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ABSTRACT 

Area-type memristors are attractive for analog in-memory computing, but their use is often limited by parasitic charge storage, 
causing readout drift, non-pinched hysteresis, and degraded readout fidelity. We show that near-ideal area-type switching emerges 
within a tunneling-governed transport regime in ultrathin layers that suppresses charging-related readout artifacts. By varying the 
thickness in TiN/Ta2 O5 /Pt in a range of 3–10 nm, we reveal the transition from filamentary switching to near-short-circuit transport 
with two gradual-switching modes with different readout stability. The 5–6 nm thickness window suppresses non-pinched 
hysteresis and short-time drift while preserving analog switching, yielding nearly polarity-symmetric hysteresis and readout, clear 
area scaling, and continuous near-linear conductance modulation. Our analysis indicates that trap-assisted tunneling dominates 
the stabilized-state response, whereas ionic redistribution governs pristine-state reconstruction and the stability boundaries. A 

compact model is derived for the 5 nm device which reproduces the quasi-static I–V behavior and the dynamic resistance evolution 
based on pulse-width-dependent characteristics. The verified model is provided as Verilog-A code enabling simulation in circuit 
design tools. Our results demonstrate that ultrathin scaling is a regime-defining design rule for near-ideal area-type operation 
in oxide memristors, implying a fundamental approach to fabricating robust multi-state memristors for in-memory computing 
applications. 
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 Introduction 

he energy and latency cost of moving data has become a
ajor bottleneck in AI hardware, motivating nonvolatile devices
hat can store information and perform computation through
ocal conductance modulation [ 1 ]. Memristive devices are there-
uo Wu and Junjie Zhao contributed comparably to this work. 
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fore widely regarded as key enablers for analog in-memory
computing. Oxide memristive devices operating through the
valence-change mechanism (VCM) can exhibit either filamen-
tary or spatially distributed area-type switching. Filamentary
switching is governed by the formation and rupture of local-
ized conductive paths and typically produces abrupt, digital-like
se, which permits use, distribution and reproduction in any medium, provided the 
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ransitions, whereas the area-type switching relies on more spa-
ially distributed defect modulation, enabling gradual multilevel
onductance for analog state encoding [ 1–4 ]. However, many
rea-type memristors suffer from parasitic charge storage and
elaxation, here collectively referred to as parasitic charging,
hich manifests itself as time- and history-dependent readout
rift, non-pinched hysteresis, and the so-called battery effect or
attery-like offset [ 5–8 ]. The associated settling-time penalty and
ead-offset calibration are incompatible with low-latency, high-
requency operation and ultimately degrade readout fidelity [ 9–
1 ]. Achieving a near-ideal area-type operating state with stable
eadout, pinched hysteresis, near-symmetric I–V switching, and
ontinuous analog state encoding remains an unresolved barrier
o the practical use of area-type oxide memristors in analog
n-memory and analog in-memory computing systems [ 7, 8 ]. 

 central hypothesis of this work is that an ultrathin operat-
ng thickness window determines whether near-ideal area-type
witching can occur. At nanometer thickness, tunneling increas-
ngly affects charge transport, accelerating charge redistribution
nd suppressing charge accumulation [ 12, 13 ]. A current research
ap for ultrathin VCM devices is the systematic understanding of
ow oxide thickness determines the transport regime, switching
ehavior, and readout stability, and how these relationships
an guide device design [ 14–16 ]. We identify two challenges:
irst, nanometer-scale thickness variations shift the dominant
ransport and switching mode; and second, defect kinetics in
hese ultrathin films amplify the effect of small oxygen-vacancy
earrangements on device stability [ 17, 18 ]. As a result, many stud-
es still favor thicker dielectrics to reduce variability, underscoring
he need for stringent validation on a technologically mature yet
echanistically demanding oxide material. 

mong candidate VCM oxides, Ta2 O5 offers a particularly strin-
ent validation material because it is technologically mature
et intrinsically susceptible to oxygen-vacancy aggregation and
ocalized conduction. However, reported Ta2 O5 memristors are
ostly switching in the filamentary regime [ 3, 19, 20 ]. By
ontrast, only a few studies have reported gradual or apparently
on-filamentary switching in ultrathin Ta2 O5 layers, and a com-
ined demonstration of area scaling, pinched hysteresis, stable
ow-bias readout, and continuous conductance tuning remains
imited [ 21–24 ]. These devices generally exhibit pronounced self-
ectification, non-zero-crossing hysteresis, or limited retention
 21–24 ]. Demonstrating readout-stable area-type switching in
ltrathin single-layer Ta2 O5 therefore goes beyond optimizing one
aterial stack and suggests that critical ultrathin scaling may also
enefit other oxide systems. 

ere, using ultrathin TiN/Ta2 O5 /Pt memristors as the device
nder investigation, we derive the physical boundary condi-
ions under which near-ideal area-type switching might emerge
n ultrathin oxide VCM devices. We show that the transition
n ultrathin films between filament-type switching and short-
ircuit-like transport reveals a physically structured regime
ontaining two distinct gradual switching modes with sharply
ifferent readout stability and analog programmability. By com-
ining thickness-series comparisons, transport and switching
inetics investigations, as well as area-scaling tests, we delineate
he regime boundaries and identify an approximate operating
hickness window between 5 and 6 nm in which near-ideal area-
of 19

a

type behavior emerges, including polarity-symmetric readout,
absence of non-pinched hysteresis and short-time relaxation,
area-proportional conductance scaling, and continuous repro-
ducible conductance tuning. We further describe the observed
behavior within a two-stage framework in which ionic recon-
struction governs initial-state evolution and stability boundaries,
whereas injection-controlled trap occupancy controls stabilized-
state reversible switching and analog state modulation. Based on
this separation, we develop a single-state physics-based compact
model for the stabilized 5 nm operating regime that reproduces
the quasi-static I–V response and pulse-driven state dynamics
enabling EDA circuit simulation. Together, these results identify
critical ultrathin scaling as a promising design strategy for
readout-stable area-type oxide memristors. 

2 Results 

2.1 Thickness Window for Area-Type Switching 

To investigate the effect of oxide thickness on switching behavior,
TiN (20 nm)/Ta2 O5 /Pt (50 nm) devices were fabricated with Ta2 O5 
thicknesses ranging from 3 to 10 nm in 1 nm increments, as
shown in Figure 1a . The I–V characteristics of the samples with
all eight thicknesses are summarized in Figure 1b . The curves
in Figure 1 represent one stabilized cycle used for the thickness
comparison. For the 5–6 nm devices, the presented curves
represent the stabilized response after activation, as discussed
further in Figure 2 . Here, activation refers to a clear first-cycle-
to-stabilized-state transition in the switching response. Such
behavior was not observed for the other thickness groups. The
3–4 nm devices showed nearly linear, short-circuit-like transport
from the first sweep onward, while the 7–8 nm devices exhibited
only a small drift of the non-zero-crossing position without a
change in the overall loop shape. We therefore attribute this
evolution to charging-related drift rather than activation. The 9–
10 nm devices likewise retained their strongly rectifying response
during repeated sweeps within the investigated voltage range,
unless the voltage approached the forming regime. 

In addition to the overall increase in resistance with thickness,
the measured curves can be empirically grouped into four distinct
thickness-dependent switching regimes. Specifically, the 9–10 nm
devices show pronounced rectification without a clear switching
window. The 7–8 nm devices exhibit gradual switching together
with rectification and an obvious zero offset. The 5–6 nm devices
also show gradual switching, but with little or no zero offset or
rectification. In contrast, the 3–4 nm devices display nearly short-
circuit-like transport without an observable switching window.
For clarity, representative I–V curves for 10, 7, 5, and 3 nm are
separately shown in Figure 1c–f , illustrating the features observed
in these four thickness regimes. 

