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Identifying new, scalable materials for memristive devices is critical to advance next-generation memory and
neuromorphic technologies. In this context, electrodeposited Prussian Blue (PB), a mixed-valence iron hex-
acyanoferrate compound, is emerging as a highly promising candidate due to its low-cost synthesis, CMOS
compatibility, and rich redox chemistry. Here, we report both experimental evidence and theoretical modeling of
conductance quantization in memristive devices employing PB as the active dielectric layer. PB thin films were
synthesized via electrodeposition and integrated into a conventional metal-insulator-metal (MIM) structure (Ag/
PB/Au), which exhibits robust and reproducible resistive switching behavior. Notably, we observe quantized
conductance steps at integer and half-integer multiples of the quantum of conductance (Gy = 2e2/h), indicative
of atomic-scale filament formation and ballistic electron transport. To interpret these findings, we use a quantum
transport model based on the finite-bias Landauer formalism, incorporating a series resistance and a non-ideality
parameter (a), which successfully reproduces the experimental I — V characteristics. An algorithm is also
introduced to extract the model parameters directly from measured data. The emergence of quantized states is
attributed to the properties of PB due to its open-framework structure, mixed Fe2* /Fe3* valence, and reversible
ionic mobility, which allow the formation of atomic conduction channels. These results highlight the potential of
PB-based memristors for multilevel memory storage and neuromorphic computing, while offering a scalable,
CMOS-compatible, and sustainable materials platform.

1. Introduction

Memristive devices are linked to outstanding industrial products that
are currently being commercialized and show great potential for the
future IC market [1-3]. Some of the more relevant applications are
connected to non-volatile memory circuits, where top players, such as
TSMC and INTEL, are incorporating memristive devices in their tech-
nology [4-6]. Neuromorphic engineering [7] is growing at present by
leaps and bounds due to the role played by memristive devices; in this
context, the academy and industry are working to implement hardware
neural networks to accelerate Al training and inference processes
[8-23]. Cryptographic systems can also benefit from the use of mem-
ristive devices due to their inherent random behavior that facilitates the

fabrication of entropy sources [1,24,25], which are essential for building
true random number generators [26] and physical unclonable functions
[27].

Many memristive devices [28,29] show resistive switching (RS) that
permits them to drastically change their internal conductance. Multi-
level operation in memristive devices is feasible and enables mimicking
biological synapses within the neuromorphic computing approach. In
particular, resistive memories, a subset of memristive devices [30],
switch their internal resistance through processes linked to ionic trans-
port [31]; in this respect, their operation is close to synaptic connections
in mammals’ neural tissue [11,17,23,32].

Digital operation of resistive memories (also known as Resistive
Random Access Memories, RRAM) enables non-volatile memory
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Fig. 1. a Schematic of the Ag/PB/Au layer sequence, configuration of the final device for electrical measurements, and next to it the structure of the KFe[Fe(CN)g
crystal model as well as the respective chemical bonds that the Fe?*/Fe® pair has. b SEM and EDX-analysis of PB film performed at 15 keV: SEM cross-section image
(obtained with secondary electrons) of the investigated sample region used for line-scan analysis, ¢ corresponding SEM cross-section image obtained by detection of
backscattered electrons. d Elemental composition obtained by line-scan analysis along the marked line in (b) and corresponding elemental maps.

applications; however, the analog perspective, which can be material-
ized in the context of multilevel switching, is also essential. In this
respect, different conductance levels can be achieved by means of al-
gorithms utilizing low voltage pulses [12,33] or through switching
under different compliance currents [34,35]. A third way to articulate
multilevel operation is linked to conductance quantization that comes
up in certain types of RRAM [36]. Conductance quantization leads to
levels separated by multiples of the quantum unit of conductance, Go =
2e9/h =77.5 S (e is the electron charge and h is Planck’s constant). This
effect shows up under the ballistic transport regime that occurs if the
electron elastic mean free path (a quantity that accounts for the average
distance between elastic collisions) is higher than the system size. In the
case of RRAM with filamentary conduction, this means a nanometric
constriction in a conductive filament (CF) [37,38]. Under this regime,
the electron momentum can be assumed to be constant, only changed by
scattering in the reservoirs on both sides of the nanometric constriction.
For Ag and Cu, typical metals employed for electrode fabrication in
resistive memories, the elastic mean free paths are 53.3 nm and 39.9 nm,
respectively [39]. Therefore, when considering CFs made of regions
with a high concentration of Ag or Cu atoms, with constrictions a few
nanometers wide, it is clear that the transport regime is far from being
diffusive. Conductance quantization was first reported in 1988 in a
two-dimensional electron gas formed in a GaAs/AlGaAs heterostructure
[40]; later, this effect was also observed in atomic quantum contacts
[41], nanotubes [42], and mechanically controllable break junctions
[43]. It has also been reported in resistive memories at room tempera-
ture for a wide variety of dielectric materials [36,44-46]. Although the
applications of conductance quantization are rather unexplored, as
stated in Ref. [36], several authors have proposed that conductance
quantization engineering in resistive memories can be employed to
address multilevel operation in the memory context, and also to deal
with quantum information processing and neuromorphic systems [45,
471.

