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Abstract: This study investigates the behavior of memristive devices characterized by oxygen-
deficient ZnO and HfZrO films under continuous pulse stimulation. This dynamic reflects the
adaptability observed in neural synapses when repeatedly subjected to stress, ultimately resulting in
a mitigated response to pressure. Observations show that the conductivity of memristors increases
with the augmentation of continuous electrical pulses. However, the momentum of this growth
trend gradually diminishes, highlighting the devices’ capability to adapt to repetitive pressure. This
adjustment correlates with the transition of biological synapses from short-term to persistent memory
stages, aligning with the principles of the Ebbinghaus memory model. The architecture of memristors,
integrating ZnO and HfZrO in a layered manner, holds promising prospects in replicating the inherent
synaptic features found in biological organisms.
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1. Introduction

The swift progress in neuromorphic computing draws inspiration from the human
brain’s remarkable capacity to process information, especially in discerning intricate envi-
ronmental signals and visuals [1]. For the precise duplication of brain functionalities and
the advancement of neuromorphic systems, technologies emulating synapses have become
crucial [2]. Conventional von Neumann architectures, dependent on either densely packed
resistor-capacitor CMOS circuits or software strategies, confront issues like excessive energy
use and substantial space demands [3]. As a result, the focus is increasingly on crafting
innovative devices equipped with self-reliant synaptic functions, notably memristor-based
electronic synapses, marking a fresh research trajectory. Since its initial conceptualization
in 1971, the memristor has led the charge in electronic synapse research, celebrated for
its conductance modulation capabilities and its proficiency in simulating synaptic weight
adjustments [4].

While memristors have demonstrated notable progress in emulating synaptic behav-
iors, a research void exists concerning their ability to authentically replicate the adaptive
fatigue or habituation responses characteristic of biological synapses as standalone units.
CMOS technology has not fully captured the unique attributes of the human sensory system,
which responds to stimuli with particular traits, notably in facilitating approach-avoidance
reactions, capable of adaptively ignoring or highlighting potential dangers [5]. This en-
compasses habituation (adapting to and disregarding stimuli) and sensitization (initiating
alarms and bolstering reactions). In a state of habituation, stimuli are overlooked, whereas
in sensitization, reactions to stimuli are intensified. Replicating these inherently natural
and complex responses in inorganic devices is challenging, yet memristors hold substantial
promise for future device and humanoid robot development. Extant research has noted
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memristor responses to electrical stimuli that mirror those of biological synapses. Innova-
tions in paired pulse facilitation (PPF) behavior have shown parallels between inorganic
memristors and biological synapses in terms of their response to electrical stimuli, with the
PPF mechanism being ascribed to the cumulative effect of dual pulses on a memristor [6,7].

The Paired Pulse Facilitation (PPF) phenomenon demonstrated the resemblance be-
tween memristors and synaptic responses. Li and colleagues documented the PPF phe-
nomenon on CeO2/Nb−SrTiO3 memristors [8]. PPF can also be detected in memristor-based
systems such as La:HfO2 [9], AlOx/HfOx [10], HfSiOx [11], and Pt/HfO2/TaOx/TiN [12].
Recently, memristors with nanostructure underwent training using uninterrupted pulses
by different groups [13,14]. Zhao et al. developed a photoelectric memristor using a zinc
oxide/poly(3-hexylthiophene) heterojunction. This memristor was able to replicate the learn-
ing and forgetting cycles of the human brain through three iterations [15]. In addition, p+-Si/n-
ZnO heterojunctions [16], ferroelectric second-order based on Pt/BiFeO3/SrRuO3 [17], and
p-NiO/n-ZnO heterojunction memristors [18] have the ability to replicate the experiential
learning process of the biological brain. Nevertheless, natural biological neural responses
exhibit both immediate and simultaneous non-associative learning. Non-associative learn-
ing plays a vital role in how organisms react to stimuli in the field of biology. Zhao et al.,
have conducted studies on simulating non-associative learning using zinc oxide nanowire
memristors. The memristor displayed distinct behaviors in both positive and negative
directions. Hong et al. developed a memory circuit specifically for non-associative learn-
ing [19]. Sun et al. developed a memristor circuit that enables non-associative learning
in various emotional states [20]. In light of the current situation, where achieving dif-
ferent response behaviors in non-associative learning necessitates artificially altering the
voltage polarity in both directions, and the requirement for memory circuits designed
for non-associative learning, we suggest employing straightforward bilayer polarized
self-regulating devices to accomplish habituation or sensitization monitoring using a uni-
directional voltage. Nonetheless, under continuous stimulation, it remains uncertain if
memristors display a uniform increase akin to PPF (limited to a pair of pulses) measure-
ments. Moreover, the frequent reporting that an accumulation of electrical stimuli may
facilitate a shift from short-term memory (STM) to long-term memory (LTM) begs the
question of the relationship between such a transition and the accumulation of electrical
stimulation [21,22]. This investigation utilizes ZnO/HfZrO stacked structures for crafting
memristors, taking advantage of the well-established ferroelectric properties of HfZrO,
which are influenced by the concentration of oxygen vacancies. Through examining habitu-
ation behavior under incessant electrical pulse stimulation, we discerned a semi-fatigue
behavior closely paralleling the shift from STM to LTM [23]. The distinctive behavior of
memristors under constant stimulation underscores their potential in simulating biological
synapses through inorganic means.