As shown in Figure 1c , the samples having 9–10 nm thick
Ta2 O5 show no pronounced hysteresis within the applied sweep
range, and resistance modulation cannot be induced reproducibly
without applying a forming pulse. Instead, the devices exhibit
strong rectification. Applying a sufficiently large negative bias
triggers filament formation and irreversibly converts them into
a filamentary-type device. In the present study, none of the
devices having 9–10 nm thick switching layers showed area-type
Advanced Materials, 2026
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FIGURE 1 Different switching modes across the ultrathin oxide thickness window. (a) Sketch of the fabricated TiN/Ta2 O5 /Pt devices. 
(b) Semilogarithmic I–V loops of devices with Ta2 O5 thicknesses ranging from 3 to 10 nm. For the 5 and 6 nm devices, the curves show the stabilized 
response after the activation (Figure 2 ). The median cycle is highlighted, while others are with increased transparency. (c–f) Representative I–V loops 
for samples having 10 (c), 7 (d), 5 (e), and 3 nm (f) thick Ta2 O5 . The different switching types are labeled below. 

FIGURE 2 Activation of a 400 × 400 µm2 device with 5 nm Ta2 O5 . (a,b) I–V evolution under positive-first (a) and negative-first (b) sweep sequences, 
showing the transition from the pristine high-conductance c8w-like response to the stabilized 8w state. The insets show the applied voltage waveforms 
and repetition numbers. 
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witching behavior. Reducing the thickness to 7–8 nm (Figure 1d )
eads to a transition in the switching behavior: the devices begin to
how area-dependent switching with an eight-wise (8w) pinched
ysteresis direction, indicating a shift from diode/filament-type
oward a near-area-type transitional transport regime. 

owever, this regime remains dominated by parasitic charging,
s indicated by the stable current minimum shifted from zero
dvanced Materials, 2026
to approximately + 1 V. Such a zero-offset, together with the
accompanying rectifying behavior, suggests a parasitic interfacial
charging contribution superimposed on the resistive-switching
response. Because this offset can drift as the interfacial charge
distribution relaxes, it compromises the reliability of the low-
bias readout for samples having Ta2 O5 thicknesses in the 7–8 nm
regime. Slowly relaxing interfacial charges can generate an
internal field that displaces the current minimum away from
3 of 19
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 V so that compensation is reached only when the inert
lectrode is biased sufficiently positively. Consistent with this
icture, the limited number of studies using oxides in this
hickness regime reporting similar 8w area-type loops also exhibit
ronounced charging artifacts, strong rectification, and transport
haracteristics more consistent with Poole–Frenkel emission (PF)
r Schottky emission (SE) than with tunneling [ 23 ]. The offset
nd self-rectifying characteristics of this 7–8 nm regime resemble
reviously reported non-filamentary Ta2 O5 devices, whereas the
ear-pinched and nearly symmetric response emerging at 5–6 nm
as not identified in those studies [ 21, 22, 24 ]. 

y contrast, the devices having 5–6 nm thick Ta2 O5 in Figure 1e
xhibit nearly polarity-symmetric I–V loops, with resolvable
inched hysteresis within the operating window. In addition,
he devices retain stable area-scaled switching together with
ontinuous and reproducible conductance tuning. These fea-
ures indicate that parasitic charging is strongly suppressed
n this thickness range. The observed behavior is therefore
onsistent with substantially faster charge re-equilibration and
ransport that is tunneling-dominated, or at least tunneling-
nhanced, rather than emission-dominated. A notable parallel
as previously been reported for a TiN/HfO2 /Pt device with a
 nm HfO2 layer, which showed similar switching behavior [ 25 ].
his cross-material similarity suggests that a related balance
etween thickness-dependent electronic transport and oxygen-
elated defect redistribution may also occur in other ultrathin
xides. In sufficiently thin films, activation may establish a
tabilized defect configuration, after which transport within the
perating window becomes increasingly tunneling-dominated,
hile stronger ionic redistribution may re-emerge when the
pplied bias exceeds this range. Although the present results do
ot prove a universal mechanism, this cross-material similarity
uggests that the interplay between oxide thickness, tunnel-
ng transport, and switching behavior may also be relevant in
ther ultrathin oxide systems. The 5–6 nm regime identified
ere therefore represents an experimentally accessible operating
egime in Ta2 O5 and motivates further investigation of similar
hickness-dependent behavior in other ultrathin oxides. 

n the 3–4 nm thickness range, the results shown in Figure 1f indi-
ate pronounced leakage, corresponding to near-short-circuit-
ike behavior with negligible rectification and the absence of
ontrollable resistance modulation. These observations suggest
hat transport is likely dominated by direct tunneling (DT)
hrough the reduced effective insulating thickness. We attribute
his apparent shorting already at a nominal thickness of 4 nm to
he high oxygen reactivity of the TiN electrode, which promotes
nterfacial reduction and gives rise to a quasi-metallic suboxide-
ike region [ 26 ]. This highly defect-rich layer effectively reduces
he insulating thickness of the oxide. Nevertheless, we admit
hat the large device area versus the identified thickness after
LD deposition is in the range 5 orders of magnitude. In this
ontext it is not only surface roughness but also barely detectable
lusters of defects that may additionally increase the probability
f shorts. The near-short-circuit-like behavior observed at a
ominal thickness of 4 nm may therefore suggest that the reduced
xide region is smaller, possibly on the order of 2–3 nm, while
he effective thickness may still modulate dynamically under
n applied electric field. Based on ultrathin scaling of HfO2
of 19
[ 27 ], we assume that oxide materials have the potential for
further miniaturization down to the angstrom scale, provided the
electrodes are scaled and designed appropriately. 

Among the investigated devices, the 5 nm devices provide the
clearest near-area-type switching behavior, with negligible zero
offset, highly symmetric I–V characteristics, and more stable low-
bias readout. We therefore focus the remainder of this work on the
5 nm devices (measured thickness: 5.24 nm) and further analyze
their electrical characteristics and the mechanism causing the
resistive switching. 

2.2 Activation and Area-Type Operation of 5 nm 

Ta2 O5 Devices 

2.2.1 Activation of the Device 

Fresh 5 nm devices initially show a high-conductance counter-
eight-wise (c8w)-like loop and evolve into a stable eight-wise (8w)
loop after one positive bias sweep. This evolution resembles an
initial conditioning process, but the transition occurs gradually
during the first positive sweep, without an unusually high
forming voltage or an abrupt current jump. We therefore refer
to it as activation rather than conventional filamentary forming.
Figure 2a,b directly shows this process under two different sweep
orders. 

As shown in Figure 2a , the first sweep applied in the posi-
tive programming direction exhibits an unusually high current,
approximately one to two orders of magnitude above the sub-
sequent stabilized operating range. Once the voltage exceeds
approximately + 1.2 V, the current begins to decrease and grad-
ually converges onto the stable 8w branch near + 2.0 V. Reversing
the sweep order does not eliminate the initial high-conductance
response, as shown in Figure 2b . The preceding negative sweep
causes only a modest conductance increase, while the subsequent
positive sweep again drives the device toward the same stabi-
lized branch. The initial high-conductance state is therefore a
reproducible feature of the pristine device rather than an artifact
caused by the sweep order. 

Oxygen-ion migration in amorphous Ta2 O5 has been reported to
become appreciable at electric fields of approximately 2.8 MV
cm− 1 [ 28 ]. For a 5 nm oxide, + 1.2 V corresponds to an average
field reaching 2.4 MV cm− 1 , close to the field range associated
with the onset of activation in Figure 2 . This agreement suggests
that the activation process involves field-driven redistribution of
oxygen-related defects. This redistribution is therefore mainly
associated with the initial activation and the high-field boundary,
whereas the subsequent low-field transport of the stabilized
device is analyzed under a largely frozen ionic/defect configu-
ration. The XPS and Au-electrode experiments supporting this
interpretation are discussed together with the mechanism in
Section 2.4.2 . 