In line with these results, we present here the characterization and
modeling of conductance quantization in RRAM devices employing di-
electrics based on Prussian Blue (PB). PB thin films are easily deposited
by electrodeposition, a highly versatile, low-cost, solution-based

technique that allows precise control over film thickness, morphology,
and uniformity directly onto conductive substrates from aqueous
solutions.

Previous studies have demonstrated that PB is a promising material
for memristive device applications, owing to its mixed-valence chem-
istry, robust redox reversibility, and open-framework structure [48-52].
PB is a mixed-valence iron(IIl/II) hexacyanoferrate compound with a
distinctive face-centered cubic structure. In this framework, Fe3" ions
are coordinated through nitrogen atoms, while Fe?" ions are coordinated
through carbon atoms, forming a repeating Fe3' — N=C—Fe?' —C=
N — Fe®' chain throughout the lattice. Its characteristic deep blue color
arises from the high degree of structural order and is closely associated
with intervalence charge transfer between iron centers [53].

Moreover, the substitution of iron with other transition metals gen-
erates a wide family of Prussian Blue analogues (PBAs), significantly
expanding the design space for tailoring their electronic, ionic, and
catalytic properties [54]. This tunability is enabled by their
open-framework structure, rich  redox chemistry, and
composition-dependent characteristics, which collectively facilitate
efficient ionic transport [51,55]. Furthermore, PBAs are composed of
earth-abundant elements (e.g., Fe, C, N, K), making them cost-effective,
environmentally benign, and synthetically accessible. This unique
combination of tunable functionality and practical manufacturability
makes them exceptionally promising for scalable device fabrication and
seamless integration into next-generation microelectronic architectures
[56].

Section 2 is devoted to fabrication details and the measurement
setup; in Section 3, we deal with the results and modeling. Finally, some
conclusions are drawn in Section 4.

2. Device fabrication and measurement setup

The dielectric layer, composed of a PB film, was deposited at room
temperature by means of an electrochemical process conducted in
potentiostatic mode using an electrochemical workstation (Ivium
CompactStat, Eindhoven, Netherlands). The electrodeposition was car-
ried out in a conventional three-electrode electrochemical cell, with all
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Fig. 2. a Experimental current versus voltage for Ag/PB/Au devices, for set and reset processes. b Experimental reset cycles (solid blue lines) and different current
curves (dashed lines) corresponding to multiples of the quantum unit of conductance, Gy. ¢ Experimental current versus voltage (solid blue line), corresponding to
cycle 80, where quantization is observed in some parts of the curve. Theoretical curves corresponding to Go multiples and half-integers are shown for comparison in
dashed lines. d Experimental normalized conductance corresponding to cycle 80 (solid blue lines), where the conductance quantization is depicted compared with Gg
multiples and half-integer multiples. The latter ones are justified theoretically in Ref. [45], accounting for tunneling effects from both electron reservoirs to the
atomic-size constraint separately. (For interpretation of the references to color in this figure legend, the reader is referred to the Web version of this article.)