In this study, HfZrO and ZnO were chosen as the primary materials for constructing
memristors, based on their unique physical and chemical properties, which are crucial
for optimizing the performance of memristors. HfZrO was selected for its pronounced
ferroelectric properties [24], which exhibit stability at the nanoscale, playing a decisive
role in simulating the short-term to long-term memory transition (STP to LTP transition)
in biological synapses. The ferroelectric HfZrO films demonstrate stable high remanent
polarization and reversible polarization direction switching [25], which we believe to be
the main reason for the fatigue phenomenon described in our study, as devices without
ferroelectric properties did not exhibit similar fatigue phenomena. ZnO, being an n-type
semiconductor with a wide bandgap and high electron mobility, makes it an ideal mate-
rial for controlling and tuning the conductance window, thereby optimizing the synaptic
simulation performance. Numerous studies have reported ZnO’s excellent resistive switch-
ing and memristive hysteresis characteristics [26]. The combination of HfZrO and ZnO
not only leverages their respective advantages, but also optimizes the response time and
synaptic efficiency by facilitating effective migration and distribution of charge carriers
between electrodes. This synergistic effect of the layered materials not only enhances



Electronics 2024, 13, 1148 3 of 14

the adaptability of device to continuous electrical pulse stimulation but also improves its
performance in simulating biological synaptic behavior, particularly observed in the fatigue
and adaptability exhibited in our research. Specifically, the combination of the ferroelectric
properties of the HfZrO layer with the conductive capabilities of the ZnO layer allows for
fine control of current and conductance under different stimulation conditions by adjusting
the distribution and concentration of oxygen vacancies, thereby simulating the transition
from short-term to long-term memory in biological synapses.

Since the discovery of the PPF effect, there has been a lot of interest in synaptic research,
with a lot of work being done on single-device synaptic simulations. For example, some
studies have used In-Ga-Zn-O (IGZO) thin-film devices as synaptic elements in neural net-
works, resulting in cellular neural networks capable of learning simple logic functions [27].
Other research has looked into the development of bidirectional gradual switching capa-
bilities in synaptic cross arrays to mimic the long-term potentiation/inhibition properties
of biological synapses [28]. In previous research, one can discover that memristors could
be artificially designed to achieve synaptic biomimicry, either using hardware-designed
cross array structures or software-based neural network algorithms. However, the neural
responses of natural biological entities are intrinsic, natural, and concurrent. Whether
the synaptic response is achieved through hardware or software design, it does not come
as close to an entity’s natural response to stimuli as the original research intention. The
interesting habituation and adaptability behaviors were discovered based on the inherent
properties of the material composition, similar to the biological tendency to move toward
favorable environments and away from harmful ones, opening up new research avenues.
This phenomenon of adaptability to stimuli demonstrated by devices that combine ferro-
electric and memristive thin films. The ferroelectric and n type memristor structure shows
great potential in mimicking the synapse. Meanwhile, this study employs high-frequency
stimulation, and future research will use mixed high-frequency stimulation to mimic envi-
ronmental information stimuli, indicating a new approach in our work. We used 1 V pulse
stimulation (which was typically higher in previous studies) due to the high stimulation
frequency and device tolerance. At lower voltage stimulation, the device remained stable
and reliable. Changing the stimulation frequency on a regular basis, however, can have an
impact on device performance. This topic is currently being researched.