After activation, the c8w-like response and the pronounced
I–V drift do not reappear within the defined operating window.
Unless explicitly stated otherwise, all measurements discussed
below refer to this stabilized 8w state. 
Advanced Materials, 2026
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.2.2 Electrical Performance of the Stabilized State 

he 5 nm devices exhibit clear and pronounced area-dependent
witching. Area-scaling measurements were performed using
evices with edge lengths of 300, 400, and 500 µm. 

rea-scaling tests were performed over 10 switching cycles under
 fixed write window of -0.8 to + 3.0 V. For each cycle, the HRS
nd LRS conductances extracted at -0.1 V were plotted against
evice area, as summarized in Figure 3a . Additional area-scaling
ata obtained at reset voltages of -0.6 and -1.0 V are provided
n Figure S1 . Under all three sweep voltages, the HRS and LRS
onductances show a strong linear dependence on device area,
ith the fitted lines passing close to the origin. 

inear fits of conductance versus device area yielded R2 values
bove 0.95, confirms the assumption of a strict area-dependent
witching and supports a spatially distributed parallel conduction
ode. In double-logarithmic representation, the fitted slopes
emain close to unity, again with correlation coefficient R2 above
.95. The slight sublinearity likely reflects geometric nonideali-
ies, series resistance, and local thickness variations or defects.
he active area is defined by the top electrode while the bottom
lectrode is much larger. As a result, current spreading towards
he bottom contact introduces spreading and an additional
eries resistance, slightly reducing the apparent scaling exponent.
verall, the switching behavior of the 5 nm devices appears to be
ntrinsically area dependent. 

n addition to the area scaling, the 5 nm devices show highly sym-
etric low-bias readout. For 400 × 400 µm2 cells, read currents at
 0.1 V and -0.1 V were measured after programming between -
.0 and + 2.0 V, and the corresponding cycle-by-cycle resistance
alues were extracted, as shown in Figure 3b . The resistances
btained at the two read polarities agree within the observed
ycle-to-cycle scatter, indicating near-ideal read symmetry within
he low-bias window and the absence of pronounced zero-offset
r rectification. This makes the state extraction highly reliable for
nalog weight evaluation. 

evices from the same fabrication batch further show selective
ontrol of the LRS and HRS through the set and reset voltages,
espectively. The cycle-to-cycle (C2C) I-V characteristics of 5 nm,
00 × 400 µm2 devices were measured by fixing one write polarity
hile gradually varying the other. After each cycle, resistances
ere read at + 0.1 and -0.1 V, and the average of the two read
olarities was used to calculate the on/off ratio. Cycle-to-cycle
C2C) variability was quantified as the standard deviation of
ead-resistance divided by the mean. In the above given figures,
he median I–V trajectory is highlighted without transparency,
hile the remaining cycles are shown with reduced opacity to
mphasize the overall voltage-dependent trend. Figure 3c shows
he results obtained by fixing the set voltage at + 1.5 V and
arying the reset voltage, whereas Figure 3d shows the opposite
ase, with the reset voltage fixed at -0.9 V and the set voltage
radually increased. In both measurements, the device retained
lear analog hysteresis, while the set voltage mainly controlled
he LRS and the reset voltage mainly controlled the HRS. 

s shown in Figure 3c,d , the resistance states change approx-
mately linearly with programming voltage within the investi-
dvanced Materials, 2026
gated range. In Figure 3c , at fixed set bias, the LRS remains
nearly unchanged for different Vreset , whereas the HRS increases
nearly linearly with increasing reset amplitude, leading to
an expanded hysteresis window and larger on/off ratio. Con-
versely, in Figure 3d , at fixed reset bias, the HRS remains
essentially constant for different Vset , whereas the LRS gradu-
ally decreases with increasing set amplitude, again enlarging
the hysteresis window and on/off ratio. These results indicate
that, within the studied voltage range, the set bias primarily
controls the LRS, whereas the reset bias mainly determines
the HRS, enabling continuous and nearly linear analog weight
updates. 

The reproducibility of the switching behavior within the 5–
6 nm thickness range was verified across five independently
fabricated ALD batches, all of which showed consistent, nearly
symmetric switching loops and the same voltage-dependent
resistance trends. Each batch contained about 10 wafer pieces,
with more than 20 devices measured per wafer. Although around
10% of the devices were shorted, most likely due to particle
contamination before metallization or defect-assisted tunneling
paths, the most devices in the stabilized switching regime
showed C2C values below 0.03 and highly reproducible analog
switching. 

This analog programming window is restricted asymmetrically
on the negative and positive bias sides. When the reset voltage
exceeds -1.2 V, corresponding to a negative field of about 2.4
MV/cm, the device undergoes an irreversible transition from
gradual area-type (8w) switching to abrupt, filament-dominated
counter-eight-wise (c8w) switching, permanently degrading its
analog performance (Figure S2 ). This indicates that oxygen-
vacancy migration becomes dominant at sufficiently high nega-
tive field. By contrast, increasing the set voltage does not readily
trigger filament formation, but set voltages above + 3.0 V lead to
pronounced C2C fluctuations, while set voltages above + 4.0 V
cause severe interfacial degradation and eventual shorting. On
the other hand, programming becomes ineffective when either
the set or reset voltage is too small. Near-ideal area-type switching
therefore exists only within a confined programming window
defined by asymmetric failure thresholds. The physical origin of
these bias limits is discussed further in Section 2.4.2 . 

2.3 Transport and Switching Kinetics of the 
Stabilized State 

2.3.1 Low-Bias Transport Characteristics 

To investigate the transport mechanism in the low-bias read
regime of the nearly polarity-symmetric, continuously tunable
switching state, we first established a simple timescale constraint
from the baseline device impedance. For the 500 × 500 µm2 

devices, a preliminary instrument check indicated a capacitance
on the order of 100 pF. Together with the low-bias resistance
of approximately 1–10 k Ω, this gives an estimated RC time
constant in the sub-microsecond range, well below the read-
pulse duration. This order-of-magnitude estimate suggests that
capacitive charging is unlikely to dominate the stabilized low-bias
response. The subsequent transport analysis therefore focuses on
conduction within the read window [ 29–31 ]. 
5 of 19
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FIGURE 3 Area scaling and analog tuning of devices having 5 nm of Ta2 O5 . (a) Area-dependent Conductance for the set and reset states obtained 
after applying voltages from − 0.8 V (reset) to + 3.0 V (set) plotted on a linear-linear scale (top graph) and logarithmic- logarithmic scale (bottom graph) 
conductance axis. (b) Cycle-to-cycle HRS and LRS values extracted at + 0.1 V and -0.1 V as a function of the number of performed switching cycles at 
− 0.8 V to + 3.0 V. (c,d) Switching curves (top graphs) using fixed set bias of + 1.5 V (c) and a fixed reset bias of − 0.9 V with a varied maximum reset 
(c) and set (d) bias measured on a 400 × 400 µm2 device. The bottom graphs show the memory window as a function of the maximum reset (c) and set 
(d) voltage extracted from the results of the I–V curves in the top graphs. 
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FIGURE 4 Transport analysis of the device having 5 nm thick Ta2 O5 . (a) l n ( J ) versus 
1 

𝐸 
for the set and reset branches. (b) Temperature-dependent 

resistance. The inset shows a representative I–V sweep. (c) Arrhenius plots of the read current extracted at different read biases. (d) Temperature- 
dependent l 𝑛

(
𝐽 

𝐸 

)
versus 1 

𝐸 
plots. 
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e then examined the field dependence of the read current by
eplotting the I–V data as l n ( J ), l 𝑛

(
𝐽 

𝐸 

)
, and l 𝑛

(
𝐽 

𝐸2 

)
versus 1/E

Figure 4a ; Figure S3 ). In the low-voltage region (| V | < 0.5 V), the
 𝑛( 𝐽) − 1 

𝐸 
representation shows the clearest quasi-linear behavior

or both the set and reset branches, whereas systematic devia-
ions from linearity become more evident at higher bias. This
ehavior suggests that the readout regime is governed mainly by
n exponential field dependence, consistent with field-assisted
unneling-like transport [ 29, 32 ]. To test whether the same behav-
or could instead be explained by thermally activated emission,
RS and LRS were programmed at -1 and + 2 V, respectively,
nd then read within a narrow low-bias window from -0.2 to
 0.3 V (0.1 V each point) in a temperature range from 25◦C
o 95◦C (Figure 4b ). Under these conditions, the LRS remains
early unchanged with temperature, while the HRS conductance
hows only a slight increase. The corresponding Arrhenius plots
f the read current, shown in Figure 4c , exhibit positive but very
mall slopes for both states, indicating that thermal activation
akes only a limited contribution in this bias range. Together
ith the weak rectification, the pinched hysteresis, and the
table low-bias readout observed experimentally, these results do
ot support a conduction mechanism dominated by thermally
ctivated emission such as PF or SE. Although temperature-
ependent measurements extending to cryogenic temperatures
ould provide a more stringent test, the weak temperature
ependence observed over the present measurement range is
onsistent with a tunneling-dominated contribution. Instead, the
ow-bias read current is more consistently described by electron-
ominated trap-assisted tunneling (TAT), while field-driven ionic
otion may still contribute during programming [ 29, 32–35 ]. 
dvanced Materials, 2026

a

Because TAT involves tunneling via localized trap states, its
rigorous description generally requires spatial and energetic
integration over trap position, trap-energy distribution, trap
occupancy, and field-induced barrier deformation. Therefore,
unlike PF emission or Fowler-Nordheim tunneling (FNT), TAT
does not provide a single universally accepted diagnostic non-
integrated form of equation for all trap distributions and device
geometries. For a compact and phenomenological description of
field-assisted trap-mediated conduction, the current density is
commonly expressed in the empirical form [ 29, 35–38 ]. 

