo-
ries have attracted attention due to the characteristics of hafnium zirconium oxide (HZO,
Hf,Zr,_,O,) materials. HZO is environmentally benign, lead-free, and compatible with the
miniaturization of complementary metal-oxide semiconductor (CMOS) technology. These
features make it suitable for large-scale production. However, there are still reliability issues
that need to be studied and addressed, with device degradation caused by imprint effects
has proven to be one of the most critical problems [1,2]. Studies have shown that imprint
effects can lead to issues such as read /write errors and reduced data retention time during
the durability process, posing a significant challenge for long-term stable operation [3].

The conventional imprint effect generally refers to the phenomenon where the hys-
teresis curve of ferroelectric (FE) devices shifts along the electric field axis [4]. This effect
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is typically characterized by a preferential orientation of one polarization state relative to
another [5], resulting in asymmetric polarization in the ferroelectric film. This phenomenon
affects the memory window, ultimately leading to higher operating voltages and shortened
retention time [6], which in turn impacts the reliability of data and storage [7]. Charge in-
jection and trapping have become the mainstream hypothesis for the conventional imprint
effect [6]. However, its specific physical mechanism remains a topic of ongoing debate.

Unlike conventional imprints, the dynamic imprint effect is characterized by much
faster dynamics, leading to an imprint state that is easily modifiable and recoverable. The
dynamic imprint effect is primarily observed under dynamic electric fields (such as fre-
quently switched fields) or actual operating conditions [8], is the key factor affecting device
endurance. This behavior is highly sensitive to the parameters of the switching pulses and
the domain state history of the ferroelectric thin film [9]. The underlying mechanism is
thought to be attributed to electron injection and the tunneling effect. Furthermore, during
the endurance cycling process, partial electron de-trapping recovery also occurs.

Hf-based anti-ferroelectric (AFE) memories, due to their low switching field and
superior endurance compared to ferroelectric materials, are promising in the application of
embedded dynamic random-access memory (eDRAM) [10,11]. However, the mechanisms
behind the imprint effect in AFE films are still unclear and require further investigation.

Beyond the traditional polarization-voltage (P-V) and transient current-voltage (I-V)
tests, the technique of first-order reversal curves (FORC) is generally used for in-depth
study of the switching behavior, non-uniformity, interaction, and energy distribution of
FE/AFE domains. Based on the Preisach model, it exhibits the memorizing characteristic,
which is similar to the imprint behavior of the ferroelectric film when an electric field is
applied. Moreover, FORC test plots can visually reflect the coercive field and internal bias
field evolution of the FE/AFE film [12-14]. This approach aids in a deeper analysis of the
imprint effect and its recovery behavior in the HZO AFE film [15].

In this study, the FORC-assisted characterizations have been adopted to investigate
the dynamic imprint and its recovery behavior under the external electric field cycling in
AFE memories. By combining transient I-V curves with FORC test plots, the underlying
mechanisms are explored. Furthermore, based on previous literature reports and the
understanding of the imprint effect and recovery mechanisms in the AFE film, possible
physical mechanisms for the imprint effect and its recovery behavior are proposed.

2. Experiments
2.1. Device Processing

The sample used in this work is a W/TiN/Hf( »Zr( O, /TiN structure, as schematically
shown in Figure 1la. The Metal-Antiferroelectric-Metal (MFM) capacitor devices were
fabricated on the heavily doped p* Si substrate. The 10 nm thick TiN and 8 nm Hfy ,Zry 3O,
film were deposited by ALD (Atomic Layer Deposition). By adjusting the cycle ratio of the
two precursors, the Hf:Zr ratio was carefully controlled to 1:4 and confirmed through XPS
(X-ray Photoelectron Spectroscopy). Then, the samples were processed with RTA (Rapid
Thermal Annealing) at 450 °C in Np. More fabrication details are described in [16]. The
electrical tests were conducted using the F3000 ferroelectric analyzer (Zhejiang Li-ryder
Technologies Co., Ltd., Hangzhou, China) [17]. Figure 1b shows the polarization-electric
field (P-E) hysteresis loop of 8 nm AFE Hfj,ZrjgO, capacitors.
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Figure 1. (a) The schematic structure of Hfy »Zr; 3O, AFE devices used in this study. (b) P-E loop of
8 nm AFE Hfj»Zr( 3O, capacitors under different electric fields.