2. Experimental

The fabrication process is outlined as follows: Initially, a layer of Al, 200 nm in
thickness, was thermally evaporated onto a SiO2/Si substrate. Subsequently, a HfZrO film,
50 nm thick, was sputtered onto the Al/SiO2/Si base using RF magnetron sputtering in
an Ar/O2 mix, employing a Hf/Zr composite target. The oxygen partial pressure was
meticulously set to 8 × 10−5 torr, with an Ar partial pressure of 2 × 10−3 torr, a ratio
proven to yield oxygen-deficient oxides via RF sputtering. The sputtering was powered
at 200 W. Following this, a ZnO film, also 50 nm thick, was deposited on the HfZrO layer,
this time in an Ar/O2 atmosphere using a Zn target, adjusting the oxygen partial pressure
to 3.4 × 10−4 torr and maintaining the Ar at 2 × 10−3 torr to achieve the optimal ZnO
composition. The device’s top electrode, comprising a 100 nm Au/20 nm Ti layer, was then
applied at room temperature through electron beam evaporation. Electrical assessments
of the synaptic memristor were conducted at ambient temperature using the Keithley
4200 system, incorporating a high-frequency module among others, and included tests
at varying temperatures. Both programming and reading operations were executed in
pulse mode, with current directed from the top to the bottom electrode considered as
positive bias.

Figure 1 illustrates the structural illustration of the memristor alongside its parallel
to neural synapses. In Figure 1a, the configuration of ZnO and HfZrO films beneath an
Au/Ti top electrode and an Al bottom electrode is depicted. This arrangement mirrors the
function of a neural synapse, with oxygen vacancies serving the role of neurotransmitters,
thereby influencing the device’s conductance, analogous to synaptic weight. Diagram



Electronics 2024, 13, 1148 4 of 14

(b) depicts the transit of neurotransmitters within synapses, akin to the movement of
oxygen vacancies within the memristor. The Atomic Force Microscopy (AFM) image
(c) presents the surface of the ZnO layer, and the Scanning Electron Microscopy (SEM)
cross-sectional view (d) reveals a distinct demarcation between the ZnO and HfZrO films.
The homogeneity observed in the AFM snapshot reflects meticulous deposition control,
while the SEM cross-section evidences precise stratification, indicative of superior interface
integrity and film consistency—key aspects for the dependability and efficiency of the
device. The enhanced synaptic behavior exhibited by the memristor device is directly
correlated with the clarity of the interface and the uniformity of the layers captured in
the SEM image. The device’s stable and repeatable switching characteristics, which are
essential for the reliable performance of memristive applications, are supported by the
uniformity in layer thickness and the absence of interfacial diffusion or intermixing.
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Figure 1. Fundamental characteristics of the prepared samples for synaptic memristors based on
ZnO/HfZrO. (a) Device structure with a top electrode (Au/Ti layers) and a bottom electrode (Al layer)
interfacing with ZnO and HfZrO layers, respectively. (b) Biological synapses with neurotransmitters
in the synaptic gap. (c) Surface morphology through AFM imaging. (d) SEM cross-section of ZnO
and HfZrO.