electrodes connected to a potentiostat. The working electrode (WE)
consisted of an Au/Cr/Si substrate, fabricated by evaporating a 5nm
chromium adhesion layer followed by a 50 nm gold layer onto a
(100)-oriented silicon wafer (1 cm x1 cm) under a base pressure of 107>
Pa. During sample preparation, the PB film was electrochemically
deposited onto a circular area of 0.5 cm? (the fabrication electrode),
defined by an adhesive tape mask, to confine the film growth region.
Later, the final electrode area was reduced by a factor of 100. A platinum
foil served as the counter electrode (CE), and a saturated calomel elec-
trode (SCE) was used as the reference electrode (RE). The electrolyte
solution contained 1.0M KCI, 5.0mM HCI, 0.5mM FeCl;, and
0.5 mM K3Fe(CN) ¢ (ACS, >99 % Sigma Aldrich, Darmstadt, Germany
dissolved in 100 mL of deionized water and adjusted to pH 2). A constant
potential of 0.3 V at SCE was applied at 25°C, and the electrodeposition
process was precisely controlled by limiting the total deposited charge to
30mC, resulting in an estimated PB film thickness of approximately
500nm, as previously discussed in detail in Ref. [57], which also pro-
vides further details on the three-electrode electrochemical cell config-
uration. Notably, our samples require no post-deposition thermal or
chemical treatments, simplifying the fabrication process and reducing
overall processing complexity. In the Supplementary Information, we
deal with physical characterization issue of our samples. In particular,
X-ray diffraction measurements (Fig. S1) are shown for PB films, the
cubic crystalline structure is in good agreement with results previously
reported; Raman spectroscopy was also employed to analyze its chem-
ical composition (Fig. S2). The Raman spectrum clearly confirms the
deposition of PB without other impurities.

The final device structure comprised a silver top electrode (formed
by drop-casting onto the PB surface, with a thickness in the micrometer
range), the PB dielectric layer, and a gold bottom electrode, shown in
Fig. 1a. The I — V characterization was performed at room temperature
using a Keithley 2400 programmable electrometer in a two-point probe
configuration, applying a DC voltage sweep from — 1V to + 1V at a
ramp rate of 5mV/s. One hundred consecutive cycles were measured,

revealing consistent resistive switching behavior. The transition from
low-resistance state (LRS) to high-resistance state (HRS) occurred at
positive voltages, while the reset (HRS to LRS) transition was observed
at negative voltages. The observed cycle-to-cycle variability [58] was
within acceptable limits and discussed in detail in Ref. [57]. The phys-
ical mechanisms behind RS in this technology stand upon K* migration,
the EDX analysis confirms the presence of potassium near the dielectric
surface. Under an applied electric field, the K ions can migrate through
the framework, contributing to the conductive filaments formation and
rupture. These mechanisms are in line with the findings reported in
Ref. [50].

Fig. 1b shows the morphology and elemental composition of PB,
analyzed using field emission scanning electron microscopy (FEG-SEM,
TESCAN CLARA, Briinn, Czech Republic) equipped with an energy-
dispersive X-ray (EDX) detector (Ultim Max 65 SDD, Oxford In-
struments, Wiesbaden, Germany) operated at 15 keV. Additionally, the
chemical composition of the samples was examined by Raman spec-
troscopy (WITec RISE, Ulm, Germany), performed within the electron
microscope, as presented in Fig. 1d. Raman measurements were con-
ducted using a 532 nm laser at a power of 0.5 mW.

3. Results, discussion, and modeling
3.1. Experimental results

The devices described in the previous section were measured, and
some of the I-V curves of a long RS series are shown in Fig. 2a, where
bipolar RS is observed. From this figure, we can see the large difference
in current between the HRS and LRS, which makes these devices suitable
for non-volatile memory applications. It is important to highlight that
the current levels of all successive steps of the measured I-V curves
(mostly in the HRS after the reset events, Fig. 2b) have values the order
of a few multiples of the quantum unit of conductance, Gyg. A more
detailed view of several current curves allows to realize that some parts
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Table 1

Different memristor structures showing conductance quantization effects. In the
column linked to the conductive filament type, Vo stands for filaments made of
oxygen vacancies.