2.2. Characterization Method

To ensure an accurate performance evaluation and mitigate the impact of the negative
voltage in the test waveform on the recovery behaviors of the device under test, a double
positive-negative (PN) waveform was adopted. In this configuration, each polarization
characterization cycle consists of one positive triangle pulse and one negative triangle
pulse. For data analysis, as shown in Figure 2a, the extraction begins at the smooth segment
of the first cycle of the transient I-V curve, and the voltage at this point is defined as the
starting voltage, Vstart. From here, a complete cycle with a duration of T is captured, which
serves as the final test waveform segment for device analysis. The measurement waveform
pattern used in this study is illustrated in Figure 2b.
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Figure 2. (a) Definition of the starting point of the smooth segment of the first transient I-V curve as
Vstart. (b) The measurement waveform pattern used in this study.

In order to systematically study the imprint evolution and recovery behavior of the
device at different stages of the electrical cycling process, three consecutive endurance tests
were applied to observe the imprint behavior at different stages of cycling. Subsequently,
the recovery behavior of the imprint was observed under zero and negative voltage recovery
conditions. Additionally, the changes in the electric domain were characterized using the
FORC test. The detailed testing procedure and results will be discussed in detail in the
following sections.

2.3. FORC Characterization

In ferroelectric (FE) devices, the FORC test and analysis of the FORC diagram are
mainly based on the Preisach model. This model conceptualizes the FE film as a collection
of numerous independent, bistable “hysteresis units”. Each unit represents an idealized FE
domain or domain cluster with two stable polarization states (+Ps and —Ps). The forward
switching from —Ps to +Ps state has a switching electric field Es, while the backward
switching has the back-switching field Ej,. The state of each unit is determined by the
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historical electric field E, rather than the current field E. Once the state is switched to +Pg
with E > E, it will remain in the +Ps state until E < E;. This constitutes the microscopic
physical foundation of an FE hysteresis unit. For a collection of hysteresis units, each of
them has a pair of switching threshold fields (Es, Ep), leading to a distribution function
U(Es, Ep). From a macro perspective, when E increases, the units that satisfy E > Eg; switch
forward in batches, resulting in an increased P. When E decreases, the units that satisfy
E < Ebj are switched in reverse in batches, causing P to decrease. Due to the threshold
separation of forward /reverse switching (Es # Ep) and the asymmetry of the switching
sequence, the FE devices exhibit a typical ferroelectric hysteresis loop when the electric
field undergoes cyclic changes.

For the Hfj,Zry3O, AFE device, as shown in Figure 3b, its typical P-E hysteresis
curve is consistent with the characteristics of the hysteron in the Preisach model. This
study mainly analyzes the upper loop of the AFE P-E curve (the lower loop exhibits similar
characteristics). Specifically, when a forward electric field is applied starting from zero
field (E = 0), as the applied electric field increases to Eg, the device undergoes a transition
from the nonpolar phase to the polar phase; subsequently, when the applied electric field
decreases to E,p, the device undergoes a transition from the polar phase to the nonpolar
phase. The experimental FORC result could use (1) and (2) to convert the horizontal and
vertical axes. This allows for the direct observation of the coercive field E. and the electric
field bias E};,s from the micro perspective of the AFE film [18-20].

Ec = (Eﬁ“—E“B)/ (1)
2
Ebias = (Ef)o( + Ecx[S)/ (2)

2

Based on the Preisach model, Figure 3c illustrates the total responses of a collection of
basic hysteresis units of the Hfj»Zr; 3O, AFE device under the electric field E(t). In this
model, the Preisach weight factor p(a;, b;) reflects the interactions between domains in the
AFE film. This weight factor is determined by microscopic mechanisms such as electrical
coupling, mechanical stress, and defect pinning, and plays a crucial role in the overall
macroscopic polarization switching behavior. The polarization response of each hysteron
unit is weighted and superimposed, resulting in the P-E loop shown here [9]. The total
polarization is calculated by