𝐽𝑇𝐴𝑇 ∝ 𝐸𝑚 exp 

( 

−𝐵 

𝐸 

) 

where B and m are fitting constants, and E is the electric
field strength estimated from the applied voltage divided by the
nominal Ta2 O5 thickness. A free-exponent compact-model fit to
the same device data, presented later in Section 2.5 , yields an
exponent m ≈ 1. Therefore, for the present diagnostic replot, we
plot the temperature-dependent read-current data as l 𝑛(

𝐽 

𝐸 
) versus

1 

𝐸 
, as shown in Figure 4d . This transformation is directly applied

to the low-bias part of the temperature-dependent I–V data shown
in Figure 4c , corresponding to the original read-voltage window
from + 0.05 to + 0.30 V. After transformation, the data remain
approximately linear over the measured temperature interval.
Together with the weak temperature dependence, this behavior
supports a field-modulated TAT contribution to the low-bias read
transport in this nearly symmetric, continuously switching device
[ 32–38 ]. 
7 of 19
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FIGURE 5 Power-law analysis of the continuous trap-mediated switching process. (a,b) Double-logarithmic I–V characteristics of the reset 
(a) and set (b) branches under progressively increased voltage limits. Solid and dashed lines denote the forward and backward sweeps, respectively. 
(c,d) Corresponding extracted exponent γ for the reset (c) and set (d) operations. The insets show the applied voltage sequences. 
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.3.2 Bias-Dependent State Evolution 

o resolve how the device state evolves with programming bias,
he I–V curves measured under reset voltages from 0 to -1.0 V with
 step size of 0.1 V and set voltages from + 0.6 to + 2.4 V with a step
ize of 0.2 V were plotted on double-logarithmic axes, as shown
n Figure 5a,b . A linear curve in a double-logarithmic plot points
owards a power-law exponent and the exponent γ can be deduced
rom the slope of the curve according to 

𝛾 =
𝑑log 

10 
|𝐼|

𝑑log 
10 
|𝑉|

is extracted in Figure 5c,d , with solid and dashed lines denoting
he forward and reverse sweeps, respectively. 

t low biases, the applied bias mainly probes the present
onductance state and causes only little measurable change in
he resistance state. In this voltage range, the trajectories from
uccessive cycles remain nearly parallel, and γ stays close to
, consistent with near-ohmic readout transport [ 39, 40 ]. At
he same time, the evolution of the resistance state is clearly
ot confined to the highest programming voltages. Even under
elatively small set or reset biases, γ already departs from unity
ver part of the sweep window, and these deviations are accom-
anied by measurable conductance changes. These results show
hat measurable state evolution begins progressively before the
aximum programming voltage is reached. 

 second prominent feature is the dependence of the device state
n the previously applied maximum voltage. Once the device has
een programmed to a given maximum bias, subsequent sweeps
hat do not exceed that previously applied amplitude produce
of 19
almost no further change in either γ or the conductance state.
Additional switching appears only when the bias is extended
beyond the previous maximum or when the polarity is reversed.
This behavior indicates that further resistance changes occur
mainly when the applied voltage exceeds the previously reached
maximum. Taken together, the early deviation of γ from unity,
the incremental conductance changes over successive voltage
steps, and the maximum-voltage dependence indicate progressive
access to a distributed set of switching states. Increasing electric
field may activate deeper trap subpopulations or states with
higher effective barriers, accounting for the voltage-dependent
conductance evolution observed in Figure 3c,d [ 41 ]. The complete
bias-dependent I-V family is therefore used in Section 2.5 to
calibrate the state-dependent terminal-current branch of the
compact model. 

At higher bias, however, the transport behavior changes. For reset
sweeps Vreset with voltages up to about − 0.4 V and set sweeps with
Vset voltages above + 1.2 V, γ shows a much stronger increase and
significantly departs more clearly from unity, indicating that the
low-field near-ohmic conduction component alone is no longer
sufficient to describe the state-update switching process. Instead,
an additional high-field contribution becomes important. In view
of the preceding low-bias transport analysis, this contribution is
most plausibly associated with field-enhanced tunneling, such
as FNT, which gradually emerges alongside low-field TAT and
becomes more influential as the electric field is increased [ 42, 43 ].

2.3.3 Pulse-Programming Kinetics 

Pulse-programming measurements further reveal strongly asym-
metric yet continuously evolving switching kinetics. As shown
Advanced Materials, 2026
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FIGURE 6 Pulse-width- and pulse-number-dependent cumulative programming characteristics. (a) Read resistance as a function of write-pulse 
width using a fixed-write-pulse amplitude of + 2 V for potentiation and -1 V for depression. (b–d) Normalized conductance as a function of pulse number 
under cumulative programming with fixed write pulse amplitude of + 2 V for potentiation, -1 V for depression and widths of 6 (b), 10 (c), and 40 µs 
(d), respectively. The insets show the corresponding pulse schemes used in the experiments. Potentiation and depression denote cumulative conductance 
increase and decrease, respectively. 
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n Figure 6a , cumulative programming experiments were per-
ormed at fixed pulse amplitudes, with potentiation at + 2 V and
epression at -1 V, while the write-pulse width was increased
n exponential steps from 1 µs to 1s. Here, potentiation and
epression simply denote cumulative conductance increase and
ecrease, corresponding to repeated set and reset operations,
espectively. After each programming pulse, the device state was
ead using a + 0.1 V read pulse for 3 ms. Under these conditions,
otentiation shows a clear delayed onset: little change is observed
t the shortest widths, followed by an apparent transition at
pproximately 8–10 µs, beyond which the resistance decreases
apidly and then continues to decrease more gradually at longer
ulse widths. Depression, in contrast, evolves more smoothly over
he full-time range, with the resistance increasing nearly linearly
s the pulse width increases and no abrupt transition is observed.

 second important feature is that neither potentiation nor
epression reaches full saturation even when the write-pulse
idth is extended to 1 s. Instead, both branches continue
o increase/decrease over the entire accessible time window,
ndicating that the switching process is not governed by a
ingle characteristic timescale. To examine this behavior further,
umulative pulse-programming measurements were performed
sing pulse widths of 6, 10, and 40 µs at fixed amplitudes of + 2 V
or set and -1 V for reset, as shown in Figure 6b–d . 
dvanced Materials, 2026
All three pulse widths produce clear set/potentiation and
reset/depression trajectories, demonstrating that the device state
can be effectively tuned both by changing the individual pulse
width and by repeated pulsing. 