3. Results and Discussion

As shown in Figure 2a, continuous pulses with fixed intensity and width are applied
to the memristor. The post-synaptic current triggered by subsequent pulses is greater
than the current generated by preceding pulses, akin to the paired-pulse facilitation (PPF)
behavior observed in biological synapses. PPF represents synaptic plasticity, where a second
neural pulse, following closely after the first, amplifies the post-synaptic response. Upon
deactivating the voltage, the post-synaptic current does not vanish instantly. Instead, a
decay in the post-synaptic current is observed during the off period of the pulse, resembling
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memory loss in biological systems. It is well known that PPF is associated with incomplete
compensation of oxygen vacancies [29–31]. After the first pulse, oxygen vacancies can be
compensated for by oxygen, and if the pulse interval is small enough, the oxygen vacancies
will not be fully compensated, thus the conductive channel does not completely disappear,
resulting in a higher post-synaptic current after the second pulse [29,32]. This PPF behavior,
stimulated by a pair of pulses, provides a avenue to investigate the post-synaptic current
as a function of pulse number in memristor synapses.
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Figure 2. (a) Pulses applied within 1000 ms, with a pulse width of 20 ms, an interval of 100 ms, and
an amplitude of 1 V. (b) Post-synaptic current response of the device to the pulse train. On one hand,
continuous application of voltage leads to a continuous increase in device conductivity; on the other
hand, the magnitude of this increase gradually diminishes. (c) Pulses applied within 10,000 ms, with
a pulse width of 20 ms, an interval of 100 ms, and an amplitude of 1 V. The red line represents the
corresponding peak line of the post-synaptic current response. It is evident that the later current is
higher than the earlier current, but with a slower rate of increase. (d) Current decay after different
numbers of pulse stimuli. For samples reaching the fatigue region, the current decay rate is almost
the same. For devices that did not reach fatigue due to insufficient pulse training, the current decay
curves for different pulse counts are different, with faster decay rates and lower retention values.

As shown in Figure 2b, with the application of continuous voltage, the device’s
conductivity continues to increase. An interesting phenomenon is that the magnitude of
current increase gradually diminishes with an increase in the number of pulses. In other
words, although the stimulation still leads to subsequent current being greater than the
preceding one, the magnitude of increase gradually decreases, akin to the habituation or
fatigue response of the brain to repetitive stimuli. If regular stimuli are deemed safe, this
habituation or fatigue response parallels the acceptance and adjustment seen in biological
approach-avoidance behaviors [33], which suggest the foundation for further expansion
studies. The behavior of the ZnO-HfZrO device under a series of high-frequency pulse
stimulations (10,000) is shown in Figure 2c. The red curve in the inset represents the
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peak line of the post-synaptic current response. It is evident that the later current is
higher than the earlier current, but with a characteristic of slower rate of increase (as the
pulse number increases, the increase in current for each pulse gradually decreases). Once
reaching a certain number, the current remains almost constant (here, it is approximately
considered saturated and unchanged after more than 5500 pulse stimulations). The analysis
of the current decay under various pulse stimulations revealed a memory fading-like
phenomenon, where the duration for memory fade extends with the pulse count, shifting
from a span of seconds to tens of seconds, and the retention percentage climbs from an
estimated 37% to around 64%. This trend signifies a diminishing rate of memory loss
alongside a consistent accrual of retained data. In the realm of psychology, memory
dynamics are segmented into short-term memory (STM) and long-term memory (LTM),
distinguished by their retention durations [34,35]. Mirroring the biological brain’s rehearsal
mechanism, the shift from STM to LTM can be facilitated by repeated pulse stimulations.
This investigation illustrates that the memristor’s exhibited fatigue from such repetitive
stimulations markedly aligns with the transition from STM to LTM, as depicted in Figure 2d,
where the current trajectory within the fatigue domain largely remains stable. Conversely,
absent fatigue, illustrated by the curves in Figure 2d where the pulse stimulation fails to
propel the memristor into the “fatigue” zone, showcases a pronounced rapid current decay
phase. The distinct demarcation seen in the current trajectories of Figure 2d aligns with
the device’s adaptation to or fatigue from adequate stimulation. Defining STM and LTM
biologically is complex [23]; however, they are generally recognized as either temporary
(lasting minutes or less) or permanent (spanning hours to years) enhancements of neural
connections [36]. Moreover, STM can morph into LTM through continuous rehearsal,
involving structural modifications within neurons. Our device demonstrates a similar
pattern, showcasing memory retention durations that align with this definition [37].

For devices not yet in the “fatigue zone,” current retention at about 55% persists for
under 20 s. Conversely, devices experiencing fatigue maintain this level for beyond 70 s,
with the potential for even longer durations as depicted in Figure 3a. This 55% benchmark
was selected because it marks the point where current reaches a state of fatigue saturation.
This pivotal threshold closely coincides with fatigue’s emergence (around 5500 pulses, as
highlighted in Figures 2c and 3a). Therefore, upon reaching the fatigue phase, a memristor
exhibits a gradual and consistent rate of current decay. This characteristic, substantially
unchanged despite further pulsing (illustrated in Figure 2d), might indicate a shift towards
a long-term memory (LTM) phase [38].