P(E) = || m(Epas Eap)Pr, p., [E(D]dEgadEag ©

Figure 3a shows an example of the applied waveform for the FORC test on the AFE
device. The saturation electric field Eg,¢ during the FORC waveform is 3.75 MV /cm, which
corresponds to a maximum voltage of 3 V for the 8 nm Hf»,Zr( 3O, AFE device. To obtain
a FORC diagram with enough resolution and low noise, the step of reversal field E, should
be carefully chosen. In this study, the reversal voltage step size is 0.1 V and the edges of
triangular waveforms are 10 ps. The detailed process of the FORC test is as follows. First,
the maximum voltage of 3 V is applied. Then the voltage is reduced to the first reversal
voltage of 2.9 V through a 10 ps falling edge. Subsequently, it returns to the 3 V maximum
voltage with a 10 ps rising edge. This procedure continues stepwise until the reversal
voltage reaches —3 V, with 60 reversal voltage steps.
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Figure 3. (a) The applied waveform for the FORC test. A reversal field E; decreases from the
saturation field Egat to —Esat at equal steps. (b) The coercive field E. and the built-in bias electric field
Epias in the P-E loop. The electric field E  is for the nonpolar to the polar phase transition; Eq g is for
the polar-to-nonpolar phase transition. (c) The basic hysteresis unit of the Hfy ,Zrg 3O, AFE device
and the resulting P-E hysteresis loop under the applied electric field E. Here, u(aj, b;) and (1(aj, bj) are
the distribution functions corresponding to the i-th and j-th hysterons in the AFE, respectively.

3. Results and Discussion
3.1. Variations in Imprint Behaviors

During the endurance test on the Hfjy ,Zry 3O, AFE device with 3 V stress, different
rates of imprint shifting were observed. When the pristine device undergoes endurance
cycling with 10 us and 3 V positive triangular stress, the rate of voltage shift in the transient
I-V curve significantly decreases after reaching a certain level (as shown in Figure 4). Further
tests indicate that the device enters the imprint slow shifting phase after approximately
107 cycles of 3 V stress, which, for convenience, is referred to as the imprint weak state.

To investigate the variations in imprint behaviors in the AFE device, the pristine device
was subjected to three consecutive endurance tests. Each test consisted of 107 cycles at 3V,
with the test waveform shown in Figure 4a. Figure 5a presents the P-V curve of the AFE
device during the first 107 cycles, and the maximum polarization of the upper loop (Ps max)
is extracted at 3 V. As shown in Figure 5b, the initial Ps max value is slightly lower, which is
attributed to the incomplete switching of domains within the AFE thin film under the £3 V
test voltage; the corresponding transient I-V characteristic curve is displayed in Figure 5c.
Meanwhile, the variation in Ps max across the three cycling tests is less than 1.5 uC/ cm? (as
shown in Figure 5b), consistent with previous research [21-24]. This indicates that there has
been no significant degradation in polarization performance. The observed voltage shift
(in Figure 5¢) is primarily attributed to the imprint behavior, rather than being dominated
by the wake-up effect.
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Figure 4. Cycling characteristics of the AFE device: (a) The test waveform for three consecutive cycles,
each consisting of 107 cycles, applied to the pristine capacitor at 3 V. The waveform is triangular with
a 10 ps rise/fall time. (b) The transient I-V curve of the first cycle shows a significantly larger forward
peak voltage shift compared to the second (c) and third (d) cycles.
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Figure 5. Cycling characteristics of the AFE device at room temperature: (a) The P-V curve of the AFE
device during the first 107 cycles, with the maximum polarization (Ps max) extracted from the upper
loop. (b) The variation in Ps max between the three consecutive 107 cycle tests at 3 V remains below
1.5 uC/cm?. () Comparison of transient I-V curves from the three 107 cycle tests at 3 V, showing that
the upper loop peak voltage shift in the first cycle is significantly larger than that in the second and
third tests. After removing the external electric field and waiting for 500 s, a slight rightward shift in
the upper loop peak voltage is observed, demonstrating the recovery behavior of the imprint.