The three fixed pulse widths were selected around and beyond the
apparent onset of measurable conductance modulation identified
in the pulse-width-dependent measurement. At 6 µs (Figure 6b ),
the pulse width is slightly below the onset of efficient conduc-
tance programming, yet repeated pulses still produce a clear
cumulative conductance increase. At 10 µs (Figure 6c ), the pulse
width lies close to the rapid-onset region, leading to a stronger
conductance change per pulse while the conductance still evolves
progressively with pulse number. At 40 µs (Figure 6d ), the pulse
width is already beyond this onset region, but the potentiation
branch remains unsaturated and continues to evolve under
repeated pulsing. This confirms that the rapid transition around
8–10 µs marks the beginning of efficient programming rather than
the completion of the switching process. Overall, the device state
can be tuned by the write-pulse width and the accumulated pulse
number, while the pulse amplitude was intentionally kept fixed.
Although increasing the pulse amplitude, as in incremental-
step pulse programming, may accelerate the update, the usable
amplitude range is limited by the need to remain within the stable
analog switching regime. We therefore focus on pulse-width
9 of 19
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FIGURE 7 Retention characteristics of the conductance and extraction of the power-law exponent for the 5 nm device. 
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nd pulse-number modulation as a conservative programming
pproach. 

hese measurements were performed under ambient illumina-
ion. The measurement setup exhibited a capacitive response
ssociated with the connecting wires, which may contribute
o the measured transient response. Therefore, the extracted
ulse timescale should be regarded as an effective experimental
imescale rather than the intrinsic device-switching time [ 44 ].
aken together, the delayed but rapid onset of potentiation, the
moother depression branch, and the absence of full saturation
ithin the measured window indicate distributed switching-
inetics rather than a single discrete switching event. This
ehavior is consistent with a broad distribution of internal defect-
tate depths and transition barriers [ 45–47 ]. The delayed onset
f potentiation and the smoother depression branch may reflect
ifferent effective activation barriers, which will be further exam-
ned in the compact-model analysis below. These asymmetric
ulse-programming kinetics provide the experimental basis for
alibrating the state-evolution branch of the compact model in
ection 2.5 . 

.3.4 Retention and Dispersive Relaxation 

n retention measurements, the 5 nm devices show a pro-
ounced asymmetry in HRS/LRS relaxation, while the high-
nd low-resistance states remain clearly distinguishable over
everal days. Specifically, the devices were first programmed
nto the reset state at -1.0 V and the set state at + 2.0 V, and
hen read for up to several days at 25◦C, 55◦C, and 95◦C.
he results are summarized in Figure 7 . The most direct
bservation is that, in double-logarithmic coordinates, the read
onductance decreases approximately linearly with time rather
han following an exponential decay with a single character-
stic time constant. The drift exponent ν was quantified using
0 of 19
𝜈 =
Δ log 𝐺 

Δ log 𝑡 
. 

For the 95◦C data, only the data acquired before the abrupt resis-
tance change was used for power-law fitting. All datasets show
very small fitting errors (standard deviation < 0.05), indicating
that the relaxation is well described by a power law. Such power-
law relaxation does not correspond to a single barrier or a single
time constant but instead points to a continuous distribution
of trap energies and/or local barrier heights, where multiple
relaxation processes having different time constants are superim-
posed to produce a characteristic dispersive-relaxation behavior
[ 48 ]. This defect-state-controlled dispersive picture is also con-
sistent with the low-voltage programmability in Figure 3c,d , the
pulse-width-dependent writing behavior in Figure 6a , and the
limited retention discussed above. Shallow traps can contribute
to conduction already at low bias or under short pulses, but
they also relax on relatively short timescales, giving rise to a
volatile or partially volatile conductance component. Deeper
traps require higher fields or longer pulses to be activated and
relax more slowly, thereby contributing to the longer-lived part
of the programmed state. 

The temperature-dependent retention data further show that
temperature mainly shifts the absolute conductance level, while
leaving the drift kinetics largely unchanged. For both LRS and
HRS, the extracted drift exponents ν remain very similar at 25◦C,
55◦C, and 95◦C. Here, the conductance half-life t50 is defined as
the time at which the fitted conductance has relaxed halfway
from its initial programmed value toward the extrapolated long-
time value. For the LRS, this t50 remains on the order of hours
at all three temperatures, and no clear saturation plateau is
observed within the measured retention window. By contrast,
the HRS relaxes much more slowly, with extrapolated half-lives
far beyond the measured time window; although the drift is
Advanced Materials, 2026
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xtremely weak, it is still ongoing. Since the LRS relaxation
rogressively reduces the separation between the programmed
tates, the overall memory window should be regarded as partially
olatile rather than fully non-volatile. This weak temperature
ensitivity is consistent with the low-bias read measurements in
igure 4b,c , but does not by itself exclude thermally assisted trap
elaxation; it only indicates that no strong thermally accelerated
egradation is resolved within the measured temperature and
ime range [ 49, 50 ]. 

he much faster relaxation of the LRS compared to the relax-
tion of the HRS can also be understood naturally within an
lectron trapping/detrapping picture under tunneling-dominated
ransport, such as TAT. The LRS corresponds to a higher trap
ccupancy and stronger parallel conduction pathways and is
herefore more sensitive to detrapping and interfacial charge
e-equilibration. As these metastable electronic configurations
radually relax, the connectivity of the conduction network is
educed and the conductance decreases accordingly. In contrast,
he HRS is closer to an electron-depleted configuration and is
herefore intrinsically more stable. Even so, the reset process does
ot necessarily empty all deep traps completely, so an extremely
low long-term drift may still persist, albeit on timescales far
eyond the present experimental window. 

t should be noted that the trend in Figure 7 , where the
onductance decreases with increasing temperature, does not
ontradict the nearly temperature-independent readout observed
n Figure 4b,c . The two measurements probe different processes.
n Figure 4 , the device state was written first and then read
t different temperatures under low bias, so the data mainly
eflect the temperature response of the read operation itself. In
he retention experiment, by contrast, instrumental constraints
equired programming and immediate readout at the target
emperature, so elevated temperature affects not only the readout
ut also the initial programmed state. Figure S4 , which compiles
he sweep data and corresponding Arrhenius analysis from 30 to
0◦C, likewise shows that higher programming temperature leads
o an overall increase in resistance. The origin of this effect is
iscussed further in Section 2.4.1 . In addition, the 95◦C retention
ata show a qualitatively distinct anomalous behavior, indicating
hat contributions beyond the purely electronic relaxation picture
egin to emerge under these conditions; this point is addressed
eparately in Section 2.4.3 . For completeness, Table S1 compares
he present device with representative non-filamentary Ta2 O5
emristors in terms of conventional device metrics and switching
haracteristics. 

.4 Mechanisms of the Pristine and Stabilized 

tates 

.4.1 Electronic Trap-Mediated Switching in the 
tabilized 8w State 

aken together, the preceding transport, switching kinetic, and
etention measurement results point towards an electronically
ominated switching mechanism. Within this framework, the
bserved behavior can be described by TAT. Oxygen-vacancy-
elated defects are considered a plausible origin of the trap
tates that modulate the resistance through electron capture and
dvanced Materials, 2026
release, although the specific microscopic defect configuration
cannot be uniquely identified from the present measurements
[ 51, 52 ]. Transport then involves electrode injection, trap occu-
pation, and subsequent trap-mediated hopping or emission [ 3,
53 ]. Because the energy barriers associated with electron traps
make electron capture faster than electron release, detrapping is
expected to be the rate-limiting step [ 38, 54, 55 ], consistent with
the asymmetric potentiation/depression kinetics observed in the
pulse-programming measurements. 

In the asymmetric electrode structure used here, the reactive-
contact TiN side makes a nearly ohmic contact to the Ta2 O5 
while the Pt electrode exhibits more Schottky-like injection
characteristics [ 56 ]. The corresponding HRS/LRS states and
set/reset processes are schematically illustrated in Figure 8 . When
a positive bias is applied to the Pt electrode, electron injection
from the ohmic TiN contact and subsequent trapping in the
oxide are favored over electron detrapping, leading to a net
increase of the number of traps filled with electrons, progressively
strengthening trap-assisted transport pathways, and resulting in
the LRS (Figure 8 , (1) to (2)) [ 3, 57 ]. Under the opposite bias,
by contrast, electron injection from the Schottky-like side is
suppressed, while electron detrapping and extraction toward the
ohmic side becomes more favorable resulting in the HRS state
(Figure 8 , (3) to (4)) [ 3, 57 ]. 

A higher set bias injects more electrons and enhances net
trapping, thereby reducing the resistance and driving the device
toward the LRS. Conversely, a higher reset bias promotes electron
release and extraction, thereby increasing the resistance and driv-
ing the device toward the HRS. This mechanism is also consistent
with the area-dependence and the observed 8w hysteresis. As
a control experiment, the Pt top electrode was replaced with
Ni to reduce the asymmetry between the two electrode/oxide
interfaces. In this configuration, the switching window is strongly
suppressed, as shown in Figure S5 . This result supports an
important role of electrode-dependent injection and extraction
asymmetry in the switching response. Reducing the injection and
extraction asymmetry severely suppresses the switching window.