For a detailed examination of short-term memory (STM) phenomena, an exponential
decay function is applied to model the relaxation dynamics, formulated as:

R(t) = Rs + (R0 − Rs)exp(−t/τ) (1)

R(t) signifies the level of current retention at any given moment t, R0 the initial
retention level, and Rs the saturation level of current retention showcased in Figure 2d. The
variable τ, the relaxation time, serves to quantify memristor forgetfulness. The enduring
level of current retention (Rs), set to remain constant for up to 72 h as shown in Figure 3a,
was examined across various pulse excitation counts. This exploration revealed that
habitual stimulation lessens the forgetfulness rate while enhancing the current retention
ratio. The relaxation period documented in Figure 3b aligns with the saturation trend
observed in current fluctuations in Figure 2c, affirming that achieving current retention
saturation (or fatigue response) may signify the attainment of LTM [39]. Figure 3c outlines
the decay trajectories at differing temperatures, showcasing temperature’s effect on STM’s
relaxation mechanism. With rising temperatures, relaxation periods shorten, a correlation
supported by the literature indicating a direct relationship between the current’s relaxation
time and the diffusion coefficient. Given the dynamic migration of oxygen vacancy, the
temperature dependency of the diffusion coefficient D is described by: D(T) ∝ exp(−E/kT)
Here, E represents activation energy, and k the Boltzmann constant. Hence, dynamic
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dispersion of oxygen vacancies is similarly modeled by the exponential decay equation,
proposing that such migration could facilitate the STM to LTM transition [40].
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The dynamic migration of oxygen ions within the device framework is driven not
merely by the applied electric field (drift), but is also significantly influenced by the
concentration gradient (diffusion) [41,42]. This movement results in the modulation of the
interface barrier in ZnO, which decreases or increases contingent upon the application or
cessation of pulse voltage, respectively. This interface barrier is subject to transformations
that arise from both the intrinsic polarization field and the external electric field, manifesting
changes in both the energy height and physical width due to the dual influence of internal
and external forces [43].

X-ray photoelectron spectroscopy (XPS) analyses focusing on the O 1 s spectra within
ZnO films, as depicted in Figure 4a, reveal distinct differences between samples subjected
to sufficient pulsing (fatigued or adapted) and those that are not, despite a fundamental
similarity in the XPS spectra between fresh and insufficiently stimulated samples. Such
differences may serve as robust evidence for the transition from short-term to long-term
memory. It implies that the state of fatigue or adaptation is indeed brought about through
changes in the oxygen bonding and composition within ZnO. Decomposition of the O

https://e-student.org/ebbinghaus-forgetting-curve/
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1 s peak into its components at 530.6 and 532.6 electron volts [44,45], using a Gaussian-
Lorentzian blend, associates these binding energies typically with chemically bonded
oxygen and oxygen that is loosely bound either on the film’s surface or within interstitial
voids. Notably, fresh samples exhibit a minimal presence of oxygen-deficient states (at
531.5 eV), corroborating the anticipated over-oxidation of the ZnO layer, as discussed
in the experimental section. Under the influence of pulse stimulation, oxygen ions are
propelled towards the surface [46]. Upon attaining a state of fatigue (with adequate pulse
stimulation), it is conceivable that structural changes in the surface chemical bonds may
occur, potentially culminating in the establishment of long-term memory, as illustrated in
Figure 4a. A significant shift to the left in the O 1 s peak is observed, underscoring the
alterations in chemical bond structures. Additionally, to confirm the lasting impact of the
intrinsic polarization field, we verified the ferroelectric properties of the examined HfZrO
films through P-V measurements, as depicted in Figure 4b. In our highly oxygen-deficient
HfZrO films, a thickness-independent ferroelectric response is significant [47].
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Oxygen ion migration induces concentration gradients within the ZnO layer, along-
side ferroelectrically driven ion diffusion, marking another pivotal dynamic process [48].
Analyzing oxygen vacancy movement (negatively charged oxygen ions, O2−), unveils
specific memory mechanisms, as illustrated in Figure 5. The electrical conductivity of
ZnO is intrinsically tied to its oxygen levels, with increased oxygen correlating to dimin-
ished conductivity [49]. Applying a positive bias to the top electrode, where ZnO is more
oxygen-rich, prompts the electrically induced migration of oxygen ions, condensing the
high-resistance, oxygen-rich ZnO layer and thus enhancing device conductivity [50]. Con-
currently, the oxygen-deficient HfZrO layer undergoes polarization. This movement of
oxygen vacancies, along with ferroelectric polarization in the HfZrO layer, modulates the
thickness ratio of oxygen-deficient to oxygen-rich layers, affecting device conductivity as
depicted in Figure 5a,b.