Following the initial cycling at 3 V for 107 cycles, the second and third tests, conducted
under identical conditions (107 cycles of 3 V stress), showed only a minor leftward shift
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in the upper loop peak voltage in the transient I-V curve (in Figure 4c,d). This indicates
that the AFE device still exhibited the imprint behavior, but with significantly reduced
intensity, the AFE device entered an imprint weak state (as shown in Figure 5c). Specifically,
as shown in Figure 5¢, the leftward shift in the upper loop peak voltage (corresponding to
the position of maximum AFE domain reversal) in the first cycle was significantly larger
than that in the second and third cycles. This indicates that the imprint behavior was most
pronounced during the initial 107 cycles under 3 V stress on the pristine device. In addition,
upon removal of the external electric field, a small rightward shift is observed in the upper
loop peak voltage of the transient I-V curve. This indicates imprint recovery behavior. The
detailed testing of the imprint recovery will be investigated in the next section.

To explain the complex imprint behaviors of the AFE device under the 3V external
electric field cycling, existing literature can be referenced. Zhou, Y.C. et al. measured the
lattice spacing variation using X-ray diffraction (XRD) to calculate residual stress [23], and
further discussed the impact of residual stress on the performance of the ferroelectric thin
film. G. Catalan et al. reported that the flexoelectric effect influences the dielectric properties
of the ferroelectric thin film under non-uniform strain [24]. They suggested that lattice
mismatch induces stress at the bottom of the film, which leads to strain relaxation and
creates a strain gradient within the film. Consequently, the coupling between polarization
and this strain gradient results in the imprint behavior. Lee, ] K. et al. observed the dynamic
domain wall motion during the polarization switching process in the ferroelectric capacitor
in real-time using Transmission Electron Microscopy (TEM) [25], and proposed that the
nucleation of new domains preferentially occurs at the electrode interface. E. L. Colla et al.
proposed [26-28] that during low-frequency cycling, domain walls are pinned within the
bulk of the film, which is in agreement with the domain wall pinning model. In contrast,
during high-frequency cycling, the behavior aligns with the domain nucleation inhibition
model. In this model, under the high-frequency electric field cycling, the nucleation process
of some reversed domains is suppressed in the seed state, leading to the imprint effect.

Based on the existing literature and experimental observations, the possible explana-
tions for the imprint behaviors are as follows: this phenomenon arises from non-uniform
stress distribution induced by lattice mismatch, leading to elevated stress concentration
at the electrode/AFE-film interface [23,24]. Furthermore, as shown in Figure 6a, after the
positive electric field application, down-polarized seed domains form, which enhance the
growth of down-polarized electric domains (in Figure 6b). This polarization behavior,
dominated by the high-density seed domains near both electrodes, allows the AFE film
to complete polarization reversal under smaller stress during subsequent positive electric
field applications [25,29]. In essence, it is believed that the initial imprint behavior of the
pristine AFE device under positive external electric fields is predominantly governed by
the polarization dynamics facilitated by seed domains near both electrodes.

In the imprint weak state, under the influence of a positive external electric field, the
piezoelectric field generated by domain walls drives the formation of oxygen vacancy
defects (structural defects) within the AFE film [30]. Captured electrons accumulate near
domain walls (interfaces) to lower the AFE domain wall energy [31]. The inherent elec-
trostatic potential difference of domain walls drives electrons and oxygen vacancies to
accumulate on opposite sides [32], thereby forming defect dipoles. These defect dipoles
reorient along the applied electric field direction [33], ultimately leading to domain wall
pinning [34]. The resulting space charge functions analogously to a local built-in electric
field, thus triggering the imprint effect [35]. In essence, it is believed that the imprint
behavior of the AFE device under positive electric fields, after reaching the imprint weak
state, is primarily governed by domain wall pinning caused by structural defects (as shown
in Figure 6b).
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Figure 6. Mechanisms of the evolution of imprint behaviors in the AFE device. (a) Imprint behavior
in the initial state: After approximately 107 cycles of the positive electric field at 3 V, the device
enters a weak imprint state. During this process, down-polarized seed domains are retained at both
electrodes, and partial domain pinning is induced by a small number of defect dipoles within the
film. (b) Imprint behavior in the imprint weak state: Continued application of the positive electric
field cycles in the imprint weak state increases the number of defect dipoles in the film, enhancing
the domain pinning effect. (¢) Summary of the mechanisms of the imprint effect.