From a state-variable perspective, the stabilized resistance modu-
lation can be represented by changes in effective trap occupancy,
giving rise to pinched hysteresis, and continuously tunable
resistance states. Here, near-ideal is used in an operational sense
to describe these area-type read/write characteristics within the
defined bias window; it does not imply that the device satisfies
the strict ideal-memristor relation [ 5, 58, 59 ]. Within this scope,
the device provides a reproducible analog switching response
relevant to weight modulation [ 60, 61 ]. 

The electronic trap-occupancy picture is intended to describe
the stabilized switching response within the operating window
between -1.0 and + 2.0 V, where the measurements are consis-
tent with predominantly electronic trapping and detrapping. At
larger electric fields, under prolonged set or reset stress, or at
elevated temperature, oxygen-vacancy motion and other defect
rearrangements can no longer be neglected. This limitation is
particularly important in the ultrathin operating regime, where
even a small redistribution of defects can appreciably change the
effective tunneling distance and thereby perturb the electronic
current. The electronic description should therefore be restricted
11 of 19
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FIGURE 8 Schematic illustration of the switching mechanism in the device having a 5 nm thick switching layer. 
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o the defined bias and timescale window. The ionic processes
hat establish and destabilize this window are considered below. 

.4.2 Ionic Redistribution Linking the Pristine and 
tabilized States 

vidence for an asymmetric defect profile and field-driven
xygen redistribution is provided by the XPS and Au-electrode
xperiments. Angle-resolved XPS analysis (Figure S6 ) reveals a
epth-dependent distribution of Ta oxidation states already in
he pristine film, with a higher fraction of reduced Ta species
oward the TiN interface. This result is consistent with a more
xygen-deficient region near the reactive electrode. 

o examine whether this defect distribution can be reconfigured
lectrically, the Pt top electrode was replaced by Au, which has
 low oxygen solubility. During a slow positive sweep from 0
o + 3.0 V at 1.0 V min− 1 , bubbles appeared at the initially flat
a2 O5 /Au interface once the voltage exceeded approximately
 2.0 V and subsequently increased in size (Movie S1 ). This
bservation is consistent with field-driven oxygen transport and
xygen evolution at the positively biased inert electrode. No
acroscopic gas accumulation is observed in the Pt devices,
lthough oxygen-related interfacial redox can still occur and may
ontribute to the stronger drift observed under high positive bias
n Figure S2d . 

aken together, these results suggest that the evolution from
he pristine c8w-like response to the stabilized 8w state involves
 change in the relative contributions of ionic and electronic
2 of 19
processes. The stabilized 8w response is consistent with predomi-
nantly electronic trap-mediated modulation, whereas the pristine
c8w-like response contains a stronger ionic-redistribution contri-
bution. Both processes may operate during the first sweep, but
the larger resistance change produced by defect redistribution
initially determines the loop direction. After the defect profile
has been reconfigured, the electronically controlled 8w response
becomes stable within the defined operating window. 

To account for the high pristine conductance, activation into
stable 8w switching, and reverse-bias-induced destabilization,
the observations are summarized using the ionic-redistribution
picture in Figure 9 . In ultrathin transition-metal oxides contain-
ing a reactive electrode, a reduced and oxygen-deficient region
can form near the reactive interface. A TaOx /TiOx Ny interfacial
region may also form at the TiN side, although its composition
and thickness were not measured directly in this work. This
region is treated here as an extended defect-rich layer with higher
conductivity, rather than as the localized filamentary channel
assumed in the disk model of reference [ 4 ]. The oxide closer to the
inert electrode remains more highly oxidized and less conductive.
Its thickness can therefore be regarded as an effective tunneling
distance between two electrodes. When this effective oxidized
region is thin, direct and high-field tunneling contributions
become stronger. As it becomes thicker, these contributions are
rapidly suppressed and the relative contribution of trap-mediated
tunneling increases [ 38, 62 ]. 

In the pristine state, the higher conductance and c8w-like
response suggest that the effective insulating thickness is initially
reduced relative to the activated state. A possible explanation
Advanced Materials, 2026
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FIGURE 9 Proposed ionic transport framework for activation and stabilized-state switching. (a) Schematic of the pristine and activated states, 
showing oxygen-vacancy redistribution and effective insulating thickness evolution. (b) Schematic of activation above the threshold voltage and 
subsequent electronically controlled switching in the activated state. 
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s that oxygen ions partially migrate toward the more defect-
ich suboxide-like region during ALD and subsequent cooling,
orming a quasi-equilibrium defect profile that favors DT/FNT-
ominated conduction. When positive bias is applied to the
nert-electrode side, oxygen ions are driven from the “metallic”
ide toward the insulating side, increasing the effective insu-
dvanced Materials, 2026
lating thickness. As a result, the DT/FNT contribution rapidly
decreases, TAT becomes dominant again, and the device is
activated into its stable operating mode, corresponding to the
c8w-to-8w transition illustrated in Figure 2a,b . Conversely, if the
opposite-polarity bias exceeds the ionic-migration threshold, oxy-
gen ions are driven back in the opposite direction, destabilizing
13 of 19
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rea
he activated state and returning the device to an ionic-dominated
egime, experimentally manifested as c8w behavior, filament-like
witching, or increased C2C variability, as shown in Figure S2 .
his picture directly explains why a restricted opposite-polarity
peration strategy is required: the activating bias must exceed
he ionic-migration threshold to reconstruct the pristine defect
rofile and establish the stabilized-state operating mode, whereas
he reverse bias must remain below this threshold to prevent
he effective insulating thickness from being reduced again.
nder this condition, the effective insulating thickness remains
ssentially unchanged during the positive bias sweep, allowing
he device to stay within the near-ideal area-type window, as
llustrated in Figure 9b . 

xperimentally, stable area-type switching is observed only
ithin a limited programming window (Figure S7 ). Within this
indow, the otherwise complex ultrathin-device behavior can
e described by the TAT + FNT-based framework summarized in
igure 9b . In this window, the ionic contribution mainly defines
he boundary conditions and initial-state reconstruction, whereas
he stabilized-state analog switching is governed by electronically
ontrolled transport. 

nterestingly, a similar bias-limited area-type switching window
as also been observed in our previous 5 nm HfO2 devices,
here exceeding the reset window drives the device into filament-
ype switching [ 25 ]. This similarity suggests that the relationship
etween operating window and switching regime may merit
urther investigation in other ultrathin oxide systems, while
roviding a practical basis for predictive modeling and simulation
n the present Ta2 O5 devices. 

.4.3 Thermal Boundary of the Near-Ideal Operating 
indow 

he near-ideal operating window is bounded not only by bias
ut also by thermal stability. This limit becomes evident in the
etention data of Figure 7 . At 95◦C, the device no longer remains
n the stabilized-state electronic-storage regime over extended
nbiased storage, but instead develops irregular, near-short-
ircuit-like switching events after tens of minutes, indicating
he onset of additional ionic or structural instability. Abrupt
onductance changes appear in both HRS and LRS, and repeated
easurements rule out an instrumental origin. Notably, these
nomalous states are at least partially reversible: applying a posi-
ive bias drives the near-shorted device back into an activation-
ike state, with the I–V curve recovering the pristine-like c8w
ysteresis direction before returning to stable switching after
eprogramming. This behavior therefore reflects not simple noise,
ut entry into a regime beyond the stabilized-state electronic
odel, most plausibly associated with local reactivation induced
y thermally assisted defect redistribution. 

imilar conductance increases followed by partial recovery dur-
ng unbiased storage were observed in our previous work [ 25 ]. A
lausible physical picture is that high-temperature defect diffu-
ion intermittently creates transient tunneling-percolation paths,
eading to erratic-bit- or tunneling-stepping-stone-like behavior
imilar to erratic bits [ 63 ] and anomalous stress-induced leakage
4 of 19
current or moving bits [ 64, 65 ]. Because such phenomena remain
rare in memristive systems, a definitive microscopic assignment
is not yet possible; the soft-filament or tunneling-stepping-stone
picture should therefore be regarded as a qualitative interpre-
tation rather than a uniquely established model. Even so, the
effect is clearly characteristic of the ultrathin regime and is largely
absent in thicker oxides. 