Upon bias removal, expected reversion of oxygen vacancies is impeded by the inherent
polarization of the oxygen-deficient HfZrO layer, leading to only a partial withdrawal of
the conductive zone and a decrease in device conductivity, mirroring the current decay ob-
served upon pulse cessation as shown in Figure 5c. Subsequent pulse application, especially
with minimal intervals, results in compounded dynamic processes due to lingering polar-
ization, expanding the conductive area and raising current, as demonstrated in Figure 5d.
Frequent, high-frequency stimulation may prevent oxygen vacancy back-diffusion, poten-
tially aiding the STM to LTM transition as HfZrO polarization becomes more entrenched.
During this reverse recovery, some oxygen ions reassociate with vacancies, offsetting the
localized structural alterations underlying STM. In our devices, the inherent polarization of
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the HfZrO layer eases the STM to LTM shift. With enhanced pulse stabilization, we might
observe a new form of non-volatile “trained memory” behavior. The synergy between
HfZrO and ZnO films is critical. The extensively oxygen-deficient HfZrO film creates a
ferroelectric polarized environment responsive to external voltage, while ZnO substantial
oxygen content furnishes a wealth of negative charge carriers, facilitating an uptick in
post-synaptic current through oxygen vacancy-based conductive pathways.

Electronics 2024, 13, x FOR PEER REVIEW 9 of 14 
 

 

intrinsically tied to its oxygen levels, with increased oxygen correlating to diminished 
conductivity [49]. Applying a positive bias to the top electrode, where ZnO is more oxy-
gen-rich, prompts the electrically induced migration of oxygen ions, condensing the high-
resistance, oxygen-rich ZnO layer and thus enhancing device conductivity [50]. Concur-
rently, the oxygen-deficient HfZrO layer undergoes polarization. This movement of oxy-
gen vacancies, along with ferroelectric polarization in the HfZrO layer, modulates the 
thickness ratio of oxygen-deficient to oxygen-rich layers, affecting device conductivity as 
depicted in Figure 5a,b. 

 
Figure 5. Dynamic processes within the device. For the ZnO layer: (a) in initial state, (b) during the 
pulse, (c) when the pulse ceases, and (d) during subsequent pulsing. “E” represents the external 
electric field, and “P” represents the polarization field. Similarly for the HfZrO layer: (e) in initial 
state, (f) during the pulse, (g) when the pulse ceases, and (h) during subsequent pulsing. 

Upon bias removal, expected reversion of oxygen vacancies is impeded by the inher-
ent polarization of the oxygen-deficient HfZrO layer, leading to only a partial withdrawal 
of the conductive zone and a decrease in device conductivity, mirroring the current decay 
observed upon pulse cessation as shown in Figure 5c. Subsequent pulse application, es-
pecially with minimal intervals, results in compounded dynamic processes due to linger-
ing polarization, expanding the conductive area and raising current, as demonstrated in 
Figure 5d. Frequent, high-frequency stimulation may prevent oxygen vacancy back-diffu-
sion, potentially aiding the STM to LTM transition as HfZrO polarization becomes more 
entrenched. During this reverse recovery, some oxygen ions reassociate with vacancies, 
offsetting the localized structural alterations underlying STM. In our devices, the inherent 
polarization of the HfZrO layer eases the STM to LTM shift. With enhanced pulse stabili-
zation, we might observe a new form of non-volatile “trained memory” behavior. The 
synergy between HfZrO and ZnO films is critical. The extensively oxygen-deficient HfZrO 
film creates a ferroelectric polarized environment responsive to external voltage, while 
ZnO substantial oxygen content furnishes a wealth of negative charge carriers, facilitating 
an uptick in post-synaptic current through oxygen vacancy-based conductive pathways. 