3.2. Imprint Behavior and Recovery Mechanisms

The sub-cycling behavior refers to the phenomenon where the applied cycling voltage
falls within the reversible switching region of AFE domains. This causes local charge rear-
rangement and defect migration within the AFE film. As a result, a local internal bias field
is formed [36]. This local internal bias field causes phenomena such as P-V curve distortion
and splitting up of the switching current peak in the transient I-V curve [37,38]. The mech-
anism of this local internal bias field is highly similar to the local imprint effect [20,39,40].
Given this similarity, the study further combines sub-cycling and FORC testing, with the
applied waveform shown in Figure 7, to systematically investigate the local imprint effect
and recovery behavior in AFE devices.

V()
107 cycles 107 cycles 107 cycles
@3V, 100 kHz 1.6V, 100 kHz @-1.6 V, 100 kHz
NV\ """ /W\Rry
11 AT
| T W W T e
E Cycling E;_FORCE Sub-cycling EEFOR(‘:EE EEFORCE

Figure 7. Test waveform for the local imprint behavior and recovery characteristics of the AFE device
at room temperature.

At room temperature, three AFE devices in the imprint weak state were subjected
to sub-cycling at 1.6 V for 107 cycles, resulting in a split-up state. Their transient I-V
characteristics were then measured and compared under different recovery conditions. As
shown in Figure 8a, a device exhibited slight self-recovery behavior under 0 V for 500 s.
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As shown in Figure 8b,c, after applying negative cyclic electric fields at —1.6 Vand —2.4V
for 107 cycles, the imprint recovery of each device exceeded that observed in the imprint
weak state.

Recovery Recovery Recovery
0.6 femmori 0.6 fe=mori e 0.6 f—=ori ===
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Figure 8. Comparison of transient I-V characteristics of AFE devices at room temperature following
splitting up induced by 107 sub-cycles at 1.6 V stress, under different recovery voltage treatments:
(a) waiting 500s at 0 V. (b) 107 cycles of —1.6 V stress. (c) 107 cycles of —2.4 V stress.

The FORC test results of the AFE device at room temperature are shown in Figure 9.
Figure 9e-h correspond to Figure 9a—d and display the evolution of the coercive voltage
V. and the internal bias voltage V1,4 distributions under different states of the device. In
the pristine state (as shown in Figure 9e), V. is dispersed around 1.25V, 0.8 V, and 0.75 'V,
while V6 is distributed around 1.6 V, 1.45 V, and 1.1 V, consistent with Figure 9a. This
indicates a dispersed distribution of domains within the film. After the external electric
field cycling, the AFE reaches an imprint weak state, and the FORC diagram transitions
to a concentrated distribution (in Figure 9b). Corresponding to Figure 9f, the distribution
of V. and Vy,,4 concentrates around 0.8 V and 1.1 V, suggesting that the imprint behavior
drives domain rearrangement, leading to a transition of the domains to a more concentrated
distribution [41].
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Figure 9. (a) The pristine state. (b) After applying 107 cycles of 3 V stress to the AFE devices at room
temperature, the device enters the imprint weak state. (c) Subsequent application of 1.6 V stress for
107 sub-cycles induces the split-up phenomenon. (d) After applying recovery sub-cycles of 107 at
—1.6 V stress, the FORC diagram indicates that structural defects are largely recovered, while movable
defects remain and have not returned to their pristine state. (e-h) corresponding to the coercive
voltage V. and internal bias voltage Vs distribution maps for (a-d).
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Under sub-cycling at 1.6 V for 107 cycles, the voltage distribution splits up again. As
shown in Figure 9g, two peaks appear in the V. at 0.8 V and 0.9 V, while the V¢ splits
up into two peaks at 1.4 V and 1.0 V. This is consistent with the temporary dispersion
of the domain distribution shown in the FORC diagram in Figure 9c. At this point, the
AFE domains cannot fully switch. The domains activated at this sub-cycling voltage form
locally switchable regions [19], generating localized high electric fields at the interfaces
with unswitched domains. These high electric fields distort and weaken the polar molecu-
lar bonds, promoting bond breakage and thereby accelerating the generation of oxygen
vacancies [42], which further enhances the pinning effect of defect dipoles at domain walls.
The expansion of these local regions strengthens the local imprint effect, which is reflected
in the FORC diagram as a temporary dispersion of the AFE domain distribution.