Reference Stack structure Conductive filament type RS polarity
[59]1 Ag>,S or CuyS Ag Bipolar
[60] Ag/Ag>S/W Ag Bipolar
[61] Ag/Agl/Pt Ag Bipolar
[62] Ag/Tay0s/Pt Ag Bipolar
[63] Ag/Ag>S/Pt Ag Bipolar
[64] Ag/GeSy/W Ag Bipolar
[66] Nb/ZnO,/Pt Nb or Vo Bipolar
[65] ITO/Zn0,/ITO Vo Unipolar
[671 W/CeO/SiO2/NiSiy Vo Bipolar
[68] Pt/HfO,/Pt Vo Unipolar
[69] Ag/PsHT:PCBM/ITO Ag Bipolar
[70] Ag/a-Laj xSrxMnO3/Pt Ag Bipolar
[71] Pt/HfO5/Pt Vo Unipolar
[72] Ti (Ta, W)/Ta0s/Pt Vo Bipolar
[45] n-Si/SiOy/p-Si Vo Uni/Bipolar
[73] Ti/HfO,/TiN Vo Bipolar
[74] Ti/TiO2/SrTiO3 Vo Bipolar
[75]1 Ag/Si0y/Au (W) Ag Bipolar
[76] Ag/SiOy/Pt Ag Bipolar
[77] Cu/HfOy/Pt Cu Bipolar
[78] Cu/TiO,/Pt Cu Bipolar
[79]1 Ag/AIST/Ta Ag Bipolar
[80] Ti/TiO»/Nb-SrTiO3 Vo and Ti -

[81] Pt/Nb,Os/Al Pt and Vo Unipolar
[82] Pt/HfO,/Pt Vo Bipolar
[83] Pt/Gd,03/ITO Vo Bipolar
[84] TiN/Ti/HfOx/TiN Vo Bipolar
[85] Ag/hBN/Ag Ag Bipolar
[86] Pt/NiO/Pt Vo -

[87] Cu/PPX/ITO Cu Bipolar
[44] Au/Ti/h-BN/Au/Ti Au Bipolar
[88] Pt/Mn30,4/Pt Pt Bipolar

of the curve can be exactly reproduced by curves corresponding to Go
multiples (Fig. 2c). The conductance plot of the same experimental
measurements (Fig. 2d) also shows a picture of quantization effects that,
as already highlighted above, have also been reported in other RRAM
technologies at room temperature [36,44-46]. In order to describe this
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latter issue in a more organized manner, we have included Table 1,
where different devices that showed conductance quantization are
listed.

Similarly, the conductance quantization effects can be seen in set
curves, as shown in Fig. 3 for different cycles.

3.2. Current modeling

RRAM current modeling accounting for conductance quantization
has been addressed from different perspectives in the last few years
[36-38,44]. Considering a set (or a bundle) of atomic-size paths (con-
strictions) in parallel (see Fig. 4a), we employ the finite-bias Landauer’s
approach. Neglecting inelastic interactions (which is reasonable in this
context), the conductance is linked to the transmission probability in the
constrictions. Taking into account the electron influx from each elec-
trode through the constrictions and considering an equal voltage drop at
the constriction sides, the number of conduction modes can be obtained
[45]. Assuming a low constriction energy barrier that does not hinder
the charge flux (i.e., the transmission probability is supposed to be 1),
the device current is described as follows [45],

1
I:—(nL +nR)GOV

3 €8]

where ng and ny, stand for the number of occupied subbands accessed
from the constriction right and left sides (from the electron reservoirs,
viewing it from another perspective [36,45,89]). The sum (ngr + np) can
be an even or odd number. To further improve the model, the inclusion
of a resistance in series [90] with the bundle of atomic-size paths that
produce the conductance quantization is needed [44,91]. The series
resistance (Rgeries) accounts for the ohmic transport linked to conductive
filament remnants and the contribution of metal pads (see Fig. 4a).
Taking into account this resistance in Eq. (1), the current is given by
Expression 2 [91],

TlGo

~—_— 2
1 + 1 GoRieries 2

where n is the number of modes (or subbands) available for conduction
[44,91]. For the sake of simplicity, we will use n instead of 1/2-(ng +
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Fig. 3. a (b, c) Experimental set current versus voltage absolute value (solid blue lines), corresponding to cycles 35 (37, 61). Theoretical curves corresponding to Go
multiples are shown for comparison in dashed lines. d (e, f) Experimental reset current versus voltage curves (solid blue lines), corresponding to cycles 27 (38, 94).
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np), assuming that the CF contains n single atomic constrictions, as
depicted in Fig. 4a. It can also be seen as a wide constriction (equivalent
to n atomic paths); they are equivalent, algebraically speaking. The in-
clusion of Reries influences the voltage drop across the constrictions and,
consequently, affects the total device conductance. In addition, as the
switching process unfolds, the CF remnants change, producing a varia-
tion of its Reerjes- Therefore, its influence on measuring exact Gy multi-
ples or half-integer multiples changes every RS cycle (i.e., its influence in
the denominator of Equation (2) varies).