Reducing the lateral device area may also improve thermal
stability by lowering the statistical probability of including
localized defect-rich regions that initiate abrupt conductance
changes. This thermal-stability limit may be mitigated either by
moderately increasing the oxide thickness, which significantly
delays the abrupt failure at 95◦C, or by inserting an ultrathin
diffusion-barrier layer, such as a thin Al2 O3 interlayer, to suppress
defect percolation and reduce erratic switching. Ultrathin devices
thus offer access to a near-ideal area-type operating window,
but at the cost of a narrower thermal-stability margin. Future
design must therefore balance writability, analog linearity, and
high-temperature robustness. 

2.5 Physics-Based Compact Model of the 5 nm 

Device in its Stabilized Operation Regime 

The preceding analysis establishes a hierarchy of device pro-
cesses. Ionic redistribution creates the activated state and defines
the bias and thermal boundaries of the stabilized operating
regime, whereas electronic trapping and detrapping govern
the continuous conductance evolution within this regime. The
compact model represents this experimentally identified regime
through a quantitative digital-twin suitable for device- and
circuit-level simulation. Only a few compact models exist for
gradual switching memristors such as for NbOx -based devices
[ 66 ], possibly because non-ideal charging effects frequently
obscure the intrinsic switching dynamics of area-type devices. For
the 5 nm near-ideal area-type switching device presented here, we
developed an extended memristor model based on the identified
physical mechanisms and calibrated it against the measured
quasi-static and pulse-switching data. 

The compact model is based on a normalized internal state
variable x , representing the effective internal configuration
underlying the conductance continuum sampled during progres-
sive set and reset operations. Here, x = 0 and x = 1 correspond
to the calibrated HRS and LRS limits, respectively. The state x
can be interpreted as a resulting scaling parameter of the internal
atomic arrangement related to trap density, electron occupancy,
or oxygen-vacancy concentration. The model is calibrated against
the quasi-static I–V characteristics and pulse-width-dependent
programming data to represent the experimentally defined stabi-
lized operating regime. It cannot describe the pristine c8w-to-8w
activation, filament formation outside the safe programming
range, long-term zero-bias relaxation, or thermally induced
instability. 

The compact model can be represented as an extended voltage-
controlled memristor given by: 

𝐼𝑚𝑜 𝑑 𝑒 𝑙 ( 𝑉, 𝑥 ) = 𝐺 ( 𝑥, 𝑉 ) ⋅ 𝑉,
d 𝑥 

d 𝑡 
= 𝑓 ( 𝑥, 𝑉 ) . 
Advanced Materials, 2026
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FIGURE 10 Compact-model representation of the stabilized 5 nm operating regime. (a) State-dependent phenomenological TAT-like and FNT- 
like transport contributions and the corresponding equivalent-circuit representation. (b) Comparison between the measured and modeled quasi-static 
I–V family from Figure 5 . The inset shows the logarithmic current residual, Δlog10 ∣ I ∣ . (c) Comparison between the measured and modeled pulse-width- 
dependent programming response from Figure 6a . The inset shows a deviation between fitted and real data. (d) Model-inferred internal state trajectory 
under the experimentally applied voltage sequence. The blue areas show V ( t ), and the red curve shows the normalized state x ( t ). 
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y applying this form of the state-based Ohm’s law, Imodel can
e determined for a set ( s ) and reset ( r ) voltage polarity as a
uperposition of TAT and FNT transport mechanisms, given in
igure 10a and represented by: 

𝑚𝑜 𝑑 𝑒 𝑙 ( 𝑉, 𝑥 ) =
⎧ ⎪ ⎨ ⎪ ⎩ 

[
𝐽TAT ,𝑠 ( 𝑥, 𝑉 ) + 𝐽FNT ,𝑠 ( 𝑥, 𝑉 ) 

]
𝐴𝑎 𝑟 𝑒 𝑎 +

𝑉 

𝑅𝑝 

for 𝑉 ≥ 0 

−
[
𝐽TAT ,𝑟 ( 𝑥, 𝑉 ) + 𝐽FNT ,𝑟 ( 𝑥, 𝑉 ) 

]
𝐴𝑎 𝑟 𝑒 𝑎 +

𝑉 

𝑅𝑝 

for 𝑉 < 0 
, 𝑥 ∈ [ 0 , 1 ] ,

here the transport mechanism is defined as 

𝐽TAT ,𝑙 ( 𝑥, 𝑉 ) = |𝑉|𝑐1 ,𝑙 𝑒
𝑝x 

(
𝑥,𝑐𝑚𝑖𝑛 

2 , l 
,𝑐𝑚𝑎𝑥 

2 , l 

)
𝑒
−𝑝x 

(
𝑥,𝑐𝑚𝑖𝑛 

3 , l 
,𝑐𝑚𝑎𝑥 

3 , l 

)|𝑉|
, 𝑙 ∈ { 𝑠, 𝑟 } 

nd 

𝐽FNT ,𝑙 ( 𝑥, 𝑉) = |𝑉|2 (𝑎𝑖𝑛𝑡 
1 ,𝑙 

+ 𝑥𝑎
𝑠𝑙𝑝 

1 ,𝑙 

)
𝑒
−

𝑝x 
(

𝑥,𝑎𝑚𝑖𝑛 
2 ,l ,𝑎𝑚𝑎 𝑥 

2 ,l 

)
|𝑉| , 𝑙 ∈ { 𝑠 , 𝑟} 

ith a state-dependent parameter modulation defined as 

𝑝x ( 𝑥, 𝑝𝑚𝑖𝑛 , 𝑝𝑚𝑎𝑥 ) = 𝑝𝑚𝑖𝑛 + ( 𝑝𝑚𝑎𝑥 − 𝑝𝑚𝑖𝑛 ) 𝑥. 

ere, Aarea is the device area, V is the applied voltage across
he memristor, Rp is the parallel leakage resistance, and 𝑙 ∈

𝑠, 𝑟 } denotes the set and reset branches, respectively. JTAT, l
dvanced Materials, 2026
and JFNT, l denote phenomenological trap-assisted-tunnelling-
like and Fowler–Nordheim-like current-density contributions,
respectively. The parameter c1, l determines the voltage depen-
dence of the TAT-related branch, while 𝑐𝑚𝑖𝑛 

2 , l 
, 𝑐𝑚𝑎𝑥 

2 , l 
, 𝑐𝑚𝑖𝑛 

3 , l 
, and 𝑐𝑚𝑎𝑥 

3 , l 

define its state-dependent prefactor and state-dependent field
modulation factor. For the FNT-like branch, 𝑎𝑖𝑛𝑡 

1 ,𝑙 
and 𝑎𝑠𝑙𝑝 

1 ,𝑙 
define

the intercept and state-dependent slope of the prefactor, whereas
𝑎𝑚𝑖𝑛 

2 , l 
and 𝑎𝑚𝑎𝑥 

2 , l 
define the state-dependent field modulation fac-

tors. The interpolation function px varies each parameter linearly
between its calibrated values x = 0 and x = 1. All parameters
are effective fitting parameters rather than uniquely extracted
microscopic material constants. The global numerical parameters
are summarized in Table S2 , while the fitted transport parameters
and their bounds used for fitting are provided in Table S3 . 

The low-field current is described by a phenomenological trap-
assisted-tunnelling-like contribution [ 29, 35–38 ], while the high-
field current is represented by a Fowler–Nordheim-like term [ 43 ].
The fitted parameters are consistent with a nearly symmetric
low-field trap-mediated contribution and a stronger polarity
dependence in the high-field branch. 

For the state-evolution equation, we assume the Mott-Gurney law
with a field-dependent barrier [ 67 ]. The state-evolution equation
𝑑𝑥 = 𝑓(𝑉, 𝑥 ) is defined: 
15 of 19
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d 𝑥 

d 𝑡 
=

{ 

e−𝛼𝑠 ( 1 − 𝑥 ) 
𝛽𝑠 

𝑒( |𝑉|−𝑝x ( 𝑥 ,𝑣𝑚𝑖𝑛 
𝑠 ,𝑣𝑚𝑎𝑥 

𝑠 ) ) 𝛿𝑠 𝑥 sin

−e−𝛼𝑟 𝑥
𝛽𝑟 

𝑒( |𝑉|−𝑝x ( 𝑥 ,𝑣𝑚𝑖𝑛 
𝑟 ,𝑣𝑚𝑎𝑥 

𝑟 ) ) 𝛿𝑟 sinh

ere, αl and βl control the state-dependent suppression of the evo-
ution rate near the corresponding resistance-state boundary. The
arameters 𝑣𝑚𝑖𝑛 

𝑙 
and 𝑣𝑚𝑎𝑥 

𝑙 
define the state-dependent effective

rogramming voltage through 𝑝x (𝑥 , 𝑣𝑚𝑖𝑛 
𝑙 

, 𝑣𝑚𝑎𝑥 
𝑙 

) , while δl contr ols
he sensitivity of the exponential activation term to the voltage
verdrive. For the set branch, this activation term is additionally
eighted by x . The parameter θl scales the voltage dependence of
he sinh term, whereas γ0 l , γ1 l , and γ2 l define the state-dependent
ocal field enhancement factor accounting for the polarizability
f the material [ 68 ]. The second exponential term describes a
tate-dependent effective activation barrier: as | V | approaches and
xceeds 𝑝x (𝑥 , 𝑣𝑚𝑖𝑛 

𝑙 
, 𝑣𝑚𝑎𝑥 

𝑙 
) , the voltage-overdrive term increases

nd accelerates the state evolution, possibly due to trap filling
r emptying. The scaled sigmoid window functions σn (1 − x )
nd σn ( x ) suppress the state evolution near x = 1 and x = 0,
espectively, thereby constraining x to the interval [0,1]. Here,
 controls the steepness of the sigmoid window near the state
oundaries. The sigmoid window function is defined as: 

𝜎n ( 𝑥) = 1 

1 + 𝑛𝑒− 𝑛𝑥 

he fitted state-evolution parameter values are provided in Table
4 . The full model, including the current and state change equa-
ion, was fitted jointly to the quasi-static I-V characteristic results
hown in Figure 5 and dynamic pulse measurements shown in
igure 6a . The I–V dataset includes the forward and backward
weeps measured under progressively varied set and reset voltage
imits and therefore samples a continuum of stabilized resistance
tates. 

he compact model results are visualized in Figure 10 . The
odel parameters were extracted exclusively from the quasi-
tatic I-V sweeps and pulse-width-dependent programming mea-
urements. Fixed-width pulse-train measurements, which were
xcluded from parameter extraction, were subsequently used to
valuate whether the fitted state-evolution law could describe
hese independent datasets without parameter readjustment.
igure S8 shows close agreement with the 6, 10, and 40 µs pulse-
rain data in Figure 6b–d , supporting the state-evolution equation
nder independent programming conditions. 

igure 10a illustrates the state-dependent phenomenological
AT-like and FNT-like transport contributions and the corre-
ponding equivalent-circuit representation. Figure 10b compares
he modeled and measured quasi-static I-V characteristics using
he dataset from Figure 5 . The grey curves show the experimental
ata, while the colored curves show the compact-model results.
olid and dashed lines denote the forward and backward voltage
weeps, respectively. The inset shows the logarithmic current
esidual, defined as 

Δ𝑙𝑜𝑔10 ∣ 𝐼 ∣= 𝑙𝑜𝑔10 ∣ 𝐼𝑚𝑜 𝑑 𝑒 𝑙 ∣ − 𝑙𝑜𝑔10 ∣ 𝐼𝑚𝑒 𝑎 𝑠 𝑢𝑟 𝑒 𝑑 ∣
6 of 19

a

𝑠 |𝛾0 𝑠 − 𝛾1 𝑠 𝑥
𝛾2 𝑠 | |𝑉|] 𝜎n ( 1 − 𝑥 ) f or 𝑉 ≥ 0 

𝛾0 𝑟 − 𝛾1 𝑟 ( 1 − 𝑥 ) 
𝛾2 𝑟 
) |𝑉|]𝜎n ( 𝑥) f or 𝑉 < 0 

. 

Figure 10d shows the corresponding internal state trajectory x ( t ),
calculated numerically under the experimentally applied voltage
sequence V ( t ). Figure 10c shows the pulse-width-dependent
resistance evolution obtained from the fitted state equation using
the data in Figure 6a . The model captures the delayed onset
and subsequent rapid evolution of potentiation, together with the
smoother depression branch. The compact model consequently
captures the static and dynamic behavior linking the identified
physical transport mechanisms with the observed programming
kinetics. To establish circuit-simulator compatibility, the same
model was implemented in Verilog-A, compiled into the OSDI
format using OpenVAF, and executed in NgSPICE. The Verilog-
A/OSDI implementation produced the expected quasi-static
hysteresis, bidirectional conductance modulation, and bounded
state dynamics (Figure S9 ). The Verilog-A source code is provided
as Code S1, enabling direct reuse of the experimentally calibrated
device representation in circuit-level simulations. 

3 Conclusion 

This work addresses a persistent limitation of area-type
memristors: parasitic charge storage can induce readout
drift and compromise practical operation, particularly under
high-frequency and low-latency conditions. We systematically
investigate TiN/Ta2 O5 /Pt devices across a wide thickness regime
and identify a narrow thickness window in which stable area-
type switching can emerge. Two gradual-switching regimes with
distinctly different readout stability are resolved within this
transition. Most notably, the 5 nm devices exhibit operationally
near-ideal area-type characteristics within the defined operating
range, including pinched hysteresis, nearly symmetric low-bias
readout, continuous conductance tuning, and area-proportional
conductance scaling. 

Our results support a hierarchical picture in which stabilized-
state switching is governed primarily by electronically controlled
trap occupancy, whereas ionic and defect redistribution become
important mainly during initial-state reconstruction and at the
boundaries of the operating regime. In this framework, low-bias
readout is consistent with a dominant trap-mediated tunneling
contribution, while an additional FNT-like high-field contribu-
tion becomes increasingly important during programming. Ionic
redistribution therefore defines the accessible regime and its
stability limits, while electronic trap modulation controls the
reproducible conductance evolution within that regime. 

Finally, a physics-based compact memristor model describes
accurately the quasi-static I–V behavior as well as the dynamic
pulse-width-dependent resistance evolution of the 5 nm device in
its stabilized operating regime. The model was implemented in
Verilog-A, which paves the way for an integration of the device in
Advanced Materials, 2026
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ircuit simulators. In this way, the thickness study, mechanism
nalysis, and compact model together provide a continuous
escription from regime selection to near-ideal multi-state area-
ype memristive device behavior. 

 Experimental Section 

iN/Ta2 O5 /Pt memristors were fabricated by ALD at 250◦C with
a2 O5 thicknesses of 3.04 nm (3 nm device), 4.11 nm (4 nm
evice), 5.24 nm (5 nm device), 6.36 nm (6 nm device), 7.38 nm
7 nm device), 8.41 nm (8 nm device), 9.46 nm (9 nm device), and
0.43 nm (10 nm device) measured by spectroscopic ellipsometry.
or simplicity, the measured thicknesses are referred to by their
ounded values of 3–10 nm hereafter. The devices employed a
0 nm TiN bottom electrode on Si, and a 50 nm Pt top electrode
efined by a shadow mask. Square devices with edge lengths of
00, 400, and 500 µm were measured, with the device area defined
y the top electrode. No post-deposition annealing was applied.
uasistatic I–V measurements were performed using a Keysight
1500A analyzer. The bias was applied to the Pt electrode while
he TiN electrode was grounded. Resistance values were obtained
rom sequential reads + 0.1 V and -0.1 V and averaged. For pulse
rogramming, voltage waveforms were generated and acquired
sing ADP3450 (Digilent), with details of the pulse-generation
nd current-readout circuitry provided in the SI. The as-deposited
iN/Ta2 O5 film was also characterized by x-ray photoelectron
pectroscopy (XPS) using different incidence angles. Detailed fab-
ication, XPS fitting constraints, and measurement protocols are
rovided in the Supporting Information. For plotting/analysis,
nly isolated points showing a deviation of more than 50% from
he local trend defined by the two adjacent data points as noise
utliers, were automatically excluded using the same criterion
cross all datasets. 
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