After applying the recovery cycling at —1.6 V for 107 cycles, the V. and V. again
concentrate around 0.75 V and 1.25 V, respectively, as shown in Figure 9h. The AFE thin
film system returns to a more uniform state, and this trend is consistent with the recovery
results in the FORC diagram (in Figure 9d). Due to the altered distribution of movable
defects in the AFE film compared to the original state, the FORC diagram in Figure 9d
cannot fully revert to the original dispersed distribution of the device.

When the AFE film undergoes polarization, the centers of positive and negative
charges within the unit cells shift along the electric field direction, forming electric dipole
moments. The polarization direction points from the negative charge center to the positive
charge center. Under the forward electric field, bound charges at domain interfaces are
primarily compensated by the applied field, balancing defect dipoles pinned at domain
walls. Simultaneously, the external electric field drives the rupture of Hf-O/Zr-O bonds,
generating O?~ ions [43]. These ions drift toward the electrodes, leaving oxygen vacancies
at their original sites. Raghavan, N et al. [44] proposed that materials such as TiN electrodes
can act as “oxygen reservoirs”, absorbing and storing migrating O?>~ ions during break-
down, while themselves being resistant to oxidation. According to secondary ion mass
spectrometry (SIMS) analysis by Migita, S. et al. [45], the oxygen content at the electrode
interface of the HfO, ferroelectric thin film is higher than that within the bulk of the film.

It is hypothesized that the TiN electrode, owing to its high oxygen solubility, stores
O~ ions without reacting with them. Upon removal of the external electric field (zero-
voltage state), the stored O?~ ions migrate back to balance the defect dipoles, triggering a
spontaneous de-trapping process. This process transforms defect dipoles into polarized
dipoles, reorienting them from ordered to random configurations. Consequently, the local
built-in electric field strength at domain boundaries diminishes, weakening the domain
pinning effect and ultimately achieving self-recovery of the imprint effect (as shown in
Figures 8a and 10a).

Under the influence of negative cyclic electric fields, the recombination of 0% ions
released from both metal electrodes with oxygen vacancy defects is accelerated. This
facilitates the passivation of oxygen vacancy traps and the formation of lattice oxygen
atoms [46]. Concurrently, the number of imprint seed domains with downward polarization
near the electrodes decreases. This phenomenon is speculated to originate from the imprint
recovery mechanism dominated by the negative electric field, which enables imprint
recovery by reducing the number of downward-polarized imprint seed domains near both
electrodes (as shown in Figure 10b).
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Figure 10. Mechanisms of the evolution of imprint recovery behaviors in the AFE device. (a) The
self-recovery of imprint effect under zero electric field: Oxygen ions stored at the TiN electrode
migrate back, transforming defect dipoles into polarization dipoles. (b) Imprint recovery behavior
under the reverse cycling electric field: Downward-polarized seed domains near the electrodes
decrease and are suppressed; concurrently, the number of defect dipoles in the AFE film reduces,
weakening the domain pinning effect. These changes collectively result in significant attenuation of
the imprint effect.

4. Conclusions

This study investigated the dynamic imprint and recovery effects in the Hf 2Zry 5O,
AFE thin film. For the pristine device, imprint is governed by seed domains near both
electrodes. However, at a reduced voltage shift speed, the imprint is dominated by domain
pinning induced by defect dipoles. By integrating FORC analysis with sub-cycling char-
acterization, this study has quantified the coercive field, internal bias field, and domain
distribution within the AFE thin film. Based on these findings, possible physics-based mech-
anisms have been discussed to explicate the imprint and recovery behaviors, providing
new insights for optimizing performance and enhancing the reliability of AFE memories.
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