In addition, Li et al. emphasize that in the quantum-point contact
model, the voltage drop in each reservoir of the constriction can evolve
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with the actual filament geometry and its coupling with the reservoirs
[46], also changing the device conductance. Other effects to take into
consideration are impurities in the atomic-scale path or a non-adiabatic
coupling with the reservoirs. In this context, the values of conductance
below Gy for each conductive mode are feasible [46]. Accordingly, a
semiempirical approach could be used, in line with [92].
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where parameter o incorporates all the non-idealities [92].
In the reset process depicted in Fig. 2c, there is a transition from
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Fig. 5. a Normalized conductance versus voltage curve randomly generated by changing the number of atomic-size paths in a device (Rgeries = 02 (1000Q) and a =
0.5 for the orange (blue, the experimental curve) line) using Equation (3) (multiples and half-integers multiples of Gy are allowed). b Normalized conductance curve
(green line) generated with multiples and half-integer multiples of G, that minimizes the distance from the blue line. ¢ Normalized conductance versus voltage curve
of panel a (corresponding to blue in panel a) corrected back with Rgeries = 800Q (red) and quantized curve using multiples and half-integers multiples of G, (green).
d Normalized conductance versus voltage curve of panel a (corresponding to blue in panel a) corrected back with Rgeries = 10002 (red); i.e., the modification of panel
a is corrected back and the quantized curve using multiples and half-integer multiples of Gy (orange) perfectly matches the corrected curve, the mean square error
between the two is minimized for Rgeries = 1000Q. In this case, the originally generated curve in panel a, in orange, is recovered. (For interpretation of the references
to color in this figure legend, the reader is referred to the Web version of this article.)
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10*Go to 13*Gy at approximately 0.1V, then a current drop to 7*Gy. The
random nature of the physical mechanisms behind RS leads to these
changes (even to a temporal current rise in a reset process). That can be
modeled assuming the variation of the number of atomic constrictions in
the dielectric. At 0.6V approximately, a sudden current drop of more
than one order of magnitude suggests the rupture of most of the bundle
of atomic constrictions that led the device to the LRS achieved in the
previous set event.

In Fig. 3a, b, and 3c, different set I-V curves are plotted. The number
of atomic constrictions (n in Equation (2)) rises as the set event pro-
gresses, lowering the device resistance toward the LRS. See that when
the LRS is reached, the value of the current level is the same for all
curves and corresponds to 37*Gg, due to the compliance current
limitation.

Fig. 4b shows the experimental normalized conductance (G/Gg)
histogram obtained from the set I-V curves directly, without accounting
for the series resistance. To improve the clarity of the results, we have
fitted the experimental data within a kernel density estimation approach
(several Gaussian distribution functions are employed to obtain the
envelope that better fits the experimental data [93]). The fit allows to
describe the peaks found at certain Gy multiples that are particularly
frequent, probably due to the CF or dielectric morphology that facilitates
RS in these devices.

3.3. Discussion

We have employed the model described in Equation (3) to further
analyze our data, assuming 0< a <1. We have implemented a new al-
gorithm to extract the series resistance in different steady-state I-V
curves, such as those shown in Fig. 2a. To validate the procedure, prior
to the use of experimental data, we generate an artificial dataset of
normalized conductance versus voltage curve based on Equation (3) by
randomly changing the number of atomic constrictions, assuming an
arbitrary Rgeries = 1000Q and @ = 0.5 (blue line in Fig. 5a, we call it
“experimental curve”). This line represents the measured normalized
conductance of a set of I-V curves. Then, we generate the same dataset (i.
e., using the same number of atomic constrictions and alpha), but

considering Rgeries = 0Q (orange line in Fig. 5a). The goal of our algo-
rithm is to calculate the series resistance.

We start from the experimental normalized conductance curve (blue
line in Fig. 5a and b). It is assumed that conductance deviating from
integer and half-integer values are due to the presence of a series
resistance, which we aim to determine. To this end, a quantized version
of the experimental conductance curve is constructed by assigning to
each conductance value the nearest integer or half-integer value (green
line in Fig. 5b). The distance (or minimum mean square error) between
the experimental and the quantized curves indicates that the series
resistance is non-zero.