Our investigations [51] corroborate findings by Dr. Yang’s group [52], highlighting 
localized clusters within Hf/Zr oxide films, akin to silver clusters in previous research, as 
validated with comprehensive XPS analyses. This observation introduces another pivotal 
dynamic mechanism, potentially leading to Paired-Pulse Facilitation (PPF)-like current 
enhancements in the HfZrO layer, which is further explained alongside the depictions in 

Figure 5. Dynamic processes within the device. For the ZnO layer: (a) in initial state, (b) during the
pulse, (c) when the pulse ceases, and (d) during subsequent pulsing. “E” represents the external
electric field, and “P” represents the polarization field. Similarly for the HfZrO layer: (e) in initial
state, (f) during the pulse, (g) when the pulse ceases, and (h) during subsequent pulsing.

Our investigations [51] corroborate findings by Dr. Yang’s group [52], highlighting
localized clusters within Hf/Zr oxide films, akin to silver clusters in previous research, as
validated with comprehensive XPS analyses. This observation introduces another pivotal
dynamic mechanism, potentially leading to Paired-Pulse Facilitation (PPF)-like current
enhancements in the HfZrO layer, which is further explained alongside the depictions
in Figure 5e,f. These clusters, which fluctuate between contracting in the high-resistance
state (HRS) and expanding in the low-resistance state (LRS), facilitate resistance switching
through the formation or disruption of connectivity between neighboring cluster locations.
Silver nanoparticles and oxygen vacancies exhibit parallel behaviors to synaptic inflow and
calcium ion efflux in biological cells, to a certain extent. Voltage pulse applications provoke
localized thermal increments due to Joule heating and induce potential tilting by the electric
field’s effect on oxygen vacancy (or charged oxygen ion) clusters, causing the disintegration
of larger clusters. As clusters are redistributed more uniformly within the active layer,
resistance diminishes, leading to current and temperature rises, which, through a positive
feedback loop, foster the creation of conductive channels. Upon deactivation of the voltage,
temperature falls and oxygen vacancies commence reversion, with most returning to cluster
formations upon the voltage’s removal, thereby reinstating the high-resistance state and
nearly reverting to the initial conductive path configuration, yielding volatility. Sequential
pulse applications suggest a conductance evolution mirroring synaptic behaviors. The
initial voltage pulse induces oxygen vacancy migration out of clusters, facilitating inter-
cluster connections. Should pulse intervals remain below the oxygen vacancy restoration
threshold, further conductive channels form, incrementally enhancing device conductivity,
reminiscent of PPF. Device conductivity eventually reaches a saturation point (the fatigue
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zone) due to the electric field driving an increased number of oxygen vacancies towards
connected conductive pathways, decreasing vacancies in original clusters. Thus, the
available oxygen vacancy count drops, causing a reduction in the rate of conductivity
increase. This dynamic is intrinsically tied to the external field, “E,” illustrated in Figure 5,
independent of the HfZrO layer’s intrinsic ferroelectric characteristics “P,” and does not
dictate current behavior during pulse intervals, aligning with the mechanisms described
without contradiction. This coexistent process could lead to PPF-like current increases
within the HfZrO layer.

In assessing the effect of pulse characteristics on current amplification, we exam-
ined three principal factors: amplitude, interval, and pulse duration. This examination,
delineated in Figure 6, seeks to elucidate the influence of pulse dynamics on current
enhancement. Here, the Increment Ratio (IR) is mathematically represented as:

IR = (In − In−1)/I1 (2)

where In symbolizes the current in the nth one. By varying one of these pulse characteristics
while maintaining the others constant, we delve into the role each plays in modulating the
current increment ratio. Figure 6 demonstrates that augmenting pulse strength—through
enhanced pulse width, reduced intervals, or increased amplitude—positively impacts the
IR. Nonetheless, with further intensification of pulse strength, the IR’s progression plateaus,
indicating a trend towards stabilization. This phenomenon suggests that while stronger pulses
notably decrease the memristor’s resistance, leading to amplified currents, there exists a per-
sistent “fatigue” effect, akin to the brain’s adaptive response to recurrent stimuli, constrained
by the dynamic oxygen vacancy mechanism within a finite pulse duration spectrum.
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Variability in the interval between consecutive pulses influences the facilitation effect,
with a pronounced decrement observed as intervals extend, as depicted in Figure 6. At
extended pulse intervals, the increment in device conductivity (mirroring PPF effects) com-
mences from its basal conductive state, with elongated intervals diminishing the increment
pace. Subsequent analyses are omitted, as device conductance shows negligible facilitation
beyond certain interval lengths, suggesting that conductive pathways initially established
by a series of pulses may disintegrate before the arrival of subsequent pulses. This reaggre-
gation of oxygen vacancies (or ions) back to their initial positions within ZnO or cluster
formations in HfZrO has been previously documented, shedding light on the nuanced
interplay between pulse parameters and conductive behavior in memristive devices.

The architecture of the device explored in our research, comprising ZnO and HfZrO
layers, marks a departure from the single-layered device configurations previously identi-
fied for demonstrating PPF phenomena. Notably, our device showcases a sustained post-
synaptic current beyond the cessation of input voltage pulses, exhibiting a more distinct
PPF effect that escalates with successive pulse trains. This underscores the critical influence
of the highly oxygen-deficient HfZrO layer on the device’s performance. Comparative anal-
ysis presented in Figure 6d with pure ZnO devices reveals a cessation in current flow upon
pulse discontinuation, aligning with earlier findings. The diverse properties manifested by
Hf-based oxides, including HfO2 and HfZrO, at varying oxygen levels—spanning p-type
conductance, fluorescence, ferroelectricity, to intrinsic d0 magnetism—are largely ascribed
to their highly oxygen-deficient conditions and/or dopant presence, which may induce
lattice distortions fostering ferroelectricity. Despite the elusive ferroelectric mechanism un-
derlying HfZrO, its proven compatibility with semiconductor processes harbors significant
potential. Our observations of enduring post-synaptic currents hint at the promising av-
enue for ferroelectricity-driven artificial synaptic research opened by the oxygen-deficient
state of HfZrO.

In addition, Electroforming, a critical one-time electrical “formatting” process, sets
the memristor’s resistive state to a reusable initial setting prior to its first use. In our
ZnO/HfZrO bilayer structure, the combination of ZnO’s excellent carrier properties and
HfZrO’s spontaneous polarization electric field most likely initiates electroforming be-
havior during the annealing and forming processes. This improves resistive regulation
convenience, which is critical for replicating complex biological synaptic dynamics. Fur-
thermore, our device operates without compliance current, ensuring stability in the absence
of external current limitation during resistive switching. This simplicity improves device
reliability, which is especially useful for long-term or high-frequency tasks, paving the way
for its use in high-frequency signal processing and long-term learning memory mechanisms.
Applying a series of 1 V pulse voltages allows for high-frequency, low-power operation,
which is similar to the key characteristics of biological synapses. The bilayer device’s
performance in these areas demonstrates its potential and distinct advantages in simulating
biological behaviors.

4. Conclusions

In conclusion, it reveals that ZnO/HfZrO-based memristors demonstrate adaptation
and fatigue behaviors under sequential electrical pulse stimulations, mirroring the memory
mechanisms observed in biological entities. Despite the initial increase in conductivity
prompted by ongoing pulse stimulation, the extent of this enhancement shows a progressive
decline. Notably, the study observed a temperature-dependent relaxation phenomenon
in current retention. The pivotal role of oxygen vacancies (ions) maneuvering in response
to external pulsing and inherent polarization fields marks a significant pathway in the
STM to LTM memory evolution. Reinforced through methodical stimulation training, STM
undergoes amplification, transitioning into LTM, a process closely tied to the structural
transition from a state of flux to one of consolidation facilitated by the sequence of pulses.
While continuous efforts are underway to refine and broaden synaptic emulation, the
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documented habituation behaviors underscore the memristor’s potential in mimicking
biological neuronal activities.
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