The algorithm then subtracts (or corrects back) various resistance
values from the experimental conductance curve in order to identify the
resistance that minimizes the distance to its quantized counterpart (this
is done by means of Equation (3)). If we subtract, for example, a resis-
tance of 800Q (see Fig. 5¢), the distance between the new line and its
quantized version decreases, indicating that we are adjusting the resis-
tance correctly, although it is not correctly fitted. As shown in Fig. 5d,
subtracting a series resistance of 1000Q2 from the experimental curve
yields a result that overlaps with its quantized version. This indicates
that the series resistance of the device is 10009, as we arbitrarily
imposed for this test.

The procedure described in Fig. 5 suggests that Rgeries could also be
extracted from experimental data. Nevertheless, in this case, we do not
have a first estimation of Rgeries. T0 solve this issue, we need to sweep the
series resistance. In connection to @ parameter, we neither have any “a
priori” information. To illustrate how to proceed, we use again the data
presented in Fig. 5. In Fig. 6, the mean square error (the distance metric)
between the experimental normalized conductance curves and their
quantized version for several series resistances and a values. The cases
where the distance (or mean square error) is minimal (theoretically
zero) correspond to the experimental series resistance. In this case, the
minimum distance corresponds to a Rgeries = 1000€, confirming the
validity of our procedure.

It is observed that even values of the inverse of the alpha parameter
behave alike, our procedure does not distinguish between them. This is
because these values share the same quantization levels between them;
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Fig. 7. a Extracted series resistance by using the proposed algorithm employing the experimental I-V curves measured for our PB devices. b Probability density
function of the normalized (by aGy) experimental conductance values after correction by the series resistance. The kernel density estimations are shown in

dashed lines.

e.g. if the curve is generated with 1 = 2, then it will have conductances in
0.5 Go, 1 Gy, 1.5 Go, and so on, % = 4 has conductance levels in 0.25 Gy,
0.5 Gy, 0.75 Gy, 1 Gy, etc. Because the same levels are shared, there is no
difference in our algorithm when quantizing to 1 = 2 and 1 = 4, this
happens for different integer multiples. In practice, because experi-
mental alpha inverse is not likely to be an integer (we model using a
continuous variable), it is rare to find two alphas with shared quanti-
zation levels. For this reason, we do not consider this coincidence an
issue. The cases with odd ! values do not show a minimum in the
resistance range between zero and the maximum experimental resis-
tance, so these values cannot be considered.

We can apply our technique to the experimental data shown in Fig. 2.
The results are plotted in Fig. 7. We swept the series resistance, finding
its optimal value, for each cycle and a parameter (@ swept from 1,/20 to
1), using the aforementioned extraction method. Then we extract the
normalized conductances (dividing by a Gg) for each point in every cycle
after the a and series resistance correction. Finally, we select the best a
value as the one that minimizes the distance between the normalized
conductances and the normalized quantized conductances.

We can observe cycles 27, 38, and 94, which we previously presented
as examples of highly quantized curves (Fig. 3). These curves show a low
series resistance with our procedure (orange circles in Fig. 7a), stating
that quantization is directly distinguishable in the measured curve. We
have corrected back the experimental curves for the series resistance and
alpha parameter obtained in Fig. 7a. If we plot the corresponding
probability density function, we see conductance peaks on all integer
multiples of aGy, proving that our strategy increases the perceived
quantization in the histogram. This indicates that the series resistance
value is very low, according to Equation (3).

4. Conclusions

This work successfully presents the characterization and modeling of
conductance quantization in RRAM devices utilizing PB-base as the
dielectric material. Crucially, conductance quantization was observed,
with current levels in both set and reset events corresponding to mul-
tiples of the quantum unit of conductance. Experimental data analysis
revealed that certain Gy multiples were particularly frequent, likely due
to the CF configuration, which is linked to the dielectric morphology.
This work not only verifies the phenomenon of conductance quantiza-
tion in memristive devices utilizing PB but also provides critical ad-
vancements in modeling and characterization techniques. The
developed algorithm for extracting series resistance and non-ideality
parameters for the quantum conductance model significantly enhances
the understanding of the underlying physical mechanisms in these de-
vices. These findings underscore the potential of PB-based RRAMs for a
wide range of future applications, including non-volatile memory

circuits